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Chapter 1 

General introduction 

 
1.1 Introduction 

In 2016, the Paris Agreement was signed by countries party to the United Nations 

Framework Convention on Climate Change (UNFCCC)1. The Paris Agreement is dedicated to 

combatting climate change, as well as accelerating the actions and investments needed for a 

sustainable low-carbon future. Since 2016, the idea of sustainability has become a financially 

valuable target for investment. Globally, people are becoming increasingly aware of the 

benefits of biomass. To realize a sustainable low-carbon society, we need to investigate 

techniques for conversion of biomass into usable materials, as well as methods for efficient 

and cyclical production of these materials, through the promotion of fundamental science and 

applied research.  

Cellulose is the most abundant biopolymer on Earth2, with an estimated production  of 

approximately 7.5×1010 tons per year3. Cellulose is synthesized by various living organisms, 

such as higher plants, bacteria, algae, fungi, and tunicates. The primary sources of cellulose 

for products are the cell walls of trees and cotton plants. Plant cellulose is isolated as pulp 

fiber, and historically used in the textile, pulp, and paper industries. Recently, cellulose has 

been utilized for packing materials, medical products, cosmetics, and food additives. 

Cellulose is composed of a linear biopolymer, (1→4)-β-D-glucan, and its chemical 

structure is shown in Figure 1.1. The degree of polymerization depends on the cellulose 

source material; typical DP values are 6000–9000 for bacterial cellulose, ∼5000 for 

unbleached kraft paper pulp, 2000 for acidic sulfite dissolving pulp, and 300–600 for rayon 

staple fiber3. 
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Figure 1.1. Schematic models of cellulose molecules. The ball-and-stick form models are 
viewed a) perpendicular to the flat surface of the molecule and b) along the molecular axis. 
The space-filling style models are viewed c) perpendicular to the flat surface of the molecule 
and d) along the molecular axis. The red, gray, and white balls indicate oxygen, carbon, 
hydrogen atoms, respectively. 
 

1.2  Crystal structure of native cellulose 

1.2.1 Pyranose ring conformation 

The conformation of a six-membered aliphatic ring, such as a glucopyranosyl unit, can 

be expressed as "boat", "half-chair", "chair" or "skew" in principle, which can be described by 

Cremer-Pucker puckering parameters. When the parameter θ is close to 0°, the ring sits in the 

classical 4C1 chair conformation, which is the most stable for glucose. In crystalline cellulose, 

glucose takes the 4C1 chair conformation with θ = 2–10°3. 

1.2.2 Glycosidic linkage 

The rotation around the glycosidic bonds in polysaccharides determines flexibility. 

The solid-state structure of cellulose is governed by three main parameters4: 1) the 

conformation of the cellulose chain, which is fixed with the following glycosidic torsion 

angles: O5–C1–O1–C4 (𝜙𝜙) and C1–O1–C4–C5 (𝜓𝜓) (Figure. 1.2a). 2) The conformation of 

the exocyclic C6H2OH group, which is described by the dihedral angle χ around the C5-C6 

single bond. The C6H2OH group has three possible arrangements: trans-gauche (tg), gauche-

trans (gt), and gauche-gauche (gg) (Figure 1.2b). The notation tg indicates that the O6 

position is trans to O5 and gauche to C4; gt indicates that the O6 position is gauche to O5 and 

trans to C4; and finally, gg indicates that the O6 position is gauche to both O5 and C4. 

O5 C5
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C4

C3C2

C1
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c)

d)



Chapter 1 General Introduction 

9 
 

Conformation can be identified by using solid-state 13C NMR. The signals resulting from the 

gg, gt, and gt conformations appear at 60–62.6 ppm, 62.5–64.5 ppm, and 65.5–66.5 ppm, 

respectively5.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Geometric parameters for solid structure of cellulose. a) Glycosidic torsion 
angles (𝜙𝜙 and 𝜓𝜓). b) Conformation of hydroxymethyl groups: gg (gauche-gauche), gt 
(gauche-trans), and tg (trans-gauche).  
 

1.2.3  Unit cells of cellulose Iα and Iβ 

  Cellulose has four primary polymorphs: cellulose I, II, III, and IV. Cellulose I 

(naturally occurring cellulose) has two allomorphs Iα and Iβ6-9, which coexist in various 

proportions depending on the cellulose source10-12. Algae and bacteria mostly produce Iα13, 14, 

while terrestrial plants mostly produce Iβ15. Cellulose Iα is thermodynamically metastable and 

can be converted into cellulose Iβ by annealing at temperatures over 260 °C 13, 16, or by 

ultrasonication17.  

Figure 1.3 shows the schematic images of the unit cells of cellulose Iα and Iβ. 

Cellulose Iα is a triclinic P1 unit cell crystal (a = 6.717 Å, b = 5.962 Å, c = 10.400 Å, α = 

118.08°, β = 114.80°, γ = 80.37°, Density = 1.61 g/cm3) which contains a unique chain with 

two different glucosyl residues18. Cellulose Iβ is a monoclinic P21 unit cell containing two 
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conformationally distinct chains (a =7.784 Å, b = 8.201 Å, c = 10.380 Å, γ = 96.5°, density = 

1.63 g/cm3), which are referred to as the corner and center chains19. The cellulose chains in 

both cellulose Iα and Iβ are organized in a parallel-up fashion, where the reducing end of the 

chain is oriented in the same direction as the unit cell c-axis20. In cellulose Iα, the chains are 

continuously shifted along the molecular axis by c/4 (~2.58 Å) against the adjacent sheet. In 

contrast the sheets in cellulose Iβ are alternately shifted, and the center chains are shifted by 

c/4 against the corner chains12.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3. Schematic images for unit cell of cellulose Iα and Iβ. a) Relative configuration 
of Iα with respect to Iβ unit cell. Schematic projections along the chain direction with the b) 
Iα and c) Iβ unit cells. Schematic projections of four cellulose chains viewed d) parallel to the 
(1 1 0) planes of the Iα and e) along b axis direction of Iβ. 

 

1.2.4 Intra / Inter-hydrogen bonding 

In cellulose I, a variety of hydrogen bonds are formed.  O2, O3, and O6 act as donors 

or acceptors of hydrogen bonds, along with ether oxygen at O4 and O5 (ring oxygen), which 
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acts as an acceptor18, 19. Although strong hydrogen bonds are not formed between the 

hydrogen-bonding sheets (Figure 1.4), the intersheets are stabilized by hydrophobic 

interactions and weak C–H···O hydrogen bonds18, 19, 21, 22. 

In both cellulose Iα and β, all O6 primary alcohol groups exist in tg conformations18, 19, 

which can establish intra-chain hydrogen bonds. The O3 secondary alcohol group of each 

residue donates its proton to the O5 ring atom of a neighboring residue to form an intra-chain 

hydrogen bond. The O2 secondary alcohol and O6 hydroxymethyl groups also form an intra-

chain hydrogen bond within the sheets. Here, the position of the H atoms covalently bound to 

O2 and O6 is variable. Thus, the intra-hydrogen bond pattern at O2 and O6 is intrinsically 

disorganized, whereas the intramolecular hydrogen bond at O3 is explicitly well organized.  

Cellulose I contains one strong inter-chain hydrogen bond, O6–H···O3, while the 

other weak hydrogen bond, O6–H···O2, occur in the hydrogen-bonding sheet. The two 

hydrogen atoms involving HO2 and HO6 are delocalized into two locations each, and two 

hydrogen-bonding patterns occur (Networks A and B in Figure 1.4)22.  

 

 

 

 

 

 

 

 

 

 
Figure 1.4. Two types of hydrogen bonding networks, pattern A and pattern B. 
©Nishiyama Y. et al. Biomacromolecules 9 (11), 3133–3140, doi.org/10.1021/bm800726v. 
 

1.3 Physical property of cellulose I  
The physical properties of cellulose I, such as elastic modulus, deformation by stain, 

and thermal expansion, are directly related to its crystal structure. The elastic modulus of 

cellulose I has been measured using various experimental and simulation methods23, 24.  The 
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experimental modulus in the axial direction is reported to be 137–220 GPa23-26. To describe 

the axial elasticity mechanism, the importance of hydrogen bonds (as well as covalent bonds) 

is often emphasized, although the intrinsic stiffness of hydrogen bonds is relatively low.  

According to a recent paper, the total contribution of  axial stiffness from hydrogen bonds is 

only 12 % 27. Several other simulation studies have proposed similar ideas28-30. Hydrogen 

bonds may also contribute to preservation of the crystal structure and may also help direct 

axial deformation mechanisms towards higher energy deformation and stiffness27, 29. 

Additionally, the modulus in the b-axis direction is lower than the axial modulus, and is 

estimated to be 14.8 GPa according to the inelastic XRD method31. 

Poisson’s ratio is the negative of the ratio of the lateral or transverse strain to the axial 

strain in tensile loading, which is an important physical constant for anisotropy in deformation, 

along with elastic moduli. The experimental Poisson’s ratio of cellulose Iβ is 0.377, 0.639, 

and 0.442 for [2 0 0]/[0 0 4], [1 1 0]/[0 0 4], and [1 -1 0]/[0 0 4], respectively32. 

The linear coefficients of thermal expansion (CTE) of the a and b axes of cellulose Iβ 

are 43 ppm  K−1 and 5 ppm K−1 at room temperature, respectively33. In other words, upon 

heating, cellulose Iβ easily expands along the a-axis direction rather than the b-axis. Such 

anisotropic behavior between the a and b axes can be ascribed to the inter-chain hydrogen-

bonding system in cellulose Iβ33, 34.   

 

1.4 Cellulose microfibril 

1.4.1 Biosynthesis 

In nature, cellulose chains are continuously synthesized and elongated by cellulose 

synthases of membrane-embedded glycosyltransferases at the plasma membrane35, 36. 

Cellulose synthase catalyzes glucose transfer from uridine diphosphate–glucose (UDP-

glucose, the donor) to the terminal C4 hydroxyl of the nascent cellulose polymer (the 

acceptor)37. Recently, the structure of the bacterial cellulose synthase (BcsA) has been 

revealed, providing insights into the mechanism responsible for coupling of cellulose 

synthesis and translocation of individual glucan chains35 (Figure 1.5). At the plasma 
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membrane, the cellulose synthases are densely assembled to form subunits, and further build 

up a supramolecular complex called the terminal complex (TC).  

 

 

 

 

 

 

 

 

 

 
 
Figure 1.5. Proposed model for cellulose biosynthesis and translocation. After glycosyl 
transfer, the newly added glucose could rotate around the acetal linkage into the plane of the 
polymer. The rotation direction would be determined by steric interactions and formation of 
the intra-chain hydrogen bonds between O3H···O5. The glucan may be translocated into the 
channel during this relaxation. This process would be repeated with a second UDP-Glucose, 
but the rotation direction after the glycosyl transfer would be in the opposite direction due to 
steric constraints. Alternatively, the glucan may not be translocated into the channel until 
UDP is replaced by UDP-Glucose. © JLW Morgan et al. Nature 000, 1-6 (2012) 
doi:10.1038/nature11744. 
 

TCs exhibit different organization types depending on cellulose resources, and so far, 

two main types of TCs have been reported38.  One is linear TCs that consist of parallel arrays 

of cellulose synthase proteins, which are typically visible in some bacterial biosynthetic 

machinery. The other is the rosette TCs which are visible in higher plants and algae, where 

they are typically organized into a symmetrical hexame38-42 shape, although octagonal 

symmetry has also been reported in a limited number of algae species. 

As a cellulose chain is translocated outside the cell membrane through the 

transmembrane channel of each cellulose synthase in the TC, the chain’s hydrophobic groups 

are ejected from the water molecules, and the adjacent chains are entropically stacked through 

hydrophobic interactions. Accordingly, a dozen or several dozen cellulose chains form a-few-

nanometers-wide crystalline fibrils of cellulose I, with hydrophobic methine groups and 
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hydrophilic hydrogen groups in the axial and equatorial directions of the molecular sheets, 

respectively. These crystalline fibrils are histologically defined in structure as “cellulose 

microfibrils.”  

In the cell walls of wood, microfibrils are interact strongly with each other via other 

biopolymers, such as hemicelluloses and lignin, and play a significant role in the structural 

support of plant bodies. Figure 1.6 shows a schematic model of the biosynthesis of 

microfibrils in a plant cell wall. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.6. Proposed model for microfibril arrangement43. Cellulose (blue fibrils) is 
produced by cellulose synthase rosettes (light red), which are integral to the plasma 
membrane (yellow). The rosette TCs move along microtubules (red bar) forward through the 
force generated by cellulose polymerization. The microtubules serve as guiding tracks for the 
rosettes and determine the direction of the cellulose microfibril alignment. Arrangement of 
microtubules differs between bioresources.  In wood, within the second cell wall the 
microtubules are likely to be parallel to one another. The cellulose synthase interacting (CSI) 
protein (green) is a linker protein that connects the cellulose synthase rosettes with 
microtubules. Another linker protein has recently been discovered, called the companion of 
cellulose synthase (CC) (light green). Additional microtubule‐associated proteins (MAPs) are 
also involved in the guidance process (e.g., cellulose synthase‐microtubule uncoupling 
(CMU; blue circles)), but how exactly this occurs remains unclear. Additional proteins known 
to be involved in cellulose biosynthesis are cobra (COB) and korrigan (KOR). Cellulose 
microfibrils have frequently been reported as having regular (frequently right‐handed) twists, 
which implies that the rosettes are rotating while spinning out the nascent fibril. However, it 
is currently not known how the linker proteins CSI and CC would respond to such 
hypothetical rotation. © Henrik B. and Agnes B. New Phytologist, 225 (1), 53–69 (2019) doi: 
(10.1111/nph.16034) 
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1.4.2  Morphology 

Microfibril morphology, along with a number of chains containing microfibrils, is 

associated with the organization of the TC. It has been proposed that in higher plants, each 

subunit in the TC consists of trimers, tetramers, or hexamers, thereby giving rise to 18, 24, or 

36 cellulose synthases (CesAs) in each TC, respectively. Assuming that all individual CesA 

proteins are active synthases, a corresponding maximum number of chains are subsequently 

crystallized to form microfibrils44, 45. Recently, several analytical techniques have been 

developed, and the results of multiple analytical approaches including scattering analysis, 

solid-state NMR analysis, molecular simulations, and image analysis of cellulose microfibrils 

or globular components of rosette TCs support that the cellulose microfibril consists of less 

than 36 chains, with most containing approximately 18–24 chains46-52. The elucidation of the 

precise structure of the microfibrils, including the number of constituent chains, shape, and 

crystallinity, provides significant insight into cellulose biosynthesis mechanisms and the 

formation of hierarchical structures such as wood cell walls.  

