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Chapter 1 

General Introduction 

 

1.1. Cellulose 

1.1.1. Cellulose 

Cellulose is the most abundant polymer on earth. The estimated production of cellulose is ~7.5 × 10
10

 

tonnes per year.
1
 The main resources of cellulose to be used in our lives are produced from plant cell walls 

such as those of trees and cotton. These plant celluloses are isolated as pulp fibers after pulping and 

bleaching, and have been traditionally used as raw materials for paper, board and clothes. In recent years, 

cellulose has been also utilized as fibers, films, medical products, cosmetics, food additives, dialysis 

membranes, and liquid-crystal display panels via chemical modification and dissolution‒regeneration 

processes.
2,3

 Other resources of cellulose are bacteria, algae, fungi, and tunicates.
1
    

The chemical structure of cellulose is shown in Figure 1.1. Cellulose is a linear homopolymer 

consisting of β-1,4-linked D-glucopyranose units. The hydrophobic CH groups and hydrophilic OH groups 

of cellulose are positioned in the axial and equatorial directions, respectively.
2
 In plant cell walls, dozens 

of extended and uniaxially-aligned cellulose chains are assembled by hydrogen bonds and van der Waals 

forces,
4,5

 forming fibrillary crystallites with widths of 3‒5 nm and lengths of 1‒5 μm, called cellulose 

microfibrils.
5,6

 Cellulose microfibrils have the crystal structure of cellulose I,
7‒9

 and have high aspect ratios 

(the ratios of length to width) of over 300, high crystal moduli of 110‒150 GPa,
10‒13

 high strength of 2‒3 

GPa,
14

 and low thermal expansion coefficients of 0‒6 ppm K
‒1

.
13,15 

Figure 1.1. Chemical structure of cellulose. The n is the degree of polymerization. 

O
O

O

OH

HO

OH

O

HO

OHO

OH

HO

HO

O
HO

O

HO

HO

HO

n-2

2

OH OH



Chapter 1 

 

3 

 

1.1.2. Wood cellulose 

In the primary cell walls, or the most outer layers of wood cell walls (thickness: ~0.1 μm), about 3 

nm-wide cellulose microfibrils (30%) are embedded in matrix polysaccharides composed mainly of 

hemicelluloses (30%) and pectins (35%).
5,6

 Hemicelluloses have heterogeneous chemical structures of 

β-1,4-linked backbones, and have relatively low molecular weights and low crystallites.
6
 Pectins are 

complex polysaccharides including α-1,4-linked D-polygalacturonic acid units.
16

 The matrix 

polysaccharides are partly bound to the surfaces of cellulose microfibrils, and help to prevent microfibril 

aggregation in the cell wall, making the primary cell walls flexible.
6,17,18

 The crystalline cellulose 

microfibrils surrounded by these matrix polysaccharides are regarded as native “core‒shell” structures.
17, 

19‒24
  

The secondary cell walls are composed of 50% cellulose, 20‒30% hemicelluloses, and 30‒20% lignin. 

3
 Lignin is a hydrophobic polymer consisting of phenylpropanoids, and act as a binder within or between 

the cell walls.
25

 Cellulose microfibrils are hierarchically deposited in the secondary cell walls, and form 

three distinct layers, namely the S1, S2, and S3 layers (from the outside to inside) (Figure 1.2).
25

 Cellulose 

microfibrils in the S1 and S3 layers are oriented in the direction at angle 50‒90 º to the cell axis, and those 

in the S2 layer are almost parallel to the cell axis (5‒30 º). The S2 layer (thickness: ~2 μm) is much thicker 

than the other two layers (0.1‒0.3 μm) and constitutes ~80% v/v of the cell walls. Therefore, the 

mechanical properties of the cell walls are dominated by the S2 layer. 
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Figure 1.2. The hierarchical structure of wood cellulose. 

 

1.2. Nanocellulose 

1.2.1. Nanocrystalline celluloses (NCCs) 

Nanocrystalline celluloses (NCCs) are rod-like cellulose nanoparticles with low aspect ratios, and 

prepared from native celluloses by acid hydrolysis with concentrated sulfuric or hydrochloric acid (Figure 

1.3).
26‒29

 NCCs are also referred to as cellulose nanowhiskers (CNWs), cellulose nanocrystals (CNCs), and 

cellulose nanocrystallites.
27,30

 Rånby and Ribi first reported the preparation of NCCs from wood and cotton 

celluloses by sulfuric acid hydrolysis.
31

 The obtained NCCs had 5‒10 nm in width and 50‒60 nm in length. 

When native celluloses are hydrolyzed, the disordered regions of celluloses are preferentially hydrolyzed. 

In contrast, their crystalline regions show a high acid resistance and can remain as a solid residue even 

after hydrolysis. The degree of polymerization (DP) of the cellulose samples drastically decreases to 200‒

300 at the initial stage of acid hydrolysis and then reaches a plateau, namely the leveling-off degree of 

polymerization (LODP). When sulfuric acid is used in hydrolysis, anionic sulfate ester groups are 

randomly introduced on the surface of the NCC particles. Because of the surface negative charges, the 

obtained NCCs are well dispersed in water.
32

 These NCC suspensions are characterized by formation of a 

20‒40 µm

Cellulose-based 

fiber in wood

Cellulose

microfibril

Anhydro-

glucose

~3 nm
0.5 nm

Primary cell wall

S1 layer

S2 layer

S3 layer

Secondary

cell wall
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500 nm

chiral nematic order in anisotropic liquid crystalline phases.
33

 On the other hand, NCCs prepared in 

hydrochloric acid are less charged and thus easy to agglomerate in water.
34,35

  

 

 

 

 

 

 

 

Figure 1.3. Transmission electron microscope (TEM) image of wood-derived NCC paticles. 

 

1.2.2. Nanofibrillated celluloses (NFC) 

Microfibrillated celluloses (MFCs) with high aspect ratios are prepared from native celluloses solely 

by harsh mechanical treatment in water.
36,37

 Turbak et al. first reported the mechanical disintegration 

method of wood celluloses to prepare MFCs (Figure 1.4a).
38

 When wood celluloses are subjected to 

mechanical treatments in water using high-pressure homogenizers
38‒40

 or a grinder,
41‒43

 MFCs with widths 

of 10‒2000 nm and lengths of a few micrometers, consisting of microfibril bundles, are obtained.
44,45

 The 

obtained MFCs have some unique characteristics such as high viscosity in suspensions,
38,39

 and high 

mechanical strength as dried materials.
46,47

 However, high energy consumption is required in the harsh 

mechanical treatment, which is a drawback when promoting the utilization of MFCs at the industrial 

level.
1,36,48

   

Recently, pretreatments of wood celluloses such as enzymatic hydrolysis,
49,50

 carboxymethylation,
51,52

 

acetylation,
53,54

 and oxidation
44

 have been reported as energy-efficient pretreatments to produce MFCs 

with much thinner widths of 3‒60 nm, or so-called nanofibrillated celluloses (NFCs) (Figure 1.4b and 
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500 nm 200 nm 200 nm

a b c

c).
36,48

 The energy consumption in the NFC production can be reduced from 12000‒70000 to 500 kWh t
‒1

 

in combination with such pretreatments.
48

 In particular, a catalytic oxidation using 

2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) has attracted attention as a unique method to prepare NFCs 

consisting of individualized 3nm-wide microfibrils in high yields with high-energy efficiency.
44 

Figure 1.4. TEM images of (a) MFCs, (b) partially carboxymathlated NFCs,
51

 and (c) 

enzymatically-prehydrolyzed NFCs.
49

 

 

1.2.3. TEMPO-mediated oxidation as a pretreatment for NFC production 

When native celluloses are subjected to TEMPO-mediated oxidation in water, the C6 primary 

hydroxyl groups exposed on the microfibril surfaces are resioselectively converted to carboxylate 

groups.
44,55

 The fiber morphologies and crystal structures of the TEMPO-oxidized celluloses are almost 

similar to those of the original celluloses even after the oxidation. Since the surface carboxylate groups are 

dissociated in water, electric double layer repulsion is produced between the surface-carboxylated 

microfibrils. Completely isolated NFCs, or TEMPO-oxidized cellulose nanofibrils (TOCNs), are thus 

prepared by mild mechanical treatment in water. TOCNs prepared from wood celluloses have a uniform 

width of ~3 nm and long lengths of > 500 nm.  