 

1.5 Cellulose Nanofibers (CNFs) 
In recent years, several techniques have been developed for fine dispersing 

microfibrils in water as cellulose nanofibers (CNFs). CNFs are attracting attention as 

sustainable materials.  

 

1.5.1 CNF production 

CNFs can be obtained by disintegration of the cellulose source material into single 

microfibrils or fine-bundled microfibrils. The primary source of CNFs is wood. Wood is 

disintegrated into a pulp consisting of tiny fibers by cooking, and the pulp is purified by 

bleaching. The bleached pulp fibers are further disintegrated into CNFs. Conventionally, the 

process of further disintegration of pulp fibers is a high-energy consuming process, and the 

resulting CNFs are thick and heterogeneous in diameter (10–100 nm)53, 54, because of strong 

cohesion between microfibrils in pulp fibers. However, chemical55-57 or enzymatic58, 59 

pretreatment has considerably alleviated these problems. The representative pretreatment is 
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surface modification using a water-soluble nitroxyl radical of 2,2,6,6-tetramethylpiperidinyl-

1-oxyl (TEMPO) as a catalyst.  

 

1.5.2 TEMPO oxidation 

Catalytic oxidation using stable nitroxyl radicals such as TEMPO is one of method for 

selective oxidation of primary alcohol groups into aldehydes and/or carboxylic acid groups. 

Application of the TEMPO-oxidation to polysaccharides offers highly selective conversion of 

primary hydroxyl groups to carboxylate ones in aqueous medium.  

Nooy et al. first applied this catalytic oxidation to water-soluble polysaccharides such as 

potato starch, amylodextrin and pullulan, where NaClO was used as a primary oxidant with 

catalytic amounts of NaBr and TEMPO under weakly alkaline conditions60. Selective 

oxidation of the C6 primary hydroxyl groups of the polysaccharides to carboxylate ones was 

achieved, and the corresponding polyuronic acids were obtained quantitatively.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7. The oxidation of cellulose in the TEMPO/NaBr/NaClO reaction system. 

 

1.5.3 TEMPO-oxidized CNF 

When wood cellulose is oxidized in the TEMPO/NaBr/NaClO system, the C6 hydroxy 

groups exposed on the cellulose microfibril surfaces are oxidized via regioselectivity to 

sodium carboxylate groups while maintaining their crystallinity and morphology (Figure 1.7) 
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60-62. The sodium carboxylate groups are then dissociated in water, and electric double layer 

repulsion is induced between the assembled fibrils. Accordingly, the carboxylated microfibrils 

(carboxylate content >1.2 mmol/g) readily disperse in water as physically isolated CNFs (2–3 

nm in width) by mechanical disintegration (Figure 1.8)61.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 1.8. CNF production (a) Pulp fibers chemically modified via TEMPO-oxidation. (b) 
CNFs obtained by disintegration of pulp in water55. (c) Schematic model for TEMPO-
mediated oxidation and wet disintegration of native cellulose. 
 

Today, a wide variety of CNFs with different compositions, morphologies, and surface 

functionalities can be manufactured (Figure 1.9)57, 62-70. Various functional groups are 

responsible for the dispersibility and morphology of CNFs; those produced via the TEMPO-

oxidation method have carboxyl groups on the surface. Functionalization can also be attained 

by using the carboxyl groups as reaction points. Examples include: (1) exchange of the 

surface carboxyl group counter ion with a multivalent metal ion, which causes the CNF film 

to have low water resistance66; (2) exchange the surface carboxyl group counter ion with 

quaternary alkylammonium, which causes the CNF film to exhibit hydrophobicity71; (3) 

grafting the aminated polymer onto the carboxyl group, which allows the CNFs to be 
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dispersible in low-polarity solvents such as chloroform and toluene68 so that the CNFs can be 

homogeneously blended with resin without any agglomeration. Furthermore, recent advances 

in technology have enabled us to precisely design the CNF surface structure to achieve the 

desired material property, which includes (4) blending organic and inorganic ions as the 

counter ion of the carboxyl group to precisely control the film properties69, and (5) controlling 

the thickness and density of the polymer layer grafted onto the surface of the CNF70. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.9. Surface functionalization of CNFs. 
 
 
1.5.4 CNF application 

Individualized CNFs produced by TEMPO oxidation process exhibit high strength (2–

6 GPa)72, high stiffness (130–150 GPa)26, 73, 74, low thermal expansion along the c-axis 

direction (0–6 ppm K‒1)75, 76, and high thermal conductivity77.  These properties are related to 

the crystallinity of CNFs, or the uniaxial orientation and lateral packing of cellulose 

molecules.  

Through assembly, the individualized CNFs can be structured into various forms, such 

as film materials, porous materials, and CNF-plastic composites78-82. These CNF assemblies 

possess unique properties, as summarized in Figure 1.10, and are expected to be utilized in the 

establishment of a low-carbon society. 
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By evaporative drying of a dispersion of individualized CNFs, optically transparent 

films can be obtained. In the film, the CNFs are locally oriented and stacked in a plywood-

like manner at the nanoscale by consolidation of the CNF alignment in aqueous dispersions. 

The CNF film possess high strength (tensile strength: 200–400 MPa; Young's modulus: 10–15 

GPa), thermal expansion as low as for glasses (6–10 ppm K−1), and superior gas-barrier 

properties (∼0.002 mL μm m−2 day−1kPa−1), high thermal conductivity and electrical 

resistivity. These multi-functional CNF films have attracted attention as conceptually new 

“transparent papers”. Their possible applications range from structural members of energy, 

electronic, and sensing devices to direct uses as display panels and packaging materials68, 78, 81, 

83, 84. 

In contrast, by freeze drying or supercritical drying of the CNF dispersion, porous 

materials with a high specific surface area (500–600 m2g-1) and high porosity (98–99.7%) can 

be obtained81. In the porous materials, CNFs are partially assembled to form a network 

structure with fine, anisotropic pores. The porous materials exhibit low thermal conductivity 

comparable to vacuum insulators (0.015–0.04 Wm-1K-1), high optical transparency, and high 

mechanical property. The porous materials have attracted attention as “transparent insulator”, 

which are expected as candidates for transparent insulators in offices and automobiles. 

Furthermore, CNFs are utilized as a reinforcing material for plastics, because of the 

excellent mechanical and thermomechanical properties of the CNFs85. 

 

 

 

 

 

 

 

 

 
 
Figure 1.10. CNF assemblies. Film materials of closely assembled CNFs (left). Porous 
materials of networked CNFs (middle). CNF/plastic composite (right).  
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1.6 Objectives 
Many CNF production process have been developed, and a variety of CNFs with 

different chemical compositions, morphologies, and surface functionalities are widely 

available. However, technology for exploiting the potential of CNFs has not been established, 

so that the practical application of CNFs remains hindered. One reason for the situation is that 

the structure of the CNFs is still not understood indeed. 

 The excellent properties of CNFs, such as high modulus and high thermal 

conductivity, are related to the crystallinity of cellulose. Therefore, understanding the 

crystallinity of CNF is vital for exploiting potential. Unfortunately, this area is still lacking. 

The purpose of this study is thus to investigate the influence of the CNF production process 

on the crystallinity. A comprehensive analysis of a series of CNFs with different chemical 

compositions, morphologies, and surface functionalities was performed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.11. Purpose of my research 
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Chapter 2 

Dispersion-Induced Disordering of the Grain Boundary in 

Biologically Structured Cellulose 

 

2.1 Abstract 
In trees, a-few-nanometers-wide crystalline fibrils of cellulose are tightly bundled with other 

biopolymers, such as lignin and hemicelluloses, to form robust cell walls. Cellulose nanofibers 

(CNFs) are obtained by successive treatments including the purification, modification, and 

disintegration of cell-wall cellulose. This chapter reports that the crystallinity of CNFs is 

governed by the interface between the bundled cellulose fibrils. The cellulose molecules at the 

interface or at the surface of the individual fibrils are ordered when the fibrils are more densely 

bundled upon removal of hemicelluloses. In turn, the interfacial molecules become disordered 

when bundled fibrils disperse upon disintegration as CNFs. Morphological analysis of the 

dispersed fibrils supports a model where single-cellulose fibrils in trees are composed of 18 

molecular chains. Considering the 18-chain model, the surface molecules of the dispersed fibrils 

are disordered in the conformation of carbon atoms as analyzed by NMR, while all of the 18 

chains are fully ordered in molecular sheet stacking to diffract X-rays. 

 

2.2 Introduction 

Cellulose nanofibers (CNFs) are attracting attention as wood-derived new material, 

combining high-performance biobased materials combining high strength1, 2, high stiffness3, 

4, low thermal expansion5, 6,  and high dielectric properties7. These excellent properties of CNFs 

are based on the molecular packing of cellulose in the microfibrils or the uniaxial molecular 

orientation and high crystallinity, as described in general introduction. In particular, the 

crystallinity of CNFs is a variable structural factor that is responsible for their material 

performance.  

According to the International Union of Pure and Applied Chemistry (IUPAC), 

crystallinity is defined as the presence of three-dimensional order at the level of the atomic 

dimensions. The crystallinity of a material is expressed as the crystallinity index (CI), which is 
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the mass ratio of the crystalline substance in the total dry sample on the basis of the 

crystallographic two-phase model. Although synthetic polymers crystallize from their melt or 

solution states in thermodynamic equilibria, cellulose is created by an enzyme complex by 

biological machinery and crystallizes with uniaxial molecular orientation8, 9. Accordingly, there 

is no clear boundary between the crystalline and noncrystalline phases in naturally occurring 

cellulosic structures. It is thus difficult to determine their CI values. The CI value of celluloses 

is often evaluated by solid-state CP/MAS 13C NMR spectroscopy or X-ray diffraction (XRD). 

However, the CI values of cellulosic materials greatly vary depending on the measurement 

technique and analytical processing10-24. The purity and morphology also affect the CI values15, 

25, 26. Therefore, CI evaluation of CNFs with structural variety in the chemical composition and 

morphology is difficult, and it is still not defined in a single uniform way. 

In this chapter, it is reported that the crystallinity of CNFs is governed by the interface 

between bundled cellulose microfibrils. Specifically, the cellulose molecules at the interface or 

at the surface of the individual microfibrils are partly crystalline and become disordered when 

the microfibrils disperse as CNFs. The CI values of approximately 20 samples ranging from a 

wood pulp to CNFs were measured by NMR and XRD techniques. The rationality of the 

resulting CI values is discussed in terms of the cellulose content, specific surface area (SSA), 

crystal size, and nanofiber width. The CNF samples were prepared by the TEMPO oxidation 

process. Before analysis, all of the pulp and CNF samples were freeze-dried from an undried 

wet state containing approximately 30% tert-butyl alcohol to prevent dry agglomeration27. All 

of the samples prepared in the present study are listed in Table 2.1. Hereafter, each sample is 

referred to by the corresponding sample number in Table 2.1; e.g., sample 5 is the dewaxed 

pulp. Scheme 2.1 illustrates nanostructural changes occurring in the samples by chemical 

purification, surface modification, and mechanical disintegration. 
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Table 2.1. List of the cellulosic samples. 

Number Sample 

1 acid-hydrolyzed tunicate cellulose 

2 acid-hydrolyzed cotton cellulose 

3 acid-hydrolyzed wood cellulose 

4 amorphous cellulose 
  

5 dewaxed pulp 

6 delignified pulp 

7 hemicellulose-extracted pulp 
  

8 sample 7 mechanically treated for 80 min* 
  

9 TEMPO-oxidized pulp with NaClO addition of 5 mmol/g 

10 CNFs, sample 9 mechanically treated for 5 min* 

11 CNFs, sample 9 mechanically treated for 20 min* 

12 CNFs, sample 9 mechanically treated for 40 min* 

13 CNFs, sample 9 mechanically treated for 80 min* 

14 CNFs, sample 9 treated with a high-pressure homogenizer 
  

15 TEMPO-oxidized pulp with NaClO addition of 10 mmol/g 

16 CNFs, sample 15 mechanically treated for 5 min* 

17 CNFs, sample 15 mechanically treated for 20 min* 

18 CNFs, sample 15 mechanically treated for 40 min* 

19 CNFs, sample 15 mechanically treated for 80 min* 

20 CNFs, sample 15 treated with a high-pressure homogenizer 

21 CNFs, sample 15 treated with a magnetic stirrer 

*Treated with a double-cylinder-type mechanical homogenizer. 
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Scheme 2.1. Nanostructural changes occurring in a series of the samples from a wood 
pulp to CNFs. 

 

2.3 Experimental section 

2.3.1 Materials 

A refiner mechanical softwood pulp maintained in an undried state after pulping 

(Nippon Paper Industries, Japan) was used as the starting sample. The pulp was a mixture of 

several softwood species and produced mainly from the chips of Cryptomeria 

japonica and Pinus densiflora. An ash-less filter pulp (Advantec Toyo, Japan) was used as the 

cotton sample. Tunicate cellulose was purified from mantles of Halocynthia roretzi by 

alternating treatment with NaOH and NaClO2. The preparation of acid hydrolysates and 

amorphous cellulose (samples 1–4). All the chemicals were of laboratory grade (FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan) and used as received. 

2.3.2 Purification 

The refiner mechanical pulp (10 g by dry weight) was dewaxed with a 90% (w/w) 

acetone solution (1 L) for 1 day under ambient conditions, followed by filtration and washing 

with a 90% (w/w) acetone solution and an excess amount of distilled water (sample 5). The 
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dewaxed pulp (5 g by dry weight) was delignified with a NaClO2 (2 g) solution (300 mL) 

containing acetic acid (0.4 mL) at 75 °C for 1 h, followed by filtration. This NaClO2 treatment 

was repeated three times using fresh chemicals, followed by washing with distilled water 

(sample 6). The delignified pulp (20 g by dry weight) was treated with a 4% (w/v) NaOH 

solution (1 L) under ambient conditions for 1 h with bubbling nitrogen gas, followed by 

filtration and washing. The NaOH treatment was repeated one more time (sample 7). At each 

purification step, part of the washed pulp was freeze-dried after the addition of approximately 

30% (w/w) tert-butanol with respect to its water content27, and conditioned at 23 °C and 50% 

relative humidity for more than 1 day.  

2.3.3 TEMPO-mediated oxidation 

The NaOH-treated pulp in the undried state (sample 7; 2 g by dry weight) was TEMPO-

oxidized with the NaClO addition of 5 or 10 mmol/g of pulp according to a previously reported 

method.28 The oxidized pulps were treated with NaBH4 (0.2 g) in water (200 mL) at pH 10 for 

3 h to eliminate unstable aldehyde groups in the pulp (samples 9 and 15). The carboxylate 

contents of the resulting pulps with the NaClO addition of 5 and 10 mmol/g were determined 

to be 0.8 and 1.4 mmol/g, respectively, by conductivity titration. Parts of the oxidized pulps 

were freeze-dried and conditioned in the same manner as that for the purified pulps. 

2.3.4 Preparation of acid-hydrolyzed cellulose 

The cellulose samples (0.1 g) were treated with 1 M H2SO4 solution at 105 °C for 4 h. 

The residual solid hydrolysate was thoroughly washed with distilled water by filtration, freeze-

dried, and conditioned in the same manner as for the purified pulps. 

2.3.5 Preparation of amorphous cellulose 

High-purity fibrillated softwood cellulose (Celish, Daicel FineChem Ltd., Japan) (0.02 

g) was suspended in ethylenediamine (5 mL) at room temperature for 4 days. The sample was 

centrifuged at 12,000 g for 10 min, and the sediment was then suspended in methanol (35 mL). 

This methanol-rinsing process was repeated three times. The final methanol suspension was 

stirred for 3 h and then centrifuged. The sediment was suspended in N,N-dimethylacetamide 

(DMAc) (35 mL), followed by centrifugation. After repeating the DMAc-rinsing process three 

times, the final DMAc suspension was stirred overnight. The sample was collected by 
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centrifugation and dissolved in 8% LiCl/DMAc solution with stirring at room temperature for 

a week. The resulting cellulose solution was passed through a polytetrafluoroethylene 

membrane with a mean pore size 0.45 μm, and the filtrate was injected into an excess amount 

of distilled water to regenerate amorphous cellulose. The regenerated cellulose was thoroughly 

washed with distilled water. 

2.3.6 Cellulose content 

The cellulose contents of the pulps were calculated from the sample weights by 

subtracting the lignin and hemicellulose contents. The lignin contents of the dewaxed pulps 

were determined by the Klason lignin method as the sums of the acid-soluble and -insoluble 

lignin contents. The acid-soluble lignin contents were measured according to TAPPI standard 

method T 222 om-98, and the residual lignin was then collected by filtration after sulfuric acid 

hydrolysis of the carbohydrates in the pulp according to TAPPI standard method T 222 om-02. 

The residual lignin was dissolved in a 3% sulfuric acid solution, and light absorbance 

measurement was performed at 280 nm using a Jasco V-670 spectrophotometer. The lignin 

contents of the other pulps were determined from their Kappa numbers by multiplying by 0.15 

according to the TAPPI classical method T 236 cm-85. The hemicellulose contents were 

determined by neutral sugar composition analysis according to a previously reported 

method.29  In brief, the pulps (0.05 g) were acid-hydrolyzed in two steps with 72% and 3% 

sulfuric acid solutions. Myo-inositol (20 mg/mL) was then added to the resulting hydrolysates 

as the internal standard. BaSO4 precipitates were then formed by adding Ba(OH)2 (1.7 g) and 

BaCO3 powders until the pH reached 5.5–6.5. The supernatants were separated by 

centrifugation, followed by filtration and freeze-drying. The dried hydrolysates were dissolved 

in distilled water (0.5 mL) and then mixed with acetonitrile (0.5 mL). After sonication for 10 

min, the mixtures (∼1 mL) were passed through a poly(tetrafluoroethylene) membrane filter 

with a mean pore size of 0.45 μm. The filtrates were analyzed by a high-performance liquid 

chromatography system equipped with a Shodex Asahipak NH2P-50-4E column and a Wyatt 

Technology Optilab T-rEx interferometric refractometer (k = 658 nm). A 75% (v/v) 

acetonitrile/water mixture containing 250 mM H3PO4 was used as the eluent, and the flow rate 

and temperature were set to 1.0 mL/min and 50 °C, respectively. 
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2.3.7 Fibrillation 

The TEMPO-oxidized pulps in the undried state (samples 9 and 15; 0.3 g by dry weight) 

were suspended in distilled water (300 mL), and the suspensions were then treated with a 

Physcotron NS-56 mechanical homogenizer equipped with a 20-mm-diameter shaft at 7500 

rpm for up to 80 min. At treatment times of 5, 20, 40, and 80 min, samples of the resulting CNF 

dispersions (50 mL at each point) were taken (samples 10–13 and 16–19). Parts of the oxidized 

pulps were disintegrated by passing the suspensions (0.2%, 1 L) through a high-pressure water 

jet system (HJP-25001, Sugino Machine) at 150 MPa (samples 14 and 20) or by gently stirring 

the suspensions (0.1%, 1 L) with a magnetic rotator at 500 rpm for 20 days (sample 21).  

2.3.8 CP/MAS 13C NMR spectroscopy 

The conditioned samples with moisture contents of approximately 10% (∼0.1 g) were 

packed into airtight tubes and analyzed by CP/MAS 13C NMR spectroscopy. The CP/MAS 13C 

NMR measurements were performed with a JEOL JNM-ECAII 500 spectrometer equipped 

with a 3.2 mm HXMAS probe and ZrO2 rotors at 125.77 MHz. The 90° proton decoupler pulse 

width, contact time, relaxation delay, and spinning frequency were set to 2.5 μs, 2 ms, 5 s, and 

6 kHz, respectively. Note here that the 2 ms of contact time is optimized parameter for 

calculating the NMR-based CI value (see Appendix for the detail of the optimization). 

Adamantane was used as the internal standard for the 13C chemical shifts.  

2.3.9 XRD 

The conditioned samples were pressed at approximately 750 MPa for 1 min using a 

tableting device for XRD. The resulting discotic pellets had bulk densities of approximately 1.3 

g/cm3. XRD measurements were performed at 23 °C under ambient pressure in the diffraction 

angle 2θ range 5–45° using a Rigaku RINT 2000 diffractometer with Ni-filtered Cu Kα 

radiation (λ = 0.15418 nm) at 40 kV and 40 mA by the reflection method. Although the 

measurements were not under humidity control, the moisture contents of the pellets (∼10%) 

were nearly unchanged (±0.2%) after the measurements. 
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2.3.10 SSA 

SSA values were calculated from the nitrogen adsorption–desorption isotherms based 

on Brunauer–Emmett–Teller theory. The isotherms were determined with a Quantachrome 

NOVA 4200e system at −196 °C after degassing the samples in the system at 105 °C for 20 h. 

2.3.11 Turbidity 

Turbidity curves of 0.1% (w/w) CNF dispersions were measured using poly(methyl 

methacrylate) cuvettes with a 1 cm path length in the wavelength range 280–900 nm using a 

Jasco V-670 spectrophotometer under ambient conditions with distilled water as a reference. 

The weighted average widths of dispersed CNFs were estimated from their turbidity curves 

according to a previously reported method30. 

2.3.12 AFM analysis 

CNF dispersions were diluted to 0.0005% (w/w) with distilled water, dropped onto a 

mica plate, and dried in a desiccator under ambient conditions. AFM observation was 

performed using a Bruker MultiMode 8 microscope equipped with a NanoScope V controller 

and a ScanAsyst-Air probe with a low spring constant of 0.4 N/m and a tip diameter of 2 nm in 

peak-force tapping mode with monitoring to ensure that the repulsion time was approximately 

10%. The heights of approximately 50 CNFs were measured for each CNF sample. 

2.3.13 True density 

True density values were measured using a MicrotracBEL helium pycnometer 

(BELPycno). The freeze-dried sample (∼60 mg) was placed in the chamber with a volume of 

1 cm3 and heated at 105 °C for 3 h under vacuum. Then, helium gas was purged 30 times at 145 

kPa. A density value was measured at 25 ± 0.1 °C when no change of over 0.06 kPa for 30 s 

was observed. The measurement was repeated until a standard deviation of less than 1% for 

consecutive 30 measurements was achieved, and finally the average value of the last three 

measurements was taken as the true density value of the corresponding sample. 
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2.4 Results and discussion 

2.4.1 CI measurements 

 The NMR-based CI values (CI-NA) were calculated from the area ratio of the two 

signals centered at 88.8 and 84 ppm, which correspond to the crystalline and noncrystalline C4 

carbon atoms of cellulose, respectively (Figure 2.1.a)25, 31.  

Peak separation of the signals was performed using pseudo-Voigt functions in the order 

of 71.9 and 74.8 ppm (C2, C3, and C5), 105 ppm (C1), 88.8 ppm (crystalline C4), 84 ppm 

(noncrystalline C4), and 65.2, 62.5, and 60.6 ppm (C6) to maximize the peak height and width 

of each signal. This peak separation order limits the degree of freedom by the analyst and results 

in fitting with the highest average correlation coefficient R2 (see Figure 2.2 for the fitting 

results). 

The XRD-based CI values were obtained by comparing either the intensities (CI-XI) or 

areas (CI-XA) of the powder XRD peaks of pelletized samples. The CI-XI value is the ratio of 

the maximum intensity at 2θ of around 22.6° to the minimum intensity between the (2 0 0) and 

(1 1 0) peaks at around 18.5° (λ = 0.1548 nm; Figure 2.1b). The CI-XA value is the ratio of the 

sum of the crystalline peak areas to the total area, assuming broad peaklike noncrystalline 

scattering centered at 20.6° (Figure 2.1c). The peak shape of the noncrystalline scattering was 

determined by maximizing both its height and full width at half-maximum before separating 

the crystalline diffraction peaks. The center positions of the noncrystalline (20.6°) and 

crystalline (14.6, 16.4, 22.6, and 34.5°) peaks were determined from the XRD profiles of an 

amorphous cellulose (sample 4) and an acid-hydrolyzed tunicate cellulose (sample 1), 

respectively (Figure 2.1d). Peak fitting of the XRD profiles was performed using pseudo-Voigt 

functions, where the (1 0 2) and (0 1 2) diffractions at approximately 20–21° were not taken 

into account, assuming that these two diffractions would be sufficiently small for pelletized 

samples with the preferred orientation of the crystallites22. The XRD profiles include a variety 

of scatterings by atoms and glucose units of cellulose and by air molecules and moisture (bound 

water), which are irrespective of the crystallinity of the samples. It is thus desirable to eliminate 

such scattering contributions from the XRD profile as the background19, 32. To experimentally 

determine the background function, four cellulose samples with different crystallinities, or three 
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acid hydrolysates of tunicate, cotton, and wood celluloses and an amorphous cellulose (samples 

1–4), were subjected to XRD measurement (Figure 2.1d). The intensities at both ends of the 

XRD profiles from 8° to 45° are nearly the same for all of the samples with different 

crystallinities. Therefore, a straight line connecting the two points at 8° and 45° was used as the 

background function. Both CI-XI and CI-XA values were calculated from the XRD profiles 

after subtracting the linear background. 