The TEMPO/NaBr/NaClO system under alkaline conditions (Figure 1.5) is a commonly used as the 

TEMPO-oxidation reaction.
55,56

 However, in this system, remarkable depolymerization of celluloses 

during the oxidation at pH 9‒11 is inevitable due to the following two reasons:
57‒59

 (1) β-elimination of 
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glycoside bonds at the C6-aldehyde groups produced as intermediates during the oxidation;
60

 (2) attacking 

the glycoside bonds by active radical species formed in situ.
61

  

 

 

Figure 1.5. Oxidation of C6 primary hydroxyls to carboxylates by TEMPO/NaBr/NaClO system under 

alkaline conditions.  

 

Recently, the TEMPO/NaClO/NaClO2 system under weakly acidic or neutral conditions (Figure 1.6) 

has been reported as an effective TEMPO-oxidation method to control the depolymerization.
57‒59

 In this 

system, the obtained TEMPO-oxidized celluloses and TOCNs have no aldehyde groups, and thus 

depolymerization of celluloses caused by the β-elimination of glycoside bonds at the C6-aldehyde groups 

can be mostly avoided. TOCNs prepared from wood celluloses by this system have longer lengths than 

those prepared by the conventional TEMPO/NaBr/NaClO system.
58
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Figure 1.6. Oxidation of C6 primary hydroxyls to carboxylates by TEMPO/NaClO/NaClO2 system under 

neutral and weakly acidic conditions. Reproduction of image with kind permission from Elsevier (© 

Elsevier 2012). 

 

1.2.4. Application of nanocelluloses 

Nanocelluloses, which inherit the outstanding characteristics of cellulose, have been applied to 

various materials: reinforcing fillers in polymer composites,
48,62

 oxygen-barrier films,
63,64

 substrates for 

electric devices,
65

 heat insulators,
66

 oil absorbents,
67

 rheological modifiers,
38,39

 and so on.
1,30,37,46,48

 

Nanocelluloses are prepared in common as dispersions in water. Therefore, it is particularly important to 

understand their rheological properties, or flow and viscoelastic properties, for producing 

OH

OH

CH2OH

O

OH

OH

CHO

O

OH

OH

COOH

O

OH

OH

COONa

O

Buffer at

pH 4.8 or 6.8

N

OH

½ NaClO

NaCl

NaClO

NaClO2

N

O

R

N

O

R

R

O

O

O O

Hydroxylamine

N-oxoammonium ion

TEMPO

R = H or NHCOCH3



Chapter 1 

 

9 

 

high-performance nanocellulose-based materials; processing or controlling nanocellulose/water dispersions 

is an initial and significant stage for their applications. 

 

1.3. Rheological properties of cellulose suspensions and solutions 

1.3.1. Pulp fiber suspensions   

Studies on rheological properties of cellulosic fiber suspensions have been carried out in the field of 

papermaking over the years. The rheological properties of pulp fiber suspensions strongly depend on the 

fiber concentration and fiber morphology.
68

 Mason first introduced the concept of the dilute region, in 

which fiber‒fiber interactions are negligible, to the papermaking field.
69

 He also defined the upper limit in 

the dilute region, namely critical concentration c*, which is expressed using their aspect ratios p as c* = 

3/(2p
2
).

69
 Kerekes et al. then refined the definition and found that the semi-dilute and concentrated regions 

depend on the numbers of contact per fiber, or the crowding number N.
68

 The strength of the fiber network 

structures in the suspensions is estimated from the yield stresses of the pulp suspensions.
70‒73

 These yield 

stresses are characterized by a power-law dependence on their fiber concentrations. The rheological 

properties of the pulp fiber suspensions are also strongly influenced by fiber size/fiber size distribution, the 

stiffness of individual fibers, and the network structures formed by pulp fibers.
68,73,74

  

 

1.3.2. Cellulose solutions  

Rheological properties of molecularly-dispersed cellulose solutions have been well examined using 

various solvents as a function of concentration,
75,76

 molecular weight,
75,76

 and temperature.
77,78

 Matsumoto 

and his co-authors reported fundamental rheological properties of various celluloses dissolved in a 

representative cellulose solvent, or LiCl/N,N-dimethylacetamide (DMAc)
75,76,79,80

 They revealed that the 

shear viscosities η of the LiCl/DMAc solutions of cellulose show different solid-concentration 

dependences between the dilute and semi-dilute regimes. Their η values in the dilute region have a linear 

relationship to their concentrations c irrespective of the origins of the cellulose. Meanwhile, those in the 
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semi-dilute region, where intermolecular interactions become pronounced, are exponentially proportional 

to the c values; η ∝ c
α
.
75,76

 The similar tendencies are also observed for celluloses dissolved in other 

solvents, such as ionic liquids
81‒84

 and aqueous NaOH solutions.
77,78,81,85

  

 

1.3.3. Nanocellulose dispersions 

In rheological studies of nanocelluloses, NCCs and NFCs have been independently investigated as 

low-aspect-ratio rigid rods and high-aspect-ratio flexible fibers, respectively. The flow properties of NCCs, 

such as intrinsic viscosity [η] and maximum relaxation time τ, are well-described based on viscometric 

measurements of their dilute dispersions in terms of solid concentration,
86‒90

 hydrolysis conditions,
34,35

 

surface charge density,
34,35

 and ionic strength.
87,91,92

 Recently, shear viscosity measurements of dilute NCC 

dispersions have been studied to estimate the aspect ratios of well-dispersed, sulfate-estered NCC 

particles.
34,87

 

For NFCs, because of their high viscoelasticity and thixotropy behavior of NFC dispersions, attention 

has focused on their application as thickeners and rheological modifiers,
38,39,49,93‒96

 and the flow properties 

of NFC dispersions in dilute systems are much less understood than those of NCCs. Fundamental 

understanding of NFC dispersions is difficult because of their tendency to form network structures in 

water.
97

 Herrick first reported rheological properties of MFC dispersions,
39

 followed by many studies on 

NFC dispersions, for example, in terms of disintegration conditions,
93,96,98

 solid concentration,
49,94,95,97,99‒

105
 ionic strength,

96,99,106‒109
 pH,

49,99,105,109,110
 and temperature.

49,111
 However, all these rheological studies 

were carried out in the semi-dilute or concentrated regions, in which the NFCs were dispersed as 

partially-agglomerated and entangled network-like structures.
 
Therefore, comprehensive investigations of 

rheological properties of individualized NFC fibril/water dispersions are required. Since cellulose 

microfibrils are biosynthesized in water, findings for rheological properties of individualized NFC 

fibril/water dispersions would also contribute to a further understanding of cellulose microfibrils.
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1.4. Research objectives 

This study aims to reveal rheological properties of individualized NFC dispersions. Flow and 

viscoelastic properties of individualized NFC dispersions were comprehensively investigated in terms of 

length, width, surface charge density, flexibility, and concentration of the nanofibrils. The individually 

dispersed nanofibrils with surface carboxylate groups were prepared via TEMPO-mediated oxidation. The 

influences of the hemicelluloses adsorbed on the nanofibril surfaces were also assessed as a function of salt 

concentration and pH.  

In chapter 2, influences of the length and surface charge density of individualized NFCs on flow 

properties of their dispersions were investigated. Ten types of NFCs with microscopy-determined average 

lengths of 270‒980 nm and carboxylate contents of 1.2‒1.8 mmol/g were used as samples. The maximum 

relaxation times τ of the NFC dispersions in dilute region were determined by shear viscosity measurement. 