The crystal sizes of the (2 0 0) plane were also calculated from the XRD profiles using 

Scherrer’s equation (shape factor K = 0.9)33, 34. It should be noted that the Scherrer dimension 

is a weighted mean column length, and it is perpendicular to the (2 0 0) plane34. The (2 0 0) 

diffraction peak was separated by one of the following two processes: (1) the peak was fitted 

to the profile after subtracting the linear background and without assuming broad peaklike 

noncrystalline scattering centered at 20.6° (Figure 2.1b); (2) the peak was fitted after 

subtracting both the linear background and noncrystalline scattering in the same manner as that 

for the CI-XA calculation (Figures 2.1c and 2.2 and 2,3). Hereafter, the crystal sizes calculated 

by processes 1 and 2 are thus referred to as CS-I and CS-A, respectively. Note also that the CS 

values constitute a lower limit of the crystallite dimension because the peak broadening due to 

disorder and instrumental factors was not taken into account in the present study34, 35. 
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Figure 2.1. CI measurements. a) Peak deconvolution of a CP/MAS 13C NMR spectrum for 
the C4-based CI-NA and C6 conformation analyses. The black line is the experimental 
spectrum, and the red, blue, and gray lines show peak separation of the corresponding 
carbon atoms using pseudo-Voigt functions. b) Intensity analysis and peak separation of an 
XRD profile for determination of the CI-XI and CS-I values, respectively. c) Peak separation 
of a XRD profile for determination of the CI-XA and CS-A values. In parts b and c, the 
black line is the experimental data, the red and blue lines show the separated peaks, and the 
gray line shows the background. d) XRD profiles of cellulosic samples with different 
crystallinities for background determination. The gray straight line shows the background. 
(sample 9: TEMPO-oxidized pulp with NaClO addition of 5 mmol/g, sample 1: acid-
hydrolyzed tunicate cellulose, sample 2: acid-hydrolyzed cotton cellulose, sample 3: 
acid-hydrolyzed wood cellulose, sample 4: amorphous cellulose.) 
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Figure 2.2. Peak deconvolution of the CP/MAS 13C NMR spectra. The black lines are the 
experimental spectra, the red, blue, and gray lines are the separated peaks of the 
corresponding carbon atoms, and the dotted lines, which almost overlap with the black lines, 
are the fitting results. (sample 4: amorphous cellulose, sample 5: dewaxed pulp, sample 6: 
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delignified pulp, sample 7: hemicellulose-extracted pulp, sample 9: TEMPO-oxidized pulp 
with NaClO addition of 5 mmol/g, sample 10–13: CNFs; sample 9 mechanically treated for 
5–80 min, respectively, sample 14: CNFs; sample 9 treated with a high-pressure 
homogenizer, ,sample 15: TEMPO-oxidized pulp with NaClO addition of 10 mmol/g, sample 
16–20: CNFs; sample 15 mechanically treated for 5–80 min with the double-cylinder-type 
mechanical homogenizer and with the high-pressure homogenizer, respectively.) 
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Figure 2.3. Background subtraction and peak separation of the XRD profiles from the 
pulp samples. The curved and straight lines in black are the experimental data and 
background, respectively, and the blue and red lines are the separated peaks of amorphous 
scattering and crystalline diffraction. The dotted lines are the fitting results. The intervals of 
the vertical axis for the intensity are 1,000 cps. (sample 1: acid-hydrolyzed tunicate 
cellulose, sample 2: acid-hydrolyzed cotton cellulose, sample 3: 
acid-hydrolyzed wood, sample 5: dewaxed pulp, sample 6: delignified pulp, sample 7: 
hemicellulose-extracted pulp, sample 8: sample 7 mechanically treated for 80 min, sample 9 
and 15: TEMPO-oxidized pulp samples with carboxylate contents of 0.8 and 1.4, 
respectively.) 
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Figure 2.4. Background subtraction and peak separation of the XRD profiles from the 
CNF samples. The profiles are analyzed in the same way as shown in Figure 2.3.( sample 10–
14: CNF samples with carboxylate contents of 0.8 mmol/g mechanically treated for 5–80 min 
with the double-cylinder-type mechanical homogenizer and with the high-pressure 
homogenizer, respectively, sample 16–20: CNF samples with carboxylate contents of 1.4 
mechanically treated for 5–80 min with the double-cylinder-type mechanical homogenizer, 
with the high-pressure homogenizer, and with a magnetic stirrer, respectively.) 
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2.4.2 Cellulose content vs. CI value 

Cellulose is a crystalline component, whereas lignin and hemicelluloses are amorphous. 

Thus, the cellulose content is an indication of the CI of wood-derived cellulosic materials.15 

Figure 2.5 shows the relationships between the cellulose contents and the CI values of wood 

pulps purified in a stepwise manner (see Figure 2.6 for other composition analyses). Most of 

the lignin in the starting pulp (sample 5) was removed by bleaching treatment, resulting in an 

approximately 15% increase in the cellulose content (sample 6). The residual lignin and part of 

the hemicelluloses were then removed by alkaline treatment using a 4% NaOH solution, and 

the cellulose content increased by approximately 10% (sample 7). The residual hemicelluloses 

that were insoluble in a 4% NaOH solution were removed by TEMPO oxidation, and the 

cellulose content finally increased to approximately 99% (samples 9 and 15). 
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Figure 2.5. Relationships between the CI values of the purified pulps and the cellulose 
content. The standard deviations are calculated from three measurements for each CI value.  
(sample 5: dewaxed pulp, sample 6: delignified pulp, sample 7: hemicellulose-extracted pulp, 
sample 9 and 15: TEMPO-oxidized pulp samples with carboxylate contents of 0.8 and 1.4, 
respectively) 
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Although the CI values show apparently similar trends, their absolute values are 

substantially different and they are in the order CI-XI > CI-XA > CI-NA. The CI-NA values 

of the dewaxed and delignified pulps (samples 5 and 6) are almost the same, even though the 

cellulose contents are approximately 15% different. However, this result is reasonable 

because the NMR signals due to lignin appear at different positions (120 and 55 ppm) and are 

not part of the C4 region used in the CI-NA calculation (79–92 ppm). Then, the CI-NA values 

proportionally increase with increasing cellulose content by alkali treatment and subsequent 

TEMPO oxidation (samples 7 and 9). This is because one of the NMR signals of the major 

hemicelluloses, such as xylan and glucomannan, appears at approximately 82 ppm, which 

overlaps with the signal of the noncrystalline C4 carbon atoms25, 36, 37. In fact, the CI-NA 

value can reflect the extent of hemicellulose removal. Meanwhile, the XRD-based CI values 

show a relatively weak dependence on the cellulose content: (1) some of the XRD-based CI 

values are higher than the corresponding cellulose contents; (2) it is not clear why the XRD-

based CI values are nearly unchanged after delignification (samples 5 and 6); (3) the CI-XI 

values are also unchanged after the large increase in the cellulose content by TEMPO 

oxidation with the NaClO addition of 5 mmol/g (samples 7 and 9). These three points on the 

XRD-based CI values will be interpreted in the latter part of this paper. Note that all of the CI 

values for sample 15 are slightly less than those for sample 9 even though the cellulose 

Figure 2.6. Chemical compositions of the pulp samples. (sample 5: dewaxed pulp, sample 6: 
delignified pulp, sample 7: hemicellulose-extracted pulp, sample 9 and 15: TEMPO-oxidized 
pulp samples with carboxylate contents of 0.8 and 1.4, respectively.) 
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content increases by approximately 9% by additional TEMPO oxidation. This was found to 

arise from swelling or slight fibrillation of the pulp fibers oxidized for a long time with 

stirring (Figure 2.7), which will also be interpreted in the latter part.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Optical microscope images of the pulp samples. (sample 5: dewaxed pulp, 
sample 6: delignified pulp, sample 7: hemicellulose-extracted pulp, sample 9 and 15: 
TEMPO-oxidized pulp samples with carboxylate contents of 0.8 and 1.4, respectively) 

 

2.4.3 Mechanical fibrillation vs. CI value 

CNF samples with different degrees of fibrillation were prepared from the oxidized pulps 

by wet mechanical disintegration using a double-cylinder-type homogenizer. Figure 2.8a 

shows the Tyndall phenomena of two CNF dispersions. The turbid dispersion (sample 11) 

includes a more unfibrillated fraction, and the laser beam is greatly scattered. In contrast, the 

CNFs in the transparent dispersion (sample 19) are sufficiently fibrillated, and the laser path is 
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thin and sharp. The weighted average width of such transparent CNFs is estimated to be 3.0 

nm from its turbidity curve (Figure 2.9)30. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. Effect of fibrillation. a) Tyndall phenomena of two CNF dispersions with 
different degrees of fibrillation. The magnified images in the right part are hand-drawn 
sketches of simplified CNF structures in the corresponding dispersions. b) CP/MAS 13C NMR 
spectra of the CNF samples. c) XRD profiles of the CNF samples. d) and e) Changes in the CI 
values with the disintegration time for the CNF samples with carboxylate contents of 0.8 and 
1.4 mmol/g, respectively. 
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Figure 2.9. Turbidity curves of samples 19 and 20 

 

As fibrillation proceeds, the NMR spectrum gradually changes (Figure 2.8b). The 

change is clearly visible in the C4 region; the crystalline signal at 88.8 ppm decreased with 

fibrillation, and instead the noncrystalline signal increased. The similar trend was observed in 

the C6 region. Although the other signals (C2, C3, and C5) are overlapped and are difficult to 

precisely interpret, they changed in shape. The XRD profiles also show a drastic change in both 

the intensity and shape (Figure 2.8c). All of the crystalline peaks at 14.6, 16.4, 22.6, and 34.5° 

were weakened in intensity and became broadened. Accordingly, the dip at around 18° between 

the crystalline peaks became invisible. The CI values calculated from these NMR and XRD 

data are shown in Figure 2.8d,e for the two types of CNF samples with carboxylate contents of 

0.8 and 1.4 mmol/g (samples 9–20), respectively. Similar to the case of the cellulose content 

in Figure 2.5, the three CI values show trends similar with mechanical disintegration. The CI 

values decrease with increasing disintegration time. However, there is a clear difference 

between the two CNF samples. The CI values of the low carboxylate content sample gradually 

decrease with increasing disintegration time (Figure 2.8d). In contrast, the CI values of the high 

carboxylate content sample rapidly decrease at the initial stage and then reach plateaus 

(Figure 2.8e). The disintegration treatment adopted here is sufficiently mild that it does not 

destroy the crystal structure of cellulose (the CI values of samples 7 and 8 are almost the same; 
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see Figure 2.10). Therefore, the decreases in the CI values should be because of fibrillation 

rather than destruction of the crystallites. 

 

 

 

 

 

 

 

 

 

  

Figure 2.10. Changes in the CI values of the hemicellulose-extracted pulp with wet 
mechanical disintegration (samples 7 and 8). 

 

2.4.4 Specific surface area vs. CI value 

The CI values for all of the CNF samples are plotted against their SSAs in Figure 2.11. 

Here, two additional samples are included: a highly fibrillated sample prepared using a high-

pressure homogenizer (sample 20) and a gently fibrillated sample prepared by magnetic stirring 

(sample 21). As the SSA increases with fibrillation, the three CI values decrease in a similar 

manner (by approximately 30%) and finally reach plateaus where a-few-nanometers-wide 

CNFs are individually dispersed (see Figure 2.16). The following three points should be noted: 

(1) the CI values for the sample gently fibrillated by magnetic stirring (sample 21) fit each 

approximate curve for the CI values of the other CNF samples, (2) the SSA of amorphous 

cellulose (sample 4) is as low as 15 m2/g, and (3) even when the dispersed CNFs were further 

subjected to prolonged disintegration treatment using a high-pressure homogenizer, the 

resulting CNFs with shortened lengths and more kinks showed little change in the CI value 

(∼1%; see Figure 2.12). Considering these results, it is reasonable to consider that the decrease 

in the CI values, accompanied by the increase in the SSA, is mainly because of fibrillation 

rather than destruction of the microfibril structure, such as shortening and kinking; such 
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destructions are likely to occur locally along the long axis of CNFs, resulting in minor 

contributions to the CI values.38 

   

21

20

CI-XI
CI-XA
CI-NA

SSA (m2 g-1)
0 100 200 300 400

CI
 (%

)

0

25

50

75

100

Figure 2.11. Relationships between the CI values and the SSA. The arrows indicate the 
CNF samples prepared using a high-pressure homogenizer (sample 20) and a magnetic stirrer 
(sample 21). The other points are for the CNF samples prepared using a double-cylinder-type 
homogenizer. 

 

Figure 2.12. Changes in morphology and crystallinity of CNFs by prolonged 
disintegration treatment using a high-pressure homogenizer: a) AFM images, b) CP/MAS 
13C NMR spectra. 
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2.4.5  Crystal size vs. CI value 

The relationships between the XRD-based CI values and crystal sizes of a series of 

samples are shown in Figure 2.13. Both CI values (CI-XI and CI-XA) show strong correlations 

with the corresponding crystal sizes (CS-I and CS-A). As the CI values of the pulps increase 

with hemicellulose removal (samples 6 and 7), their crystal sizes also increase. It has been 

reported that the crystal size of cellulose in wood pulps increases by some processes that induce 

the agglomeration of cellulose microfibrils, such as purification, drying, and hydrothermal 

treatment39-42. The gradual decreases in the CI values in the process of fibrillation (samples 9–

21) are accompanied by decreases in the crystal sizes. These results indicate that (1) the 

crystallinity increases as the microfibrils are more densely bundled with increasing cellulose 

content and (2) the crystallinity decreases as the microfibrils disperse with disintegration as 

CNFs; the interfacial molecules between bundled microfibrils are partly crystalline, which is 

the same concept as the structural insights described by Newman et al. and Jarvis et al. using 

the term “twinning” 43, 44. This interpretation is supported by the solid curve in Figure 

2.13 based on the simulation data reported by French and Santiago Cintrón30, which shows the 

ideal relationship between the Segal CI value and the crystal size of the (2 0 0) plane, 

eliminating any contributions of scattering from the simulated XRD profiles. The simulation-

based CI value and crystal size are calculated in the same manner as the CI-XI and CS-I values 

in the present study, respectively. Surprisingly, our experimental data for a series of samples 

with different cellulose contents or degrees of fibrillation (CI-XI/CS-I for samples 5–21) well 

fit the simulated curve. Furthermore, the data for the acid hydrolysates, or chemically isolated 

crystallites, of tunicate, cotton, and wood celluloses (samples 1–3) are included in Figure 13, 

and they also fit the curve. These results suggest that the XRD profiles of the wood pulps and 

CNFs are mostly composed of crystalline diffraction peaks, and the broad peaklike scattering 

by the amorphous components and moisture is sufficiently weak that it can be ignored. In other 

words, the assumption of amorphous scattering in the CI-XA/CS-A calculation (Figure 2.1c) is 

overestimated; this is most likely because the crystalline diffractions tend to focus on the 

equator in the power XRD profiles of pelletized or filmlike samples by the reflection method ), 

whereas the scattering by the amorphous components and moisture is averaged over all 

azimuthal angles.. 
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Figure 2.13. Relationships between the CI values and crystal sizes. The numbers next to 
the symbols indicate the corresponding samples. The solid curve is drawn based on the 
simulation data reported by French and Santiago Cintrón. (sample 1: acid-hydrolyzed 
tunicate cellulose, sample 2: acid-hydrolyzed cotton cellulose, sample 3: acid-hydrolyzed 
wood cellulose, sample 6: delignified pulp, sample 7: hemicellulose-extracted pulp, sample 
8: mechanically treated hemicellulose-extracted pulp,  sample 9: TEMPO-oxidized pulp with 
NaClO addition of 5 mmol/g, sample 10–13: CNFs; sample 9 mechanically treated for 5–80 
min, respectively, sample 14: CNFs; sample 9 treated with a high-pressure homogenizer, 
,sample 15: TEMPO-oxidized pulp with NaClO addition of 10 mmol/g, sample 16–21: 
CNFs; sample 15 mechanically treated for 5–80 min with the double-cylinder-type 
mechanical homogenizer and with the high-pressure homogenizer, respectively.) 

Figure 2.14. XRD diagrams of the pelletized samples for the incident beam parallel to 
the pellet plane: a) sample 5: dewaxed pulp, b) sample 20: CNF sample with carboxylate 
contents of 1.4 treated by using high-pressure homogenizer. 
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2.4.6 Crystal size vs. AFM height 

The crystal sizes were then compared with the AFM height profiles of the respective 

CNF samples spread on flat mica surfaces (Figure 2.15a). To minimize experimental error, the 

AFM measurements of the CNF heights were performed in peak-force tapping mode with 

careful monitoring to ensure that the tip did not compress the sample. The largest height values 

measured along the isolated, straight, and nontwisted parts of CNFs in the fiber axis direction 

were taken as the true height values of the respective CNFs, taking into consideration that the 

tapping step (∼2 nm) is similar to the CNF width (approximately 2–3 nm)45. The twisting was 

clearly visible on bundled microfibrils in the AFM observation, as reported by Usov et al., 

where detection relies on the local increase in the AFM height along the microfibrils46.  

As the fibrillation proceeds, both CS-I and CS-A values significantly decrease, whereas 

the AFM height values are nearly unchanged within a narrow mean value range of 2.4–2.6 nm. 

These height values are in good agreement with those reported for individualized microfibrils1, 

45-47. The CS-A values decrease from 3.4 to 2.4 nm with fibrillation. The latter is close to the 

AFM height value (2.6 nm). However, this result is not rational because, even for an ideal 

crystallite, the Scherrer crystal size, or a lower limit of the crystallite dimension, is at least one 

molecular thickness smaller than the actual geometric dimension of the crystallite in the 

corresponding direction. [Note that, assuming the cross-sectional shapes of the 18-chain models 

as discussed in the latter part of this paper, the AFM height should have a mean value with a 

large standard deviation, as shown in Figure 2.15a, while the CS value is the crystal size of the 

(2 0 0) plane, which, on average, is smaller than those of the other planes.] The CS-I values 

decrease from 2.9 to 2.0 nm. The value of 2.0 nm in the final stage of fibrillation is suitably 

smaller than the AFM height value (2.6 nm). 

Figure 2.15b shows an AFM image of sample 12. The two CNFs indicated by parts a 

and b in the image have the same height value (2.6 nm), but they have considerably different 

widths. These CNFs are assumed to a microfibril bundle and an individualized microfibril. As 

fibrillation proceeds, these bundles disintegrate into individual microfibrils, and the CNFs 

finally become uniform (Figure 2.17). In fact, CNFs with low degrees of fibrillation are ribbon-

like bundles of laterally associated cellulose microfibrils, as reported for cellulose 

nanocrystals34 . The separation of such associated surfaces results in a decrease of the CS value 
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(Figure 2.15a), and the laterally associated surfaces should be crystalline. Accordingly, the CS 

value decreases inversely with the SSA (Figure 2.17); it is explained based on the following 

relationship between the theoretical SSA of ribbon-like microfibril bundles with rectangular 

cross sections of a constant thickness and their widths Dw: 

SSA 𝛼
𝛽
𝐷

 

where α and β are constants related to the thickness and true density, and the fibril length 

is assumed to be infinite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15. Morphological analysis of the CNF samples. a) Relationship between the CS 
values and the AFM heights of the CNF samples spread on flat mica surfaces. The gray lines 
indicate the standard deviations of the AFM heights. b) AFM height images of CNFs with 
different degrees of fibrillation. 
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Figure 2.16. AFM height images and height distribution histograms of the CNF samples. 
(sample 11–13: CNF samples with carboxylate contents of 0.8 mechanically treated for 20–80 
min, respectively, sample 16–20: CNF samples with carboxylate contents of 1.4 mechanically 
treated for 5–80 min with the double-cylinder-type mechanical homogenizer and with the high-
pressure homogenizer, respectively.) 
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2.4.7 The C6 conformation vs. crystal size 

Cellulose has three C6 conformations: trans–gauche (tg), gauche–trans (gt), and 

gauche–gauche 47 with signals centered at 65.2, 62.5, and 60.6 ppm, respectively.48 It has been 

proposed that the tg conformation is crystalline and occurs in the core region of the microfibril, 

while the gg conformation is noncrystalline8, 35, 48, 49. Although these attributions have recently 

been shown to be oversimplified by multidimensional NMR spectroscopy,50 the following facts 

have also been observed; when a cellulose I type sample is chemically treated by TEMPO 

oxidation, both the tg signal and XRD-based crystal size of the original sample are preserved, 

the gg signal decreases, and instead a carbonyl signal appears at 174 ppm51, 52. Here, the 

decrement in the gg signal quantitatively corresponds to the signal area of the carbonyl groups 

upon examination under appropriate conditions52, 53(see Appendix). Therefore, the C6 signals 

were divided into three contributions: tg, gt, and the sum of gg and carbonyl carbon (gg + 

C═O). The signal area ratios of the contributions with respect to the total C6 area are plotted 

against the CS-I values in Figure 2.18. With decreasing CS-I value, the tg ratio decreases in a 

roughly linear manner from about 50% to 20% (Figure 2.18a). It should be noted that the 

decrease in the tg ratio of approximately 30% is nearly the same as the decrease in the C4-based 

CI-NA value (Figure 2.19). The gg + C═O ratio increases from about 20% to 60% as the CS-I 

value decreases (Figure 2.18b). These analyses also indicate that the cellulose molecules at the 
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Figure 2.17. Relationship between the CS-I and SSA values. 
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interface between bundled microfibrils or at the surface of the individual microfibrils are partly 

crystalline and become disordered when the microfibrils disperse as CNFs. 

The gt carbon atoms have been suggested to be an intermediate conformation existing 

in the noncrystalline region of the microfibrils49, but this is still under debate. The gt ratio shows 

a slight decreasing trend with decreasing CS-I value (Figure 2.18c), which is similar to the trend 

of the crystalline tg ratio (Figure 2.18a) but opposite to that of the gg ratio (Figure 2.18b). 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.18. Relationships between the CS-I value and the ratios of C6 carbons in the a) tg, 
b) gg + C=O, and c) gt conformations. 

Figure 2.19. Relationship between the tg ratio of C6 carbons and the C4-based CI-NA 
value as a function of the CS-I value. 
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2.4.8  Model analysis 

Figure 2.20 shows schematic models of the cross section of a cellulose microfibril 

consisting of 18 molecular chains, which are two models of a variety of the proposals by 

Newman et al.43 It has been proposed that the 18- or 24-chain model is plausible for the number 

of cellulose molecular chains in a single microfibril35, 50, 54-57. Our morphological analyses of 

the individualized microfibrils (sample 20) support the 18-chain model (see Figure 2.21 for the 

24-chain model). For the cross-sectional dimension, AFM analysis gives an arithmetic mean of 

2.6 nm with a standard deviation of 0.5 nm, and the weighted mean estimated from the turbidity 

curve is 2.8 nm (Figure 2.9)30.  Surprisingly, a most recent study proved the structure of  a 

poplar cellulose synthase CesA homotrimer, which strongly supports the cellulose microfibril 

is consists of 18 chains58.  

The gg + C═O and tg ratios of sample 20 are approximately 63% and 17%, 

respectively; note here that the cellulose content of sample 20 is sufficiently high (∼99%; 

see Figures 2.5 and 2.6). On the basis of the 18-chain model, the gg + C═O ratio is in good 

agreement with the ratio of the surface 12 chains to whole 18 chains (∼67%), and the tg ratio 

suggests that three or four chains in the core region of an individualized microfibril are 

crystalline, which is equivalent to the C4-based CI-NA value (∼17%). Meanwhile, the CS-I 

value of sample 20 is approximately 2.0 nm, which is similar to the crystal size of the (2 0 0) 

plane for the 18-chain model in Figure 2.20 (1.95 nm). Considering the 18-chain model, not 

only the core but also the surface molecules, which are regarded as a noncrystalline region in 

conformational analysis of the C4 and C6 carbon atoms by NMR, are ordered in molecular 

sheet stacking to diffract X-rays59.  

For verification of the molecular sheet stacking, we measured the true density values of 

three types of cellulosic samples: a pulp with a high cellulose content of approximately 97%, 

its TEMPO-oxidized one, and fibrillated CNFs. The true density of the original pulp was 1.57 

g/cm3, which is a reasonable value considering the crystal density of cellulose Iβ (1.63 g/cm3) 

and the residual hemicelluloses (∼3%). Then, the value reasonably increased up to 1.69 

g/cm3 through oxidation or conversion of the C6 hydroxyl groups to sodium carboxylates (∼1.7 

mmol/g). The value for the oxidized pulp was indeed nearly unchanged even after fibrillation, 

and the true density of the CNF sample stayed at 1.67 g/cm3. These results indicate that the 
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conformational changes in the constituent carbon atoms, detected by NMR, are insensitive to 

the density of the molecular sheet stacking in microfibrils. The structural changes occurring at 

the microfibril surfaces are graphically summarized in Figure 2.22. 

 

 

  

Figure 2.20. Cross-sectional dimensions of the 18-chain model of cellulose microfibrils. 

Figure 2.21. Cross-sectional dimensions of the 24-chain model of cellulose microfibrils. 
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Figure 2.22. The dispersion-induced disordering of the interfacial molecules between 
bundled microfibrils in wood cellulosic structure. 

 



Chapter 2 Dispersion-Induced Disordering of the Grain Boundary in Biologically Structured Cellulose 

60 
 

2.5 Conclusions 

The Three types of CI values for approximately 20 samples ranging from a wood pulp 

to CNFs were measured. The CI values were first compared with the cellulose contents of the 

samples: (1) all of the CI values are nearly unchanged with delignification; (2) the CI-NA value 

proportionally increases with increasing cellulose content with hemicellulose removal; (3) both 

XRD-based CI values are higher than the cellulose contents in some cases, and they show 

relatively weak dependence on the cellulose content. Next, the effect of fibrillation on the CI 

values was investigated; as the SSA increases with fibrillation, the three CI values decrease by 

approximately 30% in a similar manner, reaching plateaus where microfibrils are individually 

dispersed as a-few-nanometers-wide CNFs. 

The relationships between the CI values and either the crystal size or SSA show the 

following trends: (1) as the CI values increase with hemicellulose removal, the crystal size also 

increases; (2) the decrease of the CI values in the process of fibrillation is accompanied by a 

decrease in the crystal size and by an increase in SSA. These results suggest that the cellulose 

molecules at the interface between bundled microfibrils are partly crystalline and become 

disordered when the microfibrils disperse as CNFs. Interestingly, the relationship between the 

CI-XI value and crystal size fits the simulation data reported by French and Santiago 

Cintrón22 demonstrating that broad peaklike X-ray scattering by the amorphous components is 

sufficiently weak that it can be ignored. 

Morphological analysis of the individualized microfibrils supported the 18-chain model. 

Considering the 18-chain model, not only the core but also the surface molecules, which are 

regarded as a noncrystalline region in conformational analysis of the C4 and C6 carbon atoms 

by NMR, are ordered in molecular sheet stacking to diffract X-rays. 

Overall, we conclude the following points about the crystallinity of CNFs: (1) The 

NMR-based CI value is rational, but the samples need to be delignified in advance. (2) The 

XRD-based CI value can be approximated with a function of the crystal size, as reported by 

French and Santiago Cintrón,22 when being calculated after subtracting the background from 

the powder XRD profiles of pelletized or filmlike samples by the reflection method. (3) 

Dispersion-induced disordering of the interfacial molecules between bundled microfibrils 

governs the crystallinity of the CNFs. 
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Chapter 3 

Crystallinity-independent yet modification-dependent true 
density of nanocellulose 

 

3.1 Abstract:  

In materials science and crystallography, the true density is an important derived 

physical quantity of solids. In this chapter, the correlation of the true density of nanometer-wide 

fibrillar crystallites of cellulose with their purity, crystallinity, morphology, and surface 

functionality is investigated. In the single fibrils, all the cellulose molecules are uniaxiallly 

oriented. Thus, the true density indicates the molecular packing density in the single fibrils and 

is essential for the precise estimation of the volume fraction of cellulose in fibril-based 

composites or porous structures. It is demonstrated that the true density of fibrillar crystallites 

of cellulose is approximately 1.60 g/cm3 irrespective of the biological origins of the cellulose 

(wood, cotton, or a tunicate) and the crystallinity. The true density is in fact independent of the 

dimension of the crystallites and the atomic conformation of the uniaxially oriented but non-

crystalline molecules at the crystallite surface. In the single fibrils, all the cellulose molecules 

are densely packed from the crystalline core to the non-crystalline outermost regions. The value 

of 1.60 g/cm3 remains unchanged even when the fibrils are dispersed through the wet 

disintegration process of “nanocellulose” production. In contrast, tailoring the surface 

functionality of the fibrils by oxidation and/or adsorption results in a substantial change in the 

true density up to 1.8 g/cm3 or down to 1.3 g/cm3. The true density of nanocellulose is indeed 

governed by the surface functionality and has a strong gradient in the fibril cross-sectional 

direction. 
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3.2 Introduction 

Mass density ρ is a derived quantity defined as the mass per unit volume of a substance. 

In materials science, the density is a structural factor that is correlated with mechanical and 

thermal properties as well as other functionalities. Therefore, precise measurement of the 

density is critical and is considered a starting point in material research. 