Average lengths of the NFCs were evaluated by applying the τ values to a theoretical equation for 

rotational motions of rigid polymers, and then were compared with their microscopy-determined average 

lengths.  

In chapter 3, influences of the width and flexibility of individualized NFCs on their flow properties 

were investigated. Four NFCs (width: 2.6 nm, aspect ratio: 103‒376) and three NCCs (width: 3.8‒14.4 nm, 

aspect ratio: 23‒77) were used as samples. The maximum relaxation time τ and intrinsic viscosity [η] of 

the NFC and NCC dispersions were investigated by experimental and theoretical aspects.  

In chapter 4, viscoelastic properties of individualized NFCs in dispersion and wet film states were 

investigated in terms of solid concentrations, salt concentrations, and pH values. In addition to the highly 

charged, surface-carboxylated NFC with a low amount of hemicelluloses, core‒shell-structured, 

hemicellulose-rich NFC with a low amount of surface-charged carboxylate groups was also used as a NFC 

sample.  
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Chapter 2 

Influences of lengths and surface charge densities of 

nanocelluloses on the flow properties of their 

aqueous dispersions 

 

2.1. Introduction 

Investigations of the relationships between rheological properties of NFC dispersions and their 

lengths have recently been attempted. Dynamic viscoelastic measurements have been performed on NFC 

dispersions to estimate average lengths of NFC fibrils dispersed in water.
1,2

 However, the average length 

measured by this method was ~12 μm even after corrected calculation, which is one order of magnitude 

higher than that measured by microscopy (~1 μm). This large discrepancy is probably because the NFC 

fibrils used in the dynamic viscoelastic measurements were not completely isolated but partially 

aggregated in water; the length of 12 μm might have been an overestimate for partially aggregated 

nanofibril networks. Therefore, dilute dispersions, in which nanofibrils do not interact with each other, 

should be used for dynamic viscoelastic measurements to evaluate the length of individual cellulose 

nanofibrils. However, dilute dispersions of individualized cellulose nanofibrils show extremely low 

viscoelasticities, or storage moduli, and loss moduli, which makes length evaluation almost impossible. 

Thus, the average lengths of individualized cellulose nanofibrils should be evaluated based on shear 

viscosity measurements that can measure minute changes in the viscosity of dilute fluids under shear flow. 

Evaluation of the length of short whisker-shaped nanocrystalline celluloses (NCCs) by shear viscosity 

measurements has already been reported.
3,4

 However, the lengths of such NCCs are very short at ~100 nm 

on average, which can be easily measured by microscopic observation using a transmission electron 

microscope (TEM) or an atomic force microscope (AFM). In addition, these NCCs are also not 

individualized but partially aggregated. 
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In the present section, the influences of lengths and surface charge densities of individualized NFCs 

on flow properties of their dilute dispersions were examined by evaluating their average lengths using 

shear viscosity measurements. Aqueous dispersions of individualized, long NFC fibrils with a uniform 

width of ~3 nm were prepared from wood cellulose by TEMPO-mediated oxidation and successive 

mechanical treatment in water. We prepared 10 types of TEMPO-oxidized cellulose nanofibrils (TOCNs) 

with different average lengths by controlling the conditions of the oxidation reaction or mechanical 

treatment. The average lengths of the TOCNs were evaluated using the equation for the flow behavior of 

rod-like polymer molecules in the dilute region defined by Doi and Edwards.
5
 This equation has previously 

been used in the calculation of the average lengths of single-walled carbon nanotubes.
6 

 

2.2. Materials and methods 

2.2.1. Materials 

Softwood bleached kraft pulp, used as a cellulose sample, was supplied by Nippon Paper Industries 

Co. Ltd., Japan, in a never-dried state with a water content of 80%. For demineralization, the pulp was 

soaked in dilute HCl at pH 2.5 and room temperature for 0.5 h and repeatedly washed with deionized water 

by filtration. TEMPO, 4-acetamido-TEMPO (4-AcNH-TEMPO), sodium bromide, sodium chlorite, 

sodium chloride, sodium hydroxide, and sodium hypochlorite solution were of laboratory grade (Wako 

Pure Chemicals, Japan) and used without further purification. 

 

2.2.2. Preparation of aqueous TOCN dispersions and those with NaCl 

Ten TOCN dispersions (from A to J) were prepared following the previously reported methods.
7,8

 The 

oxidation conditions of each of the dispersions are shown in Table 2.A1 in Appendix. TEMPO-mediated 

oxidation under alkaline conditions was conducted as follows.
7
 Softwood cellulose (1 g) was suspended in 

water (100 mL) containing TEMPO (0.1 mmol) and sodium bromide (1 mmol). The TEMPO-mediated 
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oxidation was started by adding 1.8 M NaClO (10, 5, and 3.8 mmol g
‒1

‒cellulose) to the cellulose slurry. 

The pH of the slurry was maintained at 10 by adding 0.5 M NaOH using a pH stat (AUT-501, TOADKK, 

Japan) at room temperature. After a designated time (1‒5 h), the oxidized celluloses were thoroughly 

washed with water by filtration, and further treated with 1% NaClO2 (100 mL) at pH 4.8 and room 

temperature for 2 days to oxidize residual C6-aldehydes to carboxyls. The fully-oxidized celluloses were 

thoroughly washed with distilled water. A 0.1% w/v slurry of the oxidized cellulose was sonicated using a 

Nihon Seiki US-300T (300 W, 19.5 kHz) ultrasonic homogenizer for 8‒80 min. The unfibrillated fraction 

was then removed by centrifugation at 12000 × g for 20 min to yield four transparent aqueous TOCN 

dispersions (A, B, C, and D). 10 mM NaCl solution was added to the aqueous 0.1 % w/v TOCN-A and 

TOCN-D dispersions to produce dispersions having NaCl concentrations of 0, 0.5, 1, 2, and 5 mM. The 

dispersions were shaken at 150 rpm overnight using an automatic rotary shaker (ROTAMAX 120, 

Heidolph, Germany). 

TEMPO-mediated oxidation under neutral or weakly acidic conditions was conducted as follows.
8
 

Softwood cellulose (1 g) was suspended in 0.1 M sodium phosphate buffer (100 mL, pH 6.8) or 0.1 M 

acetate buffer (100 mL, pH 4.8) containing 4-AcNH-TEMPO (0.1 mmol) and NaClO2 (10 mmol) in an 

airtight flask. 1.8 M NaClO (0.5 mL, 1.0 mmol) was added to the flask in one step. The flask was 

immediately stoppered, and the slurry was stirred at 40 °C for a designated time (48‒120 h). After cooling 

the slurry to room temperature, the oxidized celluloses were thoroughly washed with distilled water by 

filtration. A 0.1% w/v slurry of the oxidized cellulose was sonicated using the Nihon Seiki US-300T (300 

W, 19.5 kHz) for 8‒80 min. Centrifugation of the dispersions at 12000 × g for 20 min to remove 

unfibrillated fractions yielded six transparent aqueous TOCN dispersions (E, F, G, H, I, and J). 

Excluding the TOCN-B and TOCN-H dispersions, the 0.1% w/v TOCN dispersions and the 0.1% w/v 

TOCN-A and TOCN-D dispersions with NaCl were diluted to 0.006‒0.09% w/v by adding distilled water. 

The TOCN-B and TOCN-H dispersions were carefully concentrated to 0.6% w/v using a rotary evaporator 
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(Rotavapor R-210, BUCHI Labortechnil AG, Switzerland) and then diluted to 0.11‒0.55% w/v by adding 

distilled water. 