The density of solids can be classified into several types, including the true density and 

bulk density, depending on the method of measuring the volume. The bulk density is used for 

porous structures, and the volume is determined by the outer borders of structures. The true 

density is derived from the “true” volume of a solid, excluding the contributions of pores and 

surface roughness. The volume here is defined as the space occupied by the solid itself and 

includes the free volume for polymeric solids. The free volume is the atomic-scale gap left 

between assembled molecules, which is the space allowing the atoms to thermally vibrate and 

is distinguished from pores.1 

The key to obtaining a reliable value in true density measurements is thus to precisely 

measure the true volume. Gas pycnometry is commonly adopted for this purpose. The volume 

of a solid in gas pycnometry is determined as the volume of gas displaced with the target solid 

in a volume-known sealed space under constant pressure using Boyle’s law describing the 

volume–pressure relationship of an ideal gas (see Figure 3.1). The solids must not contain 

closed pores; particular attention is needed when the sample is prepared from melt or wet states 

through cooling or drying, respectively. The use of helium as the introducing gas is preferable 

because it exists as a monatomic gas and its interaction with solid surfaces is negligible. For 

hygroscopic samples, moisture adsorption is also a serious concern. In gas pycnometry, sample 

weight is separately measured, such that the true densities of hygroscopic samples are 

significantly overestimated unless attention is paid to the weight measurement. 
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Naturally occurring cellulose is a fibrous material, which inevitably forms pores in its 

practical uses as papers and clothes. The material properties of such structures scale with their 

porosity, and the porosity is estimated from the true density. Accurate measurement of the true 

density of cellulose is thus important. The reported values of the true density of cellulosic 

materials, however, vary within the range of 1.42–1.67 g/cm3 even when measured by helium 

pycnometry2-5. This variability has been interpreted as resulting not only from the contributions 

of the purity and crystallinity of cellulose but also from experimental issues, such as closed-

pore formation by dry agglomeration or overestimation of sample weight by moisture 

adsorption. 

In the last decade, cellulose nanofibers (CNFs) have attracted attention as emerging 

sustainable materials with superior mechanical and thermal properties. CNFs are produced by 

wet disintegration of wood pulp, and the pulp is purified or chemically modified in advance6-

10. Various CNFs with different morphologies, crystallinities, and surface functionalities can be 

manufactured, as described in General introduction. Structuring of such CNFs into various 

forms such as films and fibers is also possible. The properties of CNF structures scale with their 

porosity, and the true density of CNFs is thus considered indispensable information. However, 

the true density of CNFs with structural variety has not been analyzed in detail; the correlation 

of true density with the morphology, crystallinity, and surface functionality remain unknown. 

In this chapter, the correlation of the true density of various celluloses with their purity, 

crystallinity, morphology, and surface functionality is investigated. The samples analyzed 

include wood pulps, cotton linters, a tunicin, and CNFs. Two types of CNFs with different 

morphology were prepared by wet disintegration of a pulp with high purity of cellulose, one of 

which was chemically modified in advance. The modification adopted here was TEMPO 

oxidation, and the oxidized products possessed a significant amount of carboxylate groups.6, 11, 

12 The counter ion of the carboxylates is a dominant factor determining their functionality, as 

mentioned in General introduction.13, 14 Thus, the correlation of the true density with the 

counter-ion structure was also investigated. All the samples examined in this study are 

graphically summarized in Scheme 3.1. A series of samples were prepared by freeze drying 

from a 30% tert-butyl alcohol-containing wet state to form aerogel-like porous solids,15 and the 

true densities of the samples were analyzed using helium pycnometry. 
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Figure 3.1. Schematic diagram of a) He pycnometer and b) a change in the pressure of 
He gas. c) Equation for the true density based on the Boyle’s law of the volume-pressure 
relationship. The pycnometer consists of two chambers (sample and reference chambers). 
The two chambers are connected via a pressure gauge (P). In this system, the sample volume 
is determined from the difference between the pressure of a gas filled in the sample chamber 
(P1) and the pressure of the gas diffused into both the chambers (P2) by using the equation (c) 
where V0 and V2 are the internal volumes of the sample and reference chambers, respectively. 
The sample is placed into the sample chamber. The chamber is then filled with the gas (i–ii). 
After the pressure of the gas in the chamber reaches equilibrium (ii–iii), a valve separating the 
two chambers is opened (iii–iv). When the pressure of the gas in the system reaches the 
equilibrium, the gas is released (iv–v). 

P 
(k

Pa
)

Time (s)

(i)

(ii) (iii)

(iv)

P1

P2(v)

(i) - (iii) :
sample 

chamber (V0)
reference

chamber (V2)
P

He

sample (V1)

: P1

(iii) - (iv) : : P2P

(iv) - (v) : P

a)

b)

c)



Chapter 3 Crystallinity-independent yet modification-dependent true density of nanocellulose 

71 
 

  

Scheme 3.1. Illustration of the purity, crystallinity, morphology, and surface 
functionality of the tested samples. 
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3.3 Experimental section 

3.3.1 Materials 
Five cellulosic samples were used as the starting materials: a softwood mechanical pulp, 

a softwood bleached kraft pulp, a softwood dissolving pulp 16, cotton linters, and a mantle of 

tunicate Halocynthia roretzi. The wood pulps were supplied by Nippon Paper Industries Co. 

Ltd., Japan, and had been kept in an undried state after pulping. The cotton linters were 

purchased from Advantec Toyo Co. Ltd., Japan. The tunicate mantle was supplied in an undried 

state by a domestic fish-processing company. The mechanical pulp was dewaxed with a mixture 

of acetone and water (9:1 by weight) before use. Holocellulose was prepared from the dewaxed 

pulp using the Wise method, and part of the holocellulose was alkali-treated with a 4% w/v 

NaOH solution according to the method described in a previous report.17 Tunicate cellulose 

was purified from the mantle according to the procedure described in a previous report.17 Part 

of the cotton linters and tunicate cellulose (0.1 g for each) were acid-hydrolyzed with a 1 M 

H2SO4 solution at 105 °C for 4 h. The residual solid hydrolysates were washed with distilled 

water by filtration. Amorphous cellulose was prepared from the cotton linters according to the 

method described in a previous report.17 All the chemicals were of laboratory grade (FUJIFILM 

Wako Pure Chemical Corporation, Osaka, Japan) and used as received. 

3.3.2 Cellulose content 
The cellulose contents of the samples were determined by subtracting the lignin and 

hemicellulose contents from the sample weight. The lignin content was calculated from the 

Klason lignin content or Kappa number in the same manner described in the Experimental 

section in Chapter 2 (2.2.6. Cellulose content).17 The hemicellulose content was calculated as 

the sum of the non-glucose sugars and the part of glucose corresponding to two thirds of 

mannose by weight. The non-glucose neutral sugars were measured according to the protocol 

described in the Experimental section in Chapter 2 (2.2.6. Cellulose content).18 and the acidic 

sugars were quantified by electric conductivity titration.19 

3.3.3 TEMPO-mediated oxidation. 
The DP and cotton linters (2 g) were TEMPO-oxidized with NaClO addition of 2–10 

mmol per gram of sample according to the method described in a previous report.6 The oxidized 
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samples were treated with NaBH4 (0.2 g) in water (200 mL) at pH 10 for 3 h to eliminate 

unstable aldehyde groups in the sample.20 Hereafter, the TEMPO-oxidized DP and cotton are 

denoted as TO-DP and TO-cotton, respectively. 

3.3.4 CNF preparation 
Two types of CNF, DP-CNF and TODP-CNF, were prepared from the DP before and 

after TEMPO oxidation. The DP-CNF was prepared by passing a 0.1% w/w DP suspension (1 

L) through a high-pressure water-jet system (HJP-25001, Sugino Machine) 100 times at 150 

MPa. The TODP-CNF was prepared from a 0.1% w/w suspension of a TO-DP with carboxylate 

content of 1.7 mmol/g using a Microtec Physcotron NS-56 homogenizer equipped with a 20-

mm-diameter shaft at 7500 rpm for 6 min, followed by sonication using a Nihon Seiki US-300T 

ultrasonic homogenizer equipped with a 18-mm-diameter tip at 70% output for 8 min. 

3.3.5 Counter-ion exchange 
The counter ions of the carboxy groups in the TO-DP (1.7 mmol/g) were exchanged 

with other inorganic or organic ions using the methods described in previous reports.13, 21 The 

initial Na+ ions were exchanged to H+ or Cs+ ions by soaking the TO-DP in a 0.1 M HCl or 

CsCl aqueous solution for 1 day, followed by washing with distilled water. Part of the 

protonated TO-DP (H+) was then neutralized with four types of quaternary alkyl ammonium 

hydroxide: TMA, TEA, TPA, and TBA hydroxides, such that the carboxy groups were 

converted to the respective alkyl ammonium carboxylates.   

3.3.6 Gravimetry 
A series of the wet samples were freeze-dried after adding tert-butyl alcohol to be 

approximately 30 w/w% against their water content according to a method described in a 

previous report.15 The freeze-dried sample (~60 mg) was placed into a weighing bottle and 

dried under vacuum at 105 °C for 3 h. After introducing dry air, the bottle was rapidly sealed 

and cooled in a desiccator for 20 min. The weight of the bottle containing the sample was 

measured with an analytical balance with an accuracy of ±0.0025 mg for 1 g (A&D, BM-20) in 

approximately 5 s at 23 °C and 50% relative humidity (see Figure 3.2). The weight of the empty 

bottle (13.028221 g) was also measured in the same manner. The sample weight was determined 

by subtracting the weight of the empty bottle from the total weight. The analytical balance was 
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placed on an anti-vibration table and was calibrated in advance. The measured weight of a dried 

sample was in good agreement with the weight estimated by thermogravimetric analysis (TGA) 

at 150 °C in a dry nitrogen atmosphere. 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.7 Helium pycnometry 
The true density was analyzed using a BELPycno helium pycnometer. The weight-

measured sample (~60 mg) was placed into the chamber with a volume of 1 cm3 and exposed 

to a vacuum (~0.5 kPa). Then, helium gas was purged 30 times at 145 kPa. The density was 

measured at 25 ± 0.1 °C when no change of over 0.06 kPa for 30 s was observed. The 

measurement was repeated until a standard deviation of less than 0.5% was achieved for 30 

consecutive measurements, and finally, the average of the last 5 measurements was taken as the 

true density of the sample. 

3.3.8 CP/MAS 13C NMR spectroscopy 
CP/MAS 13C NMR measurements were performed according to the method described 

in Chapter 2, Experimental section (2.2.8 CP/MAS 13C NMR spectroscopy). Crystallinity Index 

(CI) value was calculated in the same way as calculation of CI-NA used in Chapter 2. 

  

Figure 3.2. Weight increase by moisture absorption at 23 °C and 50% relative humidity.   
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3.3.9 XRD 
XRD measurements were performed according to the method described in the chapter 

2, Experimental section (2.2.9 XRD). Crystal size value was calculated in the same way as 

calculation of CS-XI used in Chapter 2. 

 

3.4 Results and discussion 

3.4.1 Gravimetry 

Supercritical CO2 drying is known as the best method to prevent dry agglomeration of 

wet samples. However, the process of supercritical drying includes solvent-exchanging steps 

from water to liquid CO2 via CO2-miscible solvents such as alcohols or acetone. Its application 

to organic or dispersible samples thus requires attention to prevent extraction or flowing out of 

a part of the sample during the solvent-exchanging process. In the present study, a series of 

samples were directly prepared from 30% tert-butyl alcohol-containing pulp slurries or CNF 

dispersions by freeze drying without solvent exchanging.15 The dried products are porous solids 

with high specific surface areas, which are structurally similar to aerogels from supercritical 

drying.17 No significant difference in the true densities of the freeze-dried and supercritical-

dried products of some wet samples was observed (< 0.01 g cm−3, see Figure 3.3); in fact, the 

closed-pore formation by this specific freeze-drying was sufficiently suppressed as well as that 

by supercritical drying. The overestimation of the true density due to moisture adsorption was 

also suppressed to < 0.02% by careful monitoring of the weighing (Figure 3.2, see Gravimetry 

section for weighing); this difference is within the standard deviation for helium pycnometry 

(± 0.5% of the value, see Helium pycnometry section). 
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Figure 3.3. True densities of bleached kraft pulp dried using different methods. The 
asterisk * indicates significant differences between the values (P < 0.05), and ns indicates “not 
significant”. The comparison was performed using one-way analysis of variance followed by 
the Holm–Sidak method. 

 

3.4.2 Purity 

Figure 1 shows the true density values of various pulps with different purity of cellulose 

(see Table 3.1 for the numerical data). Note here that the cellulose content is an estimate and 

has no accuracy on the order of 1%. 

Table 3.1. The true density values and cellulose content of various cellulosic samples. 

Sample Cellulose content True density
 (%)  (g/cm3)

 MP 49 1.43 (±0.0072) 
 Holocellulose 22 59 1.48 (±0.0066) 
 Alkali-treated holocellulose 68 1.52 (±0.0061) 
 KP 87 1.57 (±0.0047) 
 DP 96 1.59 (±0.0065) 
 Cotton linter 100 1.60 (±0.0070) 
 Acid-hydrolyzed cotton linter 100 1.60 (±0.0027) 
 
Acid-hydrolyzed tunicate 
cellulose 100 1.60 (±0.0049) 

  Amorphous cellulose 100 1.43 (±0.0035) 
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Figure 3.4. Relationship between true density values and cellulose content of wood pulps: 
i) mechanical pulp, ii) holocellulose pulp, iii) alkali-treated holocellulose pulp, iv) 
bleached kraft pulp, and v) DP. 

The true density of the mechanical pulp with a cellulose content of approximately 50% 

(sample i) was 1.43 g/cm3. As the cellulose content of the pulp increased to approximately 60% 

by delignification, the true density of the resulting holocellulose (sample ii) also increased to 

1.48 g/cm3. The subsequent alkali-extraction of a part of the hemicelluloses (sample iii) resulted 

in a further increase to 1.52 g/cm3. The true densities of the bleached kraft pulp (sample iv) and 

DP (sample v) reached as high as 1.57 and 1.59 g/cm3, respectively, depending on the cellulose 

content.  