 

2.2.3. Analyses 

The carboxylate contents of the oxidized celluloses were determined using an electric conductivity 

titration method (Table. 2.1).
9
 The ζ-potentials of TOCN-A and TOCN-D in the 0.03% w/v dispersions 

were measured at 25 ºC using a particle analyzer (Delsa Nano HC, Beckman Coulter Inc., USA) based on 

electrophoretic light scattering.
4
 The turbidity of the 0.1% w/v TOCN dispersions at 0‒5 mM NaCl was 

measured using a V-670 spectrophotometer (JASCO Co., Japan) at wavelengths of 300‒800 nm, for which 

the dispersions were placed in a disposable poly(methyl methacrylate) cuvette. 

A capillary viscometer was used to obtain the intrinsic viscosities of freeze-dried TOCNs (0.04 g) 

dissolved in 0.5 M cupriethylene diamine (cuen) for 5 min. The obtained values were converted to 

viscosity-average degrees of polymerization DPv using a previously reported equation, [η] = 0.57 × DPv.
7
 

Transmission electron microscopy (TEM) observations were performed using a JEOL JEM-2000EX 

microscope operated at an accelerating voltage of 200 kV. A 10 μL aliquot of 0.0001% w/v TOCN 

dispersion was mounted on a glow-discharged carbon-coated Cu grid. The excess liquid was absorbed by a 

filter paper, and one drop of 2% uranyl acetate was added as a negative stain for the TOCNs. Excess 

solution was blotted out with a filter paper, and the grid was allowed to dry by evaporation. The sample 

grid was observed using TEM in the bright-field mode. Lengths of ~200 isolated TOCNs were measured 

on the TEM images using an image processing software (Image-J version 1.45). Kinks in the TOCNs were 

ignored; each length was measured as for one connected TOCN, even if it had kinks. The arithmetic mean 

length La and the weighted mean length Lw of all the TOCNs were determined following the previously 

reported method (the details of which are written in the Appendix).
7
 The polydispersity index of the length 

distributions was calculated by dividing Lw by La.
10
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The shear viscosities of the TOCN dispersions were measured at 25 ºC using a stress-controlled 

rheometer (MCR 302, Anton Paar GmbH., Graz, Austria). The TOCN dispersions were left at rest for ~30 

min before measurement. For the TOCN-B and TOCN-H dispersions with extremely low viscosities, the 

shear viscosities were measured using a cone-plate geometry (plate diameter of 49.975 mm and angle of 

1.986°) that is suitable for the measurement at high shear rates (> 50 s
‒1

). The other dispersions (TOCNs-A, 

-C, -D, -E, -F, -G, -I, and -J) were tested using a double cylinder fixture (cup 28.934 mm, bob: 26.657 mm) 

that is suitable for the measurement at the low shear rates (1‒10 s
‒1

). A vapor trap was used to prevent the 

dispersion from evaporating during the measurement. It took ~40 min to measure shear viscosities of one 

TOCN dispersion sample at each concentration. The shear rate (�̇�) was set in the range of 1‒1000 s
‒1

 and 

increased logarithmically.  

 

2.3. Results and discussion 

2.3.1. Length evaluation method 

The ten types of TOCNs prepared in the present study (from A to J) had a uniform width of ~3 nm 

and different average lengths (Figure 2.1). The weighted mean lengths Lw of the TOCNs observed by TEM 

were in the range of ~300‒1,000 nm (Table 2.1). We evaluated the viscosity-average lengths Lvisc of the 

TOCNs using the following equation for the rotational motions of rigid rod-like particles in the dilute 

region,
5
 

τ =
1

6𝐷𝑟
=

𝜋𝜂𝑠𝐿3

18𝑘𝐵𝑇 (ln(𝐿
𝑑⁄ ) − 0.8)

                                                                                                                    (2.1)   

where τ is the maximum relaxation time, Dr is the rotational diffusion constant, d is the diameter of the 

rod-like particle or TOCN, T is the absolute temperature, ηs is the solvent viscosity, and kB is the 

Boltzmann constant.  
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Because the diameter d can be substituted with the width ~3 nm of the TOCNs,
11

 the Lvisc of TOCNs 

depend only on the maximum relaxation time τ. τ corresponds to the inverse of the critical shear rate �̇�𝑐𝑟𝑖𝑡, 

and the value of �̇�𝑐𝑟𝑖𝑡 can be determined by shear viscosity measurement.  

 

 

 

 

 

 

Figure 2.1. TEM images of TOCN-A and TOCN-E. Reproduction of image with kind permission from 

Springer Science (© Springer 2014) and Business Media. 

100 nm100 nm

TOCN-A TOCN-E
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Table 2.1. Summary of arithmetic mean length La, weighted mean length Lw, polydispersity index Lw/La, 

carboxylate content, and critical concentration c*
a
 of the TOCNs. Reproduction of table with kind 

permission from Springer Science (© Springer 2014) and Business Media. 

 Arithmetic mean 

length, La (nm) 

Weighted mean 

length, Lw (nm) 

Polydispersity 

index, Lw/La 

Carboxylate 

content (mmol g
‒1

) 

Critical 

concentration, 

c* (% w/v) 

A 370 ± 168 440 1.19 1.8 0.060 

B 208 ± 111 270 1.30 1.8 0.260 

C 440 ± 246 570 1.30 1.5 0.030 

D 560 ± 251 670 1.2 1.2 0.022 

E 720 ± 433 980 1.36 1.3 0.010 

F 560 ± 317 740 1.32 1.3 0.022 

G 440± 224 550 1.25 1.3 0.050 

H 262 ± 136 330 1.26 1.3 0.140 

I 580 ± 311 750 1.29 1.5 0.020 

J 703 ± 436 970 1.38 1.3 0.014 

a 
Boundary concentration between dilute and semi-dilute region (see text) 

 

2.3.2. Influence of electric double-layer on shear viscosity 

The influences of the electric double-layers of TOCNs in water on the shear viscosities of the TOCNs 

were investigated. An electric double-layer surrounds a TOCN that has a significant amount of anionic 

carboxylate groups on the surface.
12

 The thickness of the electric double-layer is referred as a Debye length 

κ
‒1

 and is defined by the following equation, 
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𝜅−1 = (√
2𝜋𝑛𝑧2𝑒2

𝜀0𝜀𝑟𝑘𝐵𝑇
)

−1

                                                                                                                                           (2.2)  

where n is the concentration of the electrolyte, z is the valance of the electrolyte, e is the elementary charge, 

ε0 is the absolute permittivity, εr is the dielectric constant, kB is the Boltzmann constant, and T is the 

absolute temperature.
13,14

 As shown in Figure 2.2a, the theoretical κ
‒1

 values hyperbolically decrease with 

increasing NaCl concentration in the dispersion medium. Thus, the κ
‒1

 values of TOCNs dispersed in pure 

water are much larger than those dispersed in NaCl solutions. 

To estimate the change in κ
‒1

 values of TOCNs with salt concentration, the ζ-potentials of TOCN-A 

and TOCN-D dispersed in NaCl solution were measured. TOCN-A and TOCN-D had carboxylate contents 

of 1.8 and 1.2 mmol g
‒1

, respectively. Figure 2.2b shows the ζ-potentials of the TOCN-A and TOCN-D in 

water as a function of NaCl concentration. Although there is a significant difference in carboxylate content 

between TOCN-A and TOCN-D, both TOCNs had ζ-potentials of about ‒60 mV in pure water. The 

ζ-potentials of TOCN-A and TOCN-D similarly decreased to ‒45 mV, when the NaCl concentration was 

increased to 5 mM. This result indicates that the electric double-layers of TOCN-A and TOCN-D were 

similarly compressed with increasing NaCl concentration; the decrease in κ
‒1

 of TOCNs by salt 

concentration is independent of their carboxylate contents of TOCNs.
13

 

The dispersibility of the TOCNs in salt solution was investigated by turbidity measurement. Figure 

2.2c shows the turbidity of 0.1% w/v TOCN-A dispersions containing different amounts of NaCl. The 

turbidity curve of the TOCN dispersion with 0.5 mM NaCl was completely overlapped with that without 

NaCl, showing that the TOCNs were as fully dispersed in 0.5 mM NaCl solution as those in pure water. 

However, the turbidity of dispersions with more than 1 mM NaCl became greater with NaCl concentration, 

showing that TOCNs aggregate at NaCl concentrations higher than 1 mM. It is known that the turbidity of 

a rod-like particle dispersion has a linear correlation to the square of the width of the rod-like particles.
15

 

Therefore, the dispersions with lower than 0.5 mM NaCl should be used for the length evaluation of 

individual TOCNs by shear viscosity measurement. 
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The influence of κ
‒1

 on the length evaluation using Eq. 2.1 was investigated by comparing the critical 

shear rates �̇�𝑐𝑟𝑖𝑡 of the TOCN-A dispersions at 0 and 0.5 mM NaCl. Figure 2.2d shows the reduced 

viscosity, ηred, of the TOCN dispersions as a function of shear rate. The �̇�𝑐𝑟𝑖𝑡 values were determined as 

the shear rate at the beginning of shear-thinning and were 30 s
‒1

 for both the 0 and 0.5 mM NaCl-TOCN 

dispersions. The viscosity-average lengths Lvisc were calculated by substituting the �̇�𝑐𝑟𝑖𝑡 values into Eq. 

2.1; the Lvisc of the TOCNs in pure water and those in 0.5 mM NaCl solution were the same. This is 

because very dilute dispersions of 0.055% w/v were used in the shear viscosity measurements (see 

Appendix for details); in such dilute dispersions, interactions between TOCN elements are negligible 

regardless of the NaCl concentration. As a result, the influence of the electric double-layer thickness κ
‒1

 on 

the length evaluation was negligible. Thus, the evaluation of TOCN length in the present study was 

performed by measuring the shear viscosities of TOCN dispersions without NaCl. 

In the present study, the contributions of the water bound on the TOCN surfaces to the shear viscosity 

were ignored, assuming that (1) there are no interactions between the TOCNs covered with the bound 

water in dilute dispersions, and (2) TOCNs are stiff and rod-like particles and thus the bound water is 

supposed to have no contributions to expanding the TOCN elements in dilute dispersions. For thick TOCN 

dispersions (> 1% w/v), the contributions of the bound water should be taken into account.
16
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Figure 2.2. Influence of TOCN electric double-layer on length evaluation based on shear viscosity 

measurements: (a) Debye length as a function of NaCl concentration, (b) ζ-Potentials of TOCN-A and 

TOCN-D as a function of NaCl concentration, (c) turbidity of 0.1% w/v TOCN-A dispersion at 0‒5 mM 

NaCl, and (d) reduced viscosity ηred of TOCN-A dispersion at 0 or 0.5 mM NaCl. Reproduction of image 

with kind permission from Springer Science (© Springer 2014) and Business Media. 

 

2.3.3. Determination of dilute region 

Dilute dispersions, in which interactions between polymer molecules are negligible, should be used 

when evaluating the length of rod-like polymer molecules by shear viscosity. The dilute region of a 

dispersion is determined by investigating changes in specific viscosity ηsp as a function of dispersion 

concentration.
17,18

 Figure 2.3 shows the ηsp of the TOCN-H dispersion. A linear region was observed in the 

dilute region at low concentrations up to 0.14% w/v; a power-law scaling region was then observed in the 

semi-dilute region of more than 0.14% w/v. The critical concentration c*, or a boundary concentration 

between the dilute and semi-dilute region, of the TOCN-H dispersion was determined to be 0.14% w/v. 

The c* values of the other TOCN dispersions were also determined in the same way (Table 2.1). 
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Figure 2.3. Specific viscosity ηsp of TOCN-H dispersions as a function of TOCN concentration c.  

 

Mason calculated a relationship between c* and the aspect ratio p of rigid-rod fibers, assuming 

independent-fiber motion in a one-dimensional shear field;
19

 c* = 3/(2p
2
). In the present study, the 

following relationship between c* and p of the TOCNs was found, 

𝑐∗ =
18

𝑝2
                                                                                                                                                                         (2.3) 

where p is the ratio of the weighted mean length Lw to the width of the TOCNs (Figure 2.4). The 

coefficient 18 in Eq. 2.3 was much greater than that of Mason’s estimation, 3/2. This is probably because 

the p values of the TOCNs, 90‒330, were much greater than those that Mason assumed, 20‒60.
19

 The shear 

viscosity behavior in the dilute region of the TOCN dispersions was hereafter investigated. 
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Figure 2.4. Critical concentration c* as a function of the inverse square of the aspect ratio 1/p
2
.  

 

2.3.4. Length evaluation by shear viscosity 

The average lengths of the ten types of TOCNs were evaluated based on shear viscosity 

measurements. Figure 2.5 shows the reduced viscosity ηred of the dispersions in the dilute region as a 

function of shear rate. All the TOCN dispersions showed shear-thinning behavior. The critical shear rates 

�̇�𝑐𝑟𝑖𝑡, or the shear rates at the beginning of shear-thinning, of the TOCN dispersions were inversely 

proportional to the Lw values (Figure 2.A2 in Appendix). The viscosity-average lengths Lvisc were 

calculated by substituting the inverse of �̇�𝑐𝑟𝑖𝑡 into Eq. 2.1. The obtained Lvisc values ranged widely from 

~1,100 to 2,500 nm and were greater than the Lw values (~300‒1,000 nm). This is probably because 

TOCNs in real systems are semi-flexible rather than completely rigid rods.
20

  

The following linear relationship between the Lvisc and Lw values of all the TOCNs existed (Figure 

2.6); 

𝐿𝑣𝑖𝑠𝑐 = 1.764 × 𝐿𝑤 + 764                                                                                                                                        (2.4) 

c*=18/p2

1/p2

10-5 10-4

c
* 

(w
/v

)

10-4

10-3
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Although the carboxylate contents of TOCNs (A and B) were significantly different from those of the 

other TOCNs (E, F, G, and H), the Lvisc of these six types of TOCNs are placed in the same straight line 

described by Eq. 2.4 (the carboxylate contents of the TOCNs are shown in Table 2.1). This result indicates 

that the influence of the surface-carboxylate content of the TOCNs on the length evaluation was negligible; 

interactions between TOCNs in the dilute dispersions were negligible, irrespective of their carboxylate 

contents.  

Furthermore, a linear relationship between the Lvisc values and the viscosity-average degrees of 

polymerization DPv of the TOCNs was found (Figure 2.7). It is significant that the fibrillar dispersions and 

molecular solutions of cellulose showed a correlation in viscosity measurements, indicating that the 

lengths of the cellulose nanofibrils are correlated to those of their cellulose molecules. 
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Figure 2.5. Reduced viscosity ηred of the TOCN dispersions as a function of shear rate. Reproduction of 

image with kind permission from Springer Sience (© Springer 2014) and Business Media. 
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Figure 2.6. Relationship between weighted mean lengths Lw and viscosity-average lengths Lvisc of the 

TOCNs. Carboxylate contents of TOCNs A and B were 1.8 mmol g
‒1

, those of TOCNs E‒H were 1.3 

mmol g
‒1

, and those of TOCNs C, D, I, and J were 1.2‒1.5 mmol g
‒1

. Reproduction of image with kind 

permission from Springer Science (© Springer 2014) and Business Media. 

 

 

 

 

 

 

 

 

 

Figure 2.7. Relationship between viscosity-average degrees of polymerization DPv and viscosity-average 

lengths Lvisc of TOCNs. Reproduction of image with kind permission from Springer Science (© Springer 

2014) and Business Media. 
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2.4. Conclusions 

The average lengths of individualized NFC fibrils with a uniform width (~3 nm) were determined by 

a shear viscosity method for dilute TOCN dispersions. The resulting viscosity-average lengths Lvsic of the 

TOCNs ranged from ~1,100 nm to 2,500 nm. There was a linear relationship between the Lvsic values and 

Lw values obtained by TEM observation of the TOCNs, which is described as Lvisc = 1.764 × Lw + 764. 