The trend in Figure 3.4 is reasonable because wood cellulose is crystalline, whereas 

other components such as lignin and hemicelluloses are amorphous. The true densities of the 

pulps should be positively correlated to their cellulose contents. The extrapolated values of the 

approximated line to both the vertical axes at cellulose contents of 0% and 100% are roughly 

1.3 and 1.6 g/cm3, respectively. These values imply the true densities of the mixture of lignin 

and hemicelluloses and of pure wood cellulose, respectively.  
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3.4.3 Crystallinity 

Four samples of cellulose with different crystallinity were then analyzed: DP, cotton 

linter, and acid hydrolysates of cotton and a tunicin of Halocynthia roretzi (samples v, vi, vii, 

and viii, respectively). The DP is a highly purified sample of wood cellulose, although it still 

contains approximately 4% hemicelluloses. The cotton linter is an ash-less pulp for filters and 

is chemically pure (cellulose content of ~100%). The cotton and tunicin were subjected to acid 

hydrolysis to isolate their crystallites. The CI values and Scherrer’s crystal sizes of the samples 

were assessed using NMR spectroscopy and XRD, respectively (Figure 3.5.a,b). The CI values 

of the DP, cotton, and acid hydrolysates of cotton and tunicin were 48%, 63%, 65%, and 91%, 

respectively. Their Scherrer’s crystal sizes were 4.2, 6.3, 6.5, and 10.0 nm, respectively, and 

increased in the same order as the CI values. 

 NMR analysis provides information on the conformation of the constituent 

carbon atoms of cellulose, (1→4)-β-glucan. The CI values were calculated as the signal ratios 

of the crystalline and non-crystalline C4 carbon atoms in the NMR spectra. These crystalline 

and non-crystalline atoms are often interpreted as those at the inner core and outermost regions 

of a crystallite, respectively. According to this interpretation, the CI represents the core-to-

volume ratio of the crystallite. In contrast, the XRD analysis reflects the regularity of the 

molecular sheet stacking of cellulose, and the Scherrer’s crystal sizes are a lower limit of the 

crystallite dimension, when the broadening from the beam size has not been taken into 

account23. The results shown in chapter 2 suggest that not only the inner but also the outermost 

molecules of a crystallite, the latter of which are regarded as being non-crystalline by NMR, 

are ordered in molecular sheet stacking to diffract X-rays, and are thus involved in the estimate 

of the Scherrer’s crystal sizes.17 In fact, NMR and XRD analyses provide different scales of 

information for the crystallinity of cellulose: the core-to-volume ratio and a dimensional index 

of the crystallite, respectively. Note that all the molecules in single crystallites of naturally 

occurring cellulose are uniaxially oriented irrespective of their crystallinity.24 
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Figure 3.5. a) CP/MAS 13C NMR spectra and b) XRD patterns of various celluloses 
with different crystallinity: v) DP, vi) cotton linter, vii) acid-hydrolyzed cotton linter, 
and viii) acid-hydrolyzed tunicin. c) Relationship between the true density and CI 
values. The grey line indicates the true density of 1.60 g/cm3. 
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Figure 3.5.c shows the relationship between the true density and CI of the samples with 

different crystallinity (see Table 3.1 for the numerical data). It is significant that the true density 

of the cotton linter (sample vi) and the acid hydrolysates of cotton (sample vii) and tunicin 

(sample viii) were approximately 1.60 g/cm3, irrespective of their CI. Considering that the CI 

represents the core-to-volume ratio of the crystallite, this finding indicates that even the surface 

molecules, including the carbon atoms with non-crystalline conformation, are packed in the 

same density as the inner crystalline molecules. In addition, the agreement of the true density 

for the cotton and its hydrolysate (samples vi and vii) indicates that the disordered region locally 

present along the fiber axis of cellulose crystallites represents a negligibly small fraction in the 

true density analysis.25 

The value of 1.60 g/cm3 is slightly lower than the true density of the ideal crystal of 

cellulose Iβ (~1.63 g/cm3) at ambient temperature as defined by synchrotron XRD.26 This 

discrepancy is perhaps due to the principal of measurement; XRD provides a weight-average 

structure of the crystal,27 which should be denser than the number-average, molecular-packing 

structure estimated by helium pycnometry. The value for DP (sample v) was slightly lower at 

1.59 g/cm3, which may be explained by the ~4% residual hemicelluloses in the DP. 
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3.4.4 . Surface oxidation 

TEMPO oxidation was applied to the DP and cotton linter for surface modification. 

Figure 3.6 shows the relationship between the true density and carboxylate content of TO-DP 

and TO-cotton. The true density linearly increased with increasing carboxylate content in both 

cases. This tendency is reasonable because the conversion of the C6 primary hydroxy groups 

to sodium carboxylates by TEMPO oxidation increases the molecular weight of the 

anhydroglucose unit from 162 to 198 g/mol, and the oxidation occurs solely on the surfaces of 

cellulose crystallites (see Figure 3.7 for XRD profiles of the samples before and after 

oxidation).11  

The straight line in Figure 3.6 represents the approximation of the function to all the 

plots and can be expressed by the following equation: 𝑦 = 0.063𝑥 + 1.594, 
where y and x are the true density and carboxylate content of the sample, respectively. 

The R2 value is as high as 0.98, and the plots fit well with the approximated line irrespective of 

the starting samples. The intercept is 1.594, which is an intermediate value between the true 

densities of the DP and cotton linter. The slope is 0.063, which is lower than the calculated 

slope of 0.072 assuming that the volume is unchanged by the increase in the molecular weight 

of cellulose by TEMPO oxidation. The oxidation of the C6 primary hydroxy groups to sodium 

carboxylates is thus accompanied by a slight increase in the volume. 

The increase in the molecular weight is supported by the weight yield of the oxidized 

cellulose. The weight yield of the TO-DP with a carboxylate content of 1.7 mmol/g was roughly 

110% relative to the weight of the starting DP, which is in good agreement with the theoretical 

weight gain resulting from the oxidation (~107%). 
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Figure 3.6. Relationship between the true density and carboxylate content of TO-DP 
and TO-cotton. 
 

Figure 3.7. XRD patterns of the TEMPO-oxidized a) DP and b) cotton linters with 
different carboxylate contents.  
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Figure 3.8. Atomic force microscopy images of a) DP-CNF and b) TODP-CNF. 

3.4.5 .  Disintegration 

Two types of CNF, DP-CNF and TODP-CNF, were prepared by wet disintegration of 

the DP and TO-DP with a carboxylate content of 1.7 mmol/g, respectively. The DP-CNF was 

composed of relatively thick and heterogeneous CNFs with diameters of approximately 3–20 

nm (Figure 3.8a). In contrast, the TODP-CNF was composed of thin and homogeneous CNFs 

with diameters of approximately 3 nm (Figure 3.8b). Figure 3.9a shows the effect of the wet 

disintegration process on the true density. For both CNF samples, there were no significant 

changes from the true densities of the respective starting pulps.  
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The NMR spectra in Figure 3.9b,c show the changes in the crystallinity of cellulose 

resulting from wet disintegration. The signals of the crystalline and non-crystalline C4 carbon 

atoms appear at approximately 89 and 84 ppm, respectively. Their signal area ratio is defined 

as the CI (see the section “Crystallinity”). The DP has a CI value of 50% and sustained its CI 

at 48% even after being sufficiently oxidized. The CI of each pulp remarkably decreased when 

the pulp was disintegrated into CNFs. The decrease in the CI depended on the degree of 

disintegration, and the thick DP-CNFs and thin TODP-CNFs had the CI values of 38% and 

22%, respectively. This phenomenon can be interpreted as resulting from the increase in the 

specific surface area by disintegration,17 considering that the CI represents the core-to-volume 

ratio of the crystallite. Here, the crystallite is identical to the few-nanometer-wide crystalline 

fibrils histologically defined as “cellulose microfibrils”. The results shown in chapter 2 indicate  

that these fibrils are closely bundled in a pulp fiber and that the cellulose molecules at the 

interface between bundled fibrils or at the surface of the individual fibrils are partly crystalline 

and become non-crystalline when the fibrils disperse as CNFs.17 In fact, the decrease in the CI 

by wet disintegration represents the conformational change of the constituent carbon atoms at 

the crystallite surface to the non-crystalline state. 

  

Figure 3.9. a) True density and b,c) CP/MAS 13C NMR spectra of DP, DP-CNF, TO-DP, 
and TODP-CNF.  
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The series of results presented in Figure 3.9 show that the true density of CNFs is 

independent of the decrease in the CI resulting from the process of wet disintegration, leading 

to the same conclusion as that in Figure 3.5: the surface molecules including the carbon atoms 

with non-crystalline conformation are packed with the same density as the inner crystalline 

molecules. The conformational change of the C4 carbon atoms is accompanied by that of the 

C6 carbon atoms from the crystalline “trans–gauche (tg)” to non-crystalline “gauche–trans (gt)” 

or “gauche–gauche (gg)” C6–O6 bond configuration against the C5–O5/C4–C5 bonds (see the 

C6 region in Figure 3.9b,c).28, 17 Although the C6 position is exocyclic and likely to be dominant 

in the true density, its conformational change was buried in the true density value. 

Note again that all the molecules in the single crystallites are uniaxially oriented 

irrespective of their CI values. For reference, a truly amorphous sample of randomly packed 

cellulose molecules, which was prepared from the cotton linter through a dissolution–

regeneration process (see Materials section), had a significantly lower true density of 1.43 

g/cm3. 

3.4.6 .  Counter-ion exchange 

CNFs are often post-modified to tailor their functionality in addition to the TEMPO 

oxidation and other pulp pretreatments. One of the simplest post-modifications is to exchange 

the counter ions of the surface ionic groups. Three inorganic (H, Na, Cs) and four organic [alkyl 

ammoniums: tetramethylammonium, tetraethylammonium (TEA), tetra-n-propylammonium 

(TPA), tetra-n-butylammonium (TBA)] cations were thus coupled with the surface carboxylate 

anions of the TO-DP (see Figures 3.10 and 3.11 for FTIR and XRF analyses of the products, 

respectively). 
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Figure 3.10. FTIR spectra of the TEMPO-oxidized DP with different carboxylate counter-
ions. 
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Figure 3.11. XRF spectra of the TEMPO-oxidized DP with inorganic conter-ions. 
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Figure 3.12. True density of TO-DP with a) inorganic (H+, Na+, Cs+) and b) organic 
(TMA+, TEA+, TPA+, TBA+) counter ions.  
 

Figure 3.12 shows the true density correlations with these counter-ion structures. For 

inorganic ions, the true density increased in the order of H < Na < Cs ions (Figure 3.12a). This 

tendency is reasonable considering that the atoms differ greatly in weight but little in size;29 the 

atomic weights of H, Na, and Cs are 1, 23, and 133, respectively, whereas the effective packing 

radii of these elements in the coupled states are estimated to be 0.11 nm (exposed radius in 

covalent bond), 0.095 nm, and 0.169 nm (bare-ion radius), respectively.30 It is interesting here 

that the true density of the TO-DP-bearing cesium carboxylate groups reaches as high as nearly 

1.8 g/cm3. 

In contrast, the true density largely decreased below 1.3 g/cm3 for organic ions in the 

order of TMA > TEA > TPA > TBA, showing an inverse correlation with the alkyl chain length 

of the ammoniums (Figure 3.12b). This tendency can be interpreted as an increase in the free 

volume by the alkyl chains. The formula weights of TMA, TEA, TPA, and TBA are 74, 130, 

186, and 242, respectively, and their ion radii are estimated to be 0.35, 0.40, 0.45, and 0.49 nm, 

respectively.31  
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3.5 Conclusions 
The correlation of the true density of various celluloses with their purity, crystallinity, 

morphology, and surface functionality was investigated, leading to the following conclusions: 

1) The true density of wood pulps is approximately linearly correlated to their cellulose purity. 

2) The true density values of pure native celluloses, such cotton and tunicin, are approximately 

1.60 g/cm3 irrespective of the crystallinity. 3) The true density is unchanged during the process 

of wet disintegration from a pulp to CNFs, although the CI is significantly decreased. 4) The 

true density of TEMPO-oxidized CNFs is also linearly correlated to their carboxylate content 

and increases up to approximately 1.7 g/cm3. 5) The counter-ion exchanging of the carboxylates 

is accompanied by a substantial change in the true density of the CNF, up to approximately 1.8 

g/cm3 or down to approximately 1.3 g/cm3. The true density of TEMPO-oxidized CNFs is 

indeed governed by the surface functionality and has a strong gradient in the fiber cross-

sectional direction. 
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Appendix 

Cross-polarization dynamics and conformational study of 
variously sized cellulose crystallites using solid-state 13C 
NMR 

 

A.1 Introduction 
13C CP/MAS NMR spectroscopy provides information on the conformation of the 

constituent carbon atoms of a system. Use of this NMR technique promotes a greater 

understanding of the structural features and dynamics of solid cellulose 1-6. In the NMR spectra, 

the C4 and C6 carbon atoms are distinguishable into crystalline and noncrystalline signals 7, 

which have been attributed to the atoms at the core and surface regions of a crystallite, 

respectively. In particular, the signal ratio of the C4 crystalline and noncrystalline phases has 

been used as the crystallinity index (CI) value of CNF 8; even for CNFs with high crystallinities, 

the contribution of the surface chains to the CI value is significant, due to the high surface-to-

core ratios. To calculate the CI value, it is necessary to examine the dependence of the contact 

time (CT) for CP on the signal intensity and set the optimum CT to maximize the signal intensity 
8-10. However, the dependence has not been well investigated for cellulose samples with 

different crystallinities, even though the crystallinity could influence the CP dynamics. 