Furthermore, the Lvsic values were also proportional to the DPv values of molecular solutions of the TOCNs. 

Influences of the Debye length and surface-charge contents of the TOCNs on the length evaluation were 

negligible under the conditions used in this study. The critical concentration c* of the TOCN dispersions, 

below which interactions between the nanofibrils are negligible, is described as c* = 18/p
2
 using the aspect 

ratios p of the nanofibrils.  
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2.5. Appendix 

2.5.1. Oxidation conditions, carboxylate content, and viscosity-average degree of 

polymerization DPv of the TOCNs 

 

Table 2.A1. Summary of oxidation conditions (pH, NaClO added, and reaction time), carboxylate content 

and viscosity-average degree of polymerization DPv of the TOCNs. Reproduction of table with kind 

permission from Springer Science (© Springer 2014) and Business Media. 

 
TEMPO/NaBr/NaClO system  TEMPO/NaClO/NaClO2 system 

A B C D  E F G H I J 

pH 10 10 10 10  4.8 4.8 4.8 4.8 6.8 4.8 

NaClO added (mmol g
–1

) 10 10 5 3.8  1 1 1 1 1 1 

Reaction time (h) 5 5 2 1  72 72 72 72 120 48 

Carboxylate content (mmol g
–1

) 1.8 1.8 1.5 1.2  1.3 1.3 1.3 1.3 1.5 1.3 

DPv 330 150 350 410  580 450 410 200 420 490 

 

2.5.2. Length distribution histograms of TOCNs 

The arithmetic mean length La and weighted mean length Lw of all the TOCNs were determined using 

the following equations. 

𝐿𝑎 =  
∑ 𝑛𝑖𝑙𝑖

∑ 𝑛𝑖
                                                                                                                                                              (2. 𝐴1) 

𝐿𝑤 =
∑ 𝑛𝑖𝑙𝑖

2

∑ 𝑛𝑖𝑙𝑖
                                                                                                                                                            (2. 𝐴2) 

where l is the length of the TOCNs, and n is the number of TOCNs. The length distribution histograms of 

each TOCN as obtained by TEM observations are shown in Figure 2.A1. The polydispersity indices of the 

TOCNs were in the range of 1.2‒1.4 and were lower than that reported in a previous study.
7
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Figure 2.A1. Length distribution histograms of the TOCNs. Reproduction of image with kind permission 

from Springer Science (© Springer 2014) and Business Media. 

 

2.5.3. Critical concentration c* of TOCN-A dispersions at 0 and 0.5 mM NaCl 

The critical concentrations c* of TOCN-A dispersions at 0 and 0.5 mM NaCl were 0.07 and 0.085% 

w/v, respectively. The c* values were determined following the previously reported method.
17,18

 

0 500 1000 1500 2000
0

5

10

15

20

25

30

Length (nm)

0 500 1000 1500 2000
0

5

10

15

20

25

30

0 500 1000 1500 2000
0

5

10

15

20

25

30

0 500 1000 1500 2000
0

5

10

15

20

25

30

0 500 1000 1500 2000

F
re

q
u
e
n
c
y
 (

%
)

0

5

10

15

20

25

30 0 500 1000 1500 2000
0

5

10

15

20

25

30

0 500 1000 1500 2000

F
re

q
u
e
n
c
y
 (

%
)

0

5

10

15

20

25

30

0 500 1000 1500 2000

F
re

q
u
e
n
c
y
 (

%
)

0

5

10

15

20

25

30

Length (nm)

0 500 1000 1500 2000

F
re

q
u
e
n
c
y
 (

%
)

0

5

10

15

20

25

30

0 500 1000 1500 2000

F
re

q
u
e
n
c
y
 (

%
)

0

5

10

15

20

25

30

TOCN-A

TOCN-FTOCN-E

TOCN-D

TOCN-B

TOCN-C

TOCN-HTOCN-G

TOCN-I TOCN-J



Chapter 2 

 

37 

 

2.5.4. Relationship between maximum relaxation time τ and weighted mean length Lw 

 

 

 

 

 

 

 

Figure 2.A2. Weighted mean length of TOCNs Lw as a function of maximum relaxation time τ. 

Reproduction of image with kind permission from Springer Science (© Springer 2014) and Business 

Media. 
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Chapter 3 

Influence of flexibility and dimensions of 

nanocelluloses on the flow properties of their 

aqueous dispersions 

 

3.1. Introduction 

In the previous section, the maximum relaxation times τ of dilute dispersions of individualized NFCs 

with a uniform width of ~3 nm were investigated as a function of either surface-charge content or the 

length of the nanocelluloses.
1
 This study revealed that the influence of the surface-charge content on the τ 

values is negligible in dilute systems, and the τ values show a linear relationship with the length when the 

width is constant. However, the lengths estimated from the τ values based on a theoretical equation for 

rotational motions of rigid rod-like polymers were much larger than those measured by microscopic 

observation. This discrepancy is likely to be caused by the flexibility of NFCs in water. Furthermore, the 

theoretical equation is defined assuming rigid polymer chains dissolved in liquid,
2
 and the volume of solid 

rods or fibrils are thus not taken into account, which might also cause the discrepancy. 

In the present section, the influence of the flexibility and dimensions of nanocelluloses on the flow 

properties of their dilute dispersions were investigated. The prepared nanocellulose samples were three 

NCCs (width: 3.8‒14.4 nm, aspect ratio: 23‒77) and four NFCs (width: 2.6 nm, aspect ratio: 103‒376). In 

addition to the τ values, intrinsic viscosities [η], which are theoretically expressed as a function of volume 

(and width) of solid rods, of the nanocellulose dispersions were also examined. These seven nanocelluloses, 

dispersed in water or a water/glycerol mixture, were subjected to shear viscosity measurement to determine 

the intrinsic viscosity [η] and the maximum relaxation time τ. The experimental values of [η] and τ were 

then compared with their theoretical values calculated using two equations for the rotational motions of 



Chapter 3 

 

40 

 

rigid rods or polymer chains, so that the contributions of the flexibility and dimensions of the 

nanocelluloses to the flow properties could be assessed. 

 

3. 2. Materials and methods  

3.2.1. Materials  

Three cellulose samples were used as starting materials: cotton linters, softwood bleached kraft pulp 

(SBKP), and algal cellulose (Cladophora sp.). The cotton linters cellulose was supplied by Advantec 

Tokyo Co. Ltd., Tokyo, Japan. A never-dried SBKP with a water content of 80% was supplied by Nippon 

Paper Industries Co. Ltd., Tokyo, Japan. The Cladophora fiber was cut into small pieces with scissors and 

purified according to a previously reported method.
3
 Other chemicals of laboratory grade were purchased 

from Wako Pure Chemicals, Tokyo, Japan and used without further purification.  