In this appendix, the CT was optimized for the evaluation of the CI value of cellulose 

with different crystallinities. The crystallinity of the cellulose samples was finely tuned by 

changing the crystal size from a few nanometers to tens of nanometers. The NMR spectra were 

recorded at various CTs (0.1 to 10 ms), and the dependency of the CT to the signal intensity of 

the C4 crystalline and noncrystalline phases was investigated. At an optimized CT, the 

structural change via surface modification of native cellulose by TEMPO-oxidation was also 

analyzed from the NMR spectra of the C6 region.  
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A.2 Experimental 

A.2.1 Materials 
Five cellulosic samples were used as the starting materials: a softwood dissolving pulp 

(DP), two types of TEMPO-oxidized pulps with different carboxylate contents, cotton linters, 

and a mantle of tunicate Halocynthia roretzi. The DP and one TEMPO-oxidized pulp 

(carboxylate content: 1.2 mmol/g) was supplied by Nippon Paper Industries Co. Ltd., (Tokyo, 

Japan). The other TEMPO-oxidized pulp (carboxylate content: 1.8 mmol/g) was supplied by 

DKS Co. Ltd., Kyoto, Japan. The cotton linters were purchased from Advantec Toyo Co. Ltd., 

Tokyo, Japan. The tunicate mantle was supplied in an undried state by a domestic fish-

processing company. Tunicate cellulose was purified from the mantle according to the 

procedure described in a previous report 11. The cotton linters and tunicate cellulose (0.1 g for 

each) were acid-hydrolyzed with a 2 M HCl solution at 105 °C for 4 h. The residual solid 

hydrolysates were washed with distilled water by filtration. Amorphous cellulose was prepared 

from the cotton linters according to the method described in a previous report 12. All the 

chemicals were of laboratory grade (FUJIFILM Wako Pure Chemical Corporation, Osaka, 

Japan) and used as received. 

A.2.2  Sample preparation 
The DP (1 g) was TEMPO-oxidized with NaClO addition (10 mmol per gram of sample) 

according to the method described in a previous report 13. The oxidized samples were treated 

with NaBH4 (0.1 g) in water (100 mL) at pH 10 for 3 h to eliminate unstable aldehyde groups 

in the sample. The resulting pulp is from here on referred to as TEMPO-oxidized DP (TO-DP). 

The carboxylate content of TO-DP was determined to be 1.6 mmol/g. Some of the 0.1% w/w 

suspension of the oxidized samples were mechanically treated by using a Microtec Physcotron 

NS-56 homogenizer (Microtec Co., Ltd. Chiba, Japan) equipped with a 20-mm diameter shaft 

at 7500 rpm for 6 min, followed by sonication using a Nihon Seiki US-300T ultrasonic 

homogenizer equipped with a 26-mm diameter tip at 70% output for 8 min. The resulting 

sample is from here on referred to as TEMPO-oxidized cellulose nanofiber (TO-CNF). All the 
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samples were freeze-dried from the wet state, containing 30% w/w tert-butyl alcohol, to prevent 

dry agglomeration 14.   

A.2.3 XRD.  
XRD measurements were performed according to the method described in the chapter 

2, EXPERIMENTAL SECTION (2.2.9 XRD). Crystal size value was calculated in the same 

way as calculation of CS-XI used in the chapter 2. 

A.2.4 CP/MAS 13C NMR spectroscopy. 
The samples conditioned at 23 °C and 50% relative humidity were packed into air-tight 

tubes and analyzed using CP/MAS 13C NMR spectroscopy. The reason the dried stay sample 

was used for the analyses is described in a paper reported by Heux et. al 10. The CP/MAS 13C 

NMR measurements were performed using a JEOL JNM-ECAII 500 spectrometer (JEOL Ltd., 

Tokyo, Japan) equipped with a 3.2-mm HXMAS probe and ZrO2 rotors at 125.77 MHz for 13C. 

The samples were spun at 15,000 Hz and the spectra were obtained with 0.1–10 ms CT and a 

5-s relaxation delay. The CI value was calculated from the integral ratio of the signals in the 

region of 93–86 and 86–80 ppm, corresponding to the crystalline and noncrystalline C4 carbon 

atoms of cellulose, respectively, and any fitting function was not used for peak separation. This 

is because it is difficult to unambiguously fix the fitting factor such as the peak position, 

function, and number in the NMR spectra of all the samples and CP conditions. Note here that 

the peak separation in this appendix is different from that performed in other chapters.  

 

A.3 Results and discussion 

A.3.1 C4-based CI value 

The NMR spectra of the samples with different crystal sizes were recorded at various 

CTs (0.1–10 ms). The Scherrer crystal sizes of the acid hydrolysates of tunicin and cotton, DP, 

TO-DP, and TO-CNF were 10.0, 6.5, 4.0, 3.6, and 2.0 nm, respectively. For all the samples, the 

intensity of the C4 region changed depending on the CT (Figure A.1a). Furthermore, the spectra 

became sharper and split into several peaks as the crystal size increased, which is clearly visible 

in the spectra of the tunicate cellulose. These results can be interpreted as the crystallographic 

inequivalence of the glycosidic unit, and the resolution is improved when the crystal size is 
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Figure A.1. a) NMR spectra of a series of samples at several CTs. The Scherrer crystal sizes 
of the acid hydrolysates of tunicin and cotton, DP, TO-DP, and TO-CNF were 10, 6.5, 4.0, 
3.6, and 2.0 nm, respectively. b) Dependency of CT on the signal intensity corresponding to 
the C4 crystalline region. c) Dependency of CT on the signal intensity corresponding to the C4 
noncrystalline region. d) Dependency of CT on the CI values. 

larger 2. In the case of the crystalline atoms in small crystallites or the noncrystalline atoms, the 

structural heterogeneity might be too large to produce clearly resolved peaks in the spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dependency of the CT to the signal intensities of both the C4 crystalline and 

noncrystalline regions was then analyzed. Figure A.1b and A.1c show the CP curves for the C4 

crystalline and noncrystalline regions, respectively. The signal intensities were normalized at 

the maximum intensity for each carbon. In both regions, all the signal intensities were rapidly 

increased at the initial stage before reaching a maximum. The maximum of these intensities 

was at approximately 1–2 ms CT, irrespective of the crystal size. This region was in accordance 

with the reported CT as a preferable time for evaluation of the CI value of cellulosic materials 
10, 15, 16.  
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At the initial increase in the C4 crystalline and noncrystalline regions, there was no 

significant difference in the trend and slope (Figure A.1b and A.1c). The initial increase mainly 

reflects the efficiency of magnetization transfer from the 1H spin reservoir to the 13C spin, 

described by the time constant of TCH. In general, a rigid structure has a smaller TCH than a 

nonrigid system, although the chemical structure may be the same. Therefore, this result 

indicates that the rigidity of the C4 carbons is similar in the time scale represented by the TCH 

relaxation, regardless of the crystal size.  

In contrast, the decay in the C4 regions showed different behavior depending on the 

crystal size. The decay of each sample was steeper in the noncrystalline region than that in the 

crystalline region. In the crystalline region, the decay slope became steeper with a decrease in 

the crystal size (Figure A.1b). The decay at the longer CT reflects the relaxation of the 1H and 
13C spins in the rotating frame [T1� (H) and T1� (C), respectively], which are related to 

molecular mobility. Thus, the decay trends shown in Figure A.1b indicate that the crystalline 

region of large crystallites, such as the tunicate cellulose, have lower molecular mobility.  

However, the smaller crystallites exhibited the higher mobility, even in the crystalline 

region, because of the large contribution of the crystallite surface. Furthermore, the similar trend 

was visible in the decay of the noncrystalline region; the decay was faster with a decrease in 

the crystal size (Figure A.1c). Indeed, the conformational heterogeneity is present in both the 

crystalline and noncrystalline regions. It has been reported that part of the molecules that exist 

close to the surface sit in a noncrystalline conformation even in the interior of the microfibril 
17, 18.  

Another possibility of the existence of heterogeneity is also conceivable. As shown in 

the results in chapter 2, the crystalline C4 signal decreased when the bundled fibers dispersed 

as microfibrils and, correspondingly, the noncrystalline signal increased 12. Indeed, the cellulose 

molecules at the interface between bundled fibrils or at the surface of the microfibrils are 

partially crystallized. This interface has been regarded as an inaccessible surface, where solvent 

molecules cannot penetrate. It has been proposed that the NMR signal due to the molecules at 

the inaccessible surface appear in the noncrystalline region 19. Taking these phenomena into 

account, some of the inaccessible molecules at the bundled interfaces are probably occupied in 
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the crystalline region of the NMR spectra rather than in the noncrystalline region, thus causing 

the structural heterogeneity. 

 The CP curve of the amorphous cellulose sample, whose molecular sheet 

stacking and the atomic conformation are disordered and noncrystalline, respectively 20, was 

also compared with other cellulosic samples (Figure A.1c). The initial increase and the 

maximum were similar to that observed for the C4 noncrystalline carbons in other samples. The 

decay slope was slightly steeper than that of TO-CNF but this difference is somewhat minimal. 

These results suggest that the glycoside linkage may be restricted even in the randomly packed 

cellulose molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CI values for all the samples were then plotted against the CT (Figure A.1d). In the 

range of approximately 1–2 ms CT, where the signal intensities were at a maximum, the CI 

values of each sample were almost the same, and the difference in the CI values was within 

Figure A.2. NMR spectra of tunicate cellulose, a mixture of the tunicate and amorphous 
celluloses, and amorphous cellulose at 2 ms CT. The mass ratio of the tunicate cellulose in the 
mixture was 60%. 
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only 3%. At over 2 ms CT, the CI values gradually increased. This is because of the decrease 

in the intensity of the noncrystalline region resulting in overestimation of the CI value (see 

Figure A.1c).  

For a quantitative demonstration, the CI value of the mixture of the tunicate and 

amorphous cellulose was calculated from the NMR spectra recorded at 2 ms CT (Figure A.2). 

The calculated CI value was 51%, which is in good agreement with the ideal value (49%) 

determined gravimetrically. These results indicate that, although the CP/MAS NMR 

spectroscopy is generally not quantitative for polymers having crystalline and amorphous 

regions, it is possible to evaluate the CI value of cellulose with an accuracy <3% from the NMR 

spectra at the optimized CT of 2 ms. 

A.3.2 Carboxylate groups at the C6 

In the process of CNF production, cellulose is often surface modified in advance before 

wet disintegration. One example is by TEMPO oxidation. By this method, the primary hydroxy 

groups exposed on the surface of the cellulose crystallite were converted to carboxyl groups, 

maintaining the crystallinity 21. Figure A.3a shows the NMR spectra of the C6 carbonyl region 

of TO-DP and TO-CNF at various CTs (0.1–10 ms). Both the shape and intensity of these NMR 

spectra changed depending on the CT, similarly to the C4 region.  

The signal intensities of the carbonyl carbon were then plotted against the CT, see 

Figure A.3b. Interestingly, TO-DP having bundled microfibrils showed similar CP dynamics 

with TO-CNF. The signal intensities of the carbonyl carbon increased more slowly than the 

signals of the C4 carbon, and then reached a maximum at approximately 3 ms. In other words, 

the TCH of the carbonyl carbon was larger than that of the C4 carbons (see Figure. A.1 for the 

dependency of the CT to the signal intensity of the C4 carbons). This is likely because of the 

longer distance between the proton and carbonyl carbon. Furthermore, the signal intensities of 

the TO-DP were the same as that of the TO-CNF. This result indicates that the mobility of the 

carbonyl carbon on the surface of cellulose crystallite is independent of the crystal size. 

Figure A.3c shows the change in the NMR spectra at 2 ms CT before and after TEMPO 

oxidation. The signals corresponding to C=O, trans-gauche (tg), gauche-trans (gt), and gauche-

gauche (gg) are centered at approximately 174.8, 65.2, 62.6, and 60.6 ppm, respectively 22. By 
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the oxidation, the signal corresponding to the noncrystalline gg or gt was remarkably decreased, 

whereas the signal of the crystalline tg ratio remained constant, and the signal of the carbonyl 

carbon appeared at approximately 175 ppm. As shown in Figure A.3d, there was a 19% decrease 

in the signal ratio of the noncrystalline hydroxy group, and this value is in good agreement with 

the increase in the signal of the carbonyl carbon (22%). This result is consistent with data 

reported by Montanari et. al. 23, suggesting the conversion to carboxyl groups from the hydroxy 

groups can be evaluated from the NMR spectra under optimized conditions.  

  

Figure A.3. a) Spectral change in the carbonyl region of TO-DP and TO-CNF with 
CT. b) Dependency of CT on the signal intensity corresponding to the carbonyl 
carbon. c) Change in the NMR spectra at 2 ms CT with TEMPO-oxidation. d) Change in the 
signal ratio of the conformation of the C6 hydroxy group and carbonyl carbon. e) Relationship 
between the CI value and the carbonyl ratio calculated as the signal ratio of the carbonyl carbon 
to the C1 carbon. 
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Furthermore, the relationship between the CI value and the degree of oxidation of the 

samples, see Figure A.3e, shows that the degree of oxidation can be evaluated from the NMR 

spectra at the optimized CT, irrespective of the crystallinity of cellulose. Note here that the total 

C6 signal intensities were slightly smaller than the C1 signal intensity, and the degree of 

oxidation evaluated from the spectrum was lower by approximately 16% than that estimated 

from conductivity titrations (Figure A.3e). This is probably because the chemical structure and 

molecular mobility are different between the C6 noncrystalline carbons and C1 carbons 9, 24, 

and both the total C6 signal and the amount of the carboxy groups were underestimated in the 

present pulse condition. 

A.3.3 Relationship between C4-based CI value and C6-based tg ratio 

Based on a computational study, it has been reported that the conformation of the 

exocyclic groups at C6 significantly influences the C4 peak separation, and the signal at 

approximately 89 ppm, corresponding to the crystalline C4 carbon, is dominated by the tg 

conformation 25. Figure A.4 shows the relationship between the C4-based CI value and the C6-

based tg ratio of samples with different crystal sizes. Interestingly, the CI value was found to 

be linearly correlated to the tg ratio, with a slope of 0.9 (R2 = 0.98). Note here that the calculation 

of the tg ratio is different from the method described in Chapter 2–4, and the tg ratio exclude 

the contribution of C6 carbonyl carbon. This result demonstrates that the change in the C4 

crystalline signal is strongly affected by the tg conformation. The slight difference from 1.0 in 

the slope leads to the interpretation that the glycosidic linkage is partly restricted even when the 

C6 hydroxy groups sit in the noncrystalline conformation 25.  
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