 

3.2.2. Preparation of nanocellulose dispersions 

All of the nanocellulose dispersions were prepared from the native celluloses via TEMPO-mediated 

oxidation. Four TEMPO-oxidized cellulose nanofibrils (TOCN-D, -E, -F, and -G) with different average 

lengths and a nearly uniform width were prepared from SBKP with the TEMPO/NaBr/NaClO system in 

water at pH 10 or the TEMPO/NaClO/NaClO2 system in water at pH 5 according to a previously reported 

method,
1
 and used as NFCs. Three NCCs were prepared from cotton linters, SBKP, and Cladophora 

cellulose by TEMPO-mediated oxidation and subsequent hydrolysis with hydrochloric acid.
4
 First, these 

starting materials were oxidized with the TEMPO/NaBr/NaClO system in water at pH 10 with 10 mmol 

NaClO per gram of cellulose. The oxidized celluloses were then hydrolyzed in 2.5 M HCl at 105 °C for 4 h, 

and centrifuged at 12,000 g for 5 min to yield the hydrolysates. After dialysis of the hydrolysates for 5 

days, the purified products were sonicated in distilled water at 0.1% w/v for 1‒8 min using a Nihon Seiki 

US-300T ultrasonic homogenizer (300W, 19.5 kHz) at about 10% output power. The resulting NCC 

dispersions from cotton linters, SBKP, and Cladophora cellulose are called acid-hydrolyzed TOCN 
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(AhTOCN)-A, -B, and -C, respectively. The concentrations of these NCC samples were adjusted to 

0.005%‒5% w/v by dilution with distilled water and/or condensation using a rotary evaporator. Because 

the shear viscosities of the AhTOCN-C dispersions were too low to be accurately detected, glycerol was 

added to the dispersions at a 1:1 ratio by weight to increase their viscosities.
5
 The glycerol-mixed 

AhTOCN-C dispersions were well-homogenized in an ultrasonic bath for 1 min, and then shaken at 150 

rpm overnight using a rotary shaker (see Figure 3.A1 in the Appendix for the dispersibility of AhTOCN-C 

in the water/glycerol mixture). The density and viscosity of the water/glycerol mixture at 25 °C were 1.14 

g/mL and 4.44 mPa s, respectively. 

 

3.2.3. Length and width of nanocelluloses 

The lengths of isolated ~200 nanocellulose elements were measured using a transmission electron 

microscope (TEM) (JEOL JEM 2000-EXII, Tokyo, Japan) at an accelerating voltage of 200 kV.
1
 The 

weighted mean length Lw values of the nanocelluloses were calculated from their length distribution 

histograms (see Eq. 3.A1 and Figure 3.A2 in the Appendix). Then, the widths of isolated ~30 

nanocellulose elements were measured by atomic force microscopy (AFM) according to a previously 

reported method (see Appendix, Figure 3.A3),
6
 and the weighted mean width dw values of the 

nanocelluloses were calculated in a similar manner to the Lw values. 

 

3.2.4. Shear viscosity measurement 

Shear viscosity measurements of the dilute nanocellulose dispersions were conducted at 25 °C using a 

rheometer (MCR 302, Anton Paar GmbH, Graz, Austria) according to a previously reported method (see 

Table 3.A1 in the Appendix for their critical concentration c*, or the boundary concentration between the 

dilute and semi-dilute regime).
1
 The shear viscosities were measured using a cone-plate geometry (plate 

diameter: 50 mm, angle: 2°) at a shear rate �̇� from 1 to 1000 s
‒1

. The experimental maximum relaxation 

time τe of the dispersions was determined as the inverse of the critical shear rate �̇�𝑐𝑟𝑖𝑡, or the shear rate at 
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the beginning of shear-thinning (see Appendix, Figure 3.A4).
7,8

 The experimental intrinsic viscosity [η]e 

was determined by applying the relative viscosity (the ratio of shear viscosity to solvent viscosity) to the 

Fedors plot given by 

1

2(𝜂𝑟𝑒𝑙
1 2⁄ − 1)

=
1

[𝜂]𝑒
(

1

𝑐
−

1

𝑐𝑚
)                                                                                                                            (3.1)  

where ηrel is the relative viscosity, c is the solid concentration, and cm is the maximum packing density (see 

Appendix, Figure 3.A5 and Table 3.A2).
9,10

 

 

3.2.5. Theoretical equation for maximum relaxation time 

The theoretical maximum relaxation time τt was calculated by inserting the Lw and dw values of the 

nanocellulose into the following equation for the rotational motions of rigid rod-like polymers in dilute 

region:
2
 

𝜏𝑡 =
1

6𝐷𝑟
=

𝜋𝜂𝑠𝐿3

18𝑘𝐵𝑇 [ln(𝐿
𝑑⁄ ) − 𝛾]

                                                                                                                         (3.2) 

where Dr is the rotational diffusion constant, T is the absolute temperature, ηs is the solvent viscosity, and 

kB is the Boltzmann constant. The γ value is derived from the hydrodynamic interaction assuming 

rotational motions of rigid rods in the dilute region, and defined as follows:
11

 

𝛾 = 1.57 − 7 (
1

ln(𝐿
𝑅⁄ )

− 0.28)

2

                                                                                                                          (3.3) 

where R is the radius (d/2) of the rod or nanocellulose. 

 

3.2.6. Theoretical equation for intrinsic viscosity 

The theoretical intrinsic viscosity [η]t was calculated by inserting the Lw and dw values of the 

nanocellulose into the following equation for the rotational motions of rigid rods in the dilute region:
2,7

 

[𝜂]𝑡 =
2𝜋𝐿3

45 (ln(𝐿
𝑑⁄ ) − 𝛾)

1

𝜌𝜋𝑅2𝐿
                                                                                                                           (3.4) 
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where ρ is the density of the rod or the nanocellulose (1.6 g/cm
3
). In Eq. 3.4, the volume of the rod (πR

2
L) 

is taken into account, which is a significant difference to Eq. 3.2. 

 

3.3. Results and discussion 

3.3.1. Dimensions of nanocelluloses 

The three NCCs (AhTOCN-A, -B, and -C) had different average lengths and widths depending on the 

starting material (Table 3.1). The average lengths and widths of the AhTOCNs were Lw = 138‒1105 nm 

and dw = 3.8‒14.4 nm. The TEM images of these AhTOCNs show straight rod-like morphologies (Figure 

3.1). The four NFCs (TOCN-D, -E, -F, and -G) had different average lengths of 267‒977 nm and a 

uniform width of 2.6 nm.
6
 In the TEM images (Figure 3.1), the fibers of the longer TOCNs, such as 

TOCN-G, are curved and contain kinks. 

Table 3.1. Summary of the average length Lw, average width dw, and aspect ratio p of the nanocelluloses. 

Reproduced with kind permission from American Chemical Society (© American Chemical Society 2015).  

  starting material Lw (nm) dw (nm) p 

AhTOCN A cotton linters 138 6.1 23 

 B SBKP 168 3.8 45 

 C Cladophora 1105 14.4 77 

TOCN D SBKP 267 2.6 103 

 E SBKP 333 2.6 128 

 F SBKP 551 2.6 212 

 G SBKP 977 2.6 376 
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Figure 3.1. TEM images of the nanocelluloses. Reproduced with kind permission from American 

Chemical Society (© American Chemical Society 2015).  

 

3.3.2. Maximum relaxation time of nanocellulose dispersions  

The experimental maximum relaxation time τe of the nanocellulose dispersions was determined by 

shear viscosity measurement, and compared with their theoretical maximum relaxation time τt calculated 

using Eq. 3.2 for rotational motions of rod-like polymers. The τe values were obtained as the inverse of the 

critical shear rates �̇�𝑐𝑟𝑖𝑡 (the shear rate at the beginning of shear-thinning) (see Figure 3.A4).
1
 

Figure 3.2 shows the relationship between τe and τt of the nanocellulose dispersions. The τe values of 

the TOCNs with a uniform width of 2.6 nm showed a linear relationship with τt values.
1
 However, the τe 

values of 0.01‒0.1 s for the TOCNs (dw = 2.6 nm) were much larger than their τt values of 0.00024‒0.008 s. 

This discrepancy between the τe and τt values is probably caused by the length distributions of the TOCNs 

(see Figure. 3.A2).
1
 Parra-Vasquez et al. reported that the length distributions of rods influence the shear 

viscosities of their dilute dispersions,
5
 because longer rods begin to align with the shear flow at low shear 
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rate, and dispersions of rods with a range of lengths show a broad transition from the Newtonian region to 

shear-thinning. Thus, the estimated τe values of TOCN dispersions with a range of fiber lengths are likely 

to be larger than the τt values. 

 

 

 

 

 

 

 

 

Figure 3.2. Relationship between experimental maximum relaxation time τe and theoretical maximum 

relaxation time τt of the nanocellulose dispersions. Reproduced with kind permission from American 

Chemical Society (© American Chemical Society 2015).  

 

The τe values of the AhTOCN dispersions (dw = 3.8‒14.4 nm) showed a different trend to those for 

the TOCN dispersions (Figure 3.2). In particular, the τe value of the AhTOCN-C dispersion (dw = 14.4 nm) 

was very far from the linear relationship determined for the TOCNs. This is probably because the fibrils of 

AhTOCN-C had extremely thicker widths and larger volumes than the other nanocelluloses (Table 3.1), 

and the volumes of the nanocelluloses are not taken into account in Eq. 3.2 used for the calculation of the τt 

value. These results suggest that the maximum relaxation times of nanocellulose dispersions are strongly 

influenced by the dimensions of the nanocellulose fibrils. 
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Figure 3.3. (a) Relationship between experimental intrinsic viscosity [η]e and theoretical intrinsic viscosity 

[η]t of the nanocellulose dispersions and (b) enlarged portion of the figure indicated by the red dotted 

rectangle in (a). Reproduced with kind permission from American Chemical Society (© American 

Chemical Society 2015).  
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into account the volume of the nanocellulose (the parameter πR
2
L, see Materials and Methods section). 

Figure 3.3a shows the relationship between [η]e and [η]t. In the case of the nanocelluloses with low aspect 

ratios of 23‒103 (see Table 3.1, AhTOCNs and TOCN-D), their [η]e values (29‒492 mL/g, see Table 

3.A2) are in good agreement with their [η]t values (38‒382 mL/g) irrespective of their widths (Figure 3.3b). 

This result shows that under shear flow the nanocelluloses with low aspect ratios of 23‒103 actually 

behave like rigid rods, as observed in the TEM images (Figure 3.1). 

The [η]e values for high-aspect-ratio nanocelluloses (TOCN-E, F, G) ranged from 986 to 6060 mL/g 

(see Table 3.A2), which are larger than their [η]t values of 535‒3524 mL/g (Figure 3.3a). This discrepancy 

between the [η]e and [η]t values can be explained based on the curves and kinks of the fibrils, that is, the 

flexibility of the high-aspect-ratio nanocelluloses, as described in the following two paragraphs: 

(1) Aspect ratios versus flexibility. Switzer and Klingenberg reported that the fiber flexibility under 

shear flow can be described as the effective stiffness Se:
12

 

𝑆𝑒 = 𝐸𝑌𝐼 𝜂𝑠�̇�𝐿4⁄                                                                                                                                                           (3.5) 

where EY is Young’s modulus of the fiber and I is the cross-sectional second moment of the area of the 

fiber (πd
4
/64). Equation 3.5 is thus expressed using the fiber width d as follows: 

𝑆𝑒 =
𝐸𝑌𝜋

64𝜂𝑠�̇�
(

𝑑

𝐿
)

4

                                                                                                                                                        (3.6) 

According to Eq. 3.6, the Se
 
value is exponentially proportional to the inverse of the aspect ratio. Thus, as 

the aspect ratio increases, the Se
 
value decreases, or the fiber becomes flexible. 

(2) Flexibility versus intrinsic viscosity. The flexibility of fibers contributes to an increase in the 

intrinsic viscosity of the fiber suspensions.
12,13

 Because flexible fibers in suspension under shear flow 

produce stronger hydrodynamic forces than rigid fibers, flexible-fiber suspensions show higher intrinsic 

viscosities than rigid-fiber suspensions. 

Therefore, high-aspect-ratio fibers with flexibility have higher intrinsic viscosity in dispersion than 

low-aspect-ratio fibers with rigidity. This explains why the [η]e values of TOCN-E, -F, and -G with high 
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aspect ratios of 128‒376 (see Table 3.1) were estimated to be larger than their [η]t values calculated 

assuming rigid rods.  

 

3.3.4. Relationship between intrinsic viscosity and aspect ratio 

To take the flexibility of the nanocellulose into account for the intrinsic viscosity, the [η]e values were 

plotted as a function of their aspect ratio p (Figure 3.4). The [η]e values are exponentially proportional to 

the p values, and the linear relationship in the log–log plot is 

𝜌[𝜂]𝑒 = 0.15 × 𝑝1.9                                                                                                                                                    (3.7) 

where the density of the nanocellulose ρ is involved to make the intrinsic viscosity [η]e dimensionless. In 

this empirical equation, the flexibility of the nanocellulose should correspond to the exponent 1.9, 

considering the following general description of intrinsic viscosity [η] for polymer solutions: 

[𝜂] = K𝑀𝑎                                                                                                                                                                    (3.8) 

where M is the molecular weight, K is a constant, and a is a parameter that reflects chain expansion. This is 

well known as the Mark–Houwink–Sakurada equation. The exponent a for semi-flexible polymers appears 

to be greater than 1.2, and asymptotically approaches 2 with increasing rigidity of the polymers.
14
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Figure 3.4. Experimental intrinsic viscosity [η]e of the nanocellulose dispersions as a function of aspect 

ratio p. ρ is the density of the nanocellulose. Reproduced with kind permission from American Chemical 

Society (© American Chemical Society 2015).  

 

3.4. Conclusions 

The influence of the flexibility and dimensions of nanocelluloses on the flow properties of their dilute 

dispersions was investigated by experimental and theoretical approaches using rod-like NCCs and 

spaghetti-like NFCs. The maximum relaxation time τ of the nanocellulose dispersions was strongly 

influenced by their dimensions, such as widths and length distributions. Thus, the experimentally 

determined τ values for the solid nanocelluloses did not agree with the theoretically calculated values 

assuming rotational motions of monodisperse rigid polymers dissolved in liquid. The intrinsic viscosities 

of the nanocelluloses with low aspect ratios were in good agreement with the theoretically predicted values 

assuming solid rigid rods. However, the [η] values for high-aspect-ratio nanocelluloses were larger than 

the theoretical values. This discrepancy for the high-aspect-ratio nanocelluloses can be explained based on 

the flexibility of the nanocelluloses; as the aspect ratios of nanocelluloses increase, they become more 

flexible and their dispersions have higher intrinsic viscosity. When the [η] values were plotted against 
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aspect ratio p of the nanocelluloses to take into account the flexibility, the relationship between [η] and p 

values was ρ[η] = 0.15 × p
1.9

 irrespective of the flexibility and dimensions of the nanocelluloses. Thus, the 

average lengths of nanocelluloses, including NCCs and NFCs, can be simply determined using this 

empirical equation by measuring the [η] values of their dispersions. 

 

3.5. Appendix 

3.5.1. Dispersibility of AhTOCN-C in water/glycerol mixture 

The dispersibility of AhTOCN-C in a water/glycerol mixture was evaluated by birefringence and 

turbidity measurements of the dispersion. The 0.11% w/v AhTOCN-C dispersion in water/glycerol mixture 

showed clear birefringence at rest, similar to pure water (Figure 3.A1a). In addition, the turbidity of the 

water/glycerol dispersion was almost the same as that of the water dispersion (Figure 3.A1b). These results 

show that AhTOCN-C was dispersed without agglomeration even in the water/glycerol mixture. 

 

 

 

 

 

 

 

Figure 3.A1. (a) Birefringence images and (b) turbidity of 0.11% w/v AhTOCN-C dispersions taken 

between crossed polarizers. Reproduced with kind permission from American Chemical Society (© 

American Chemical Society 2015).  

 

 

Water Water/glycerol

Wavelength (nm)

300 400 500 600 700 800

T
u
rb

id
it
y

0.0

0.5

1.0

1.5

2.0

Water

Water/glycerol
(a) (b)



Chapter 3 

 

51 

 

3.5.2. Weighted mean length Lw, weighted mean width dw, and length distribution 

histogram 

The weighted mean length Lw values of the nanocelluloses were calculated using the following 

equation: 

𝐿𝑤 =
∑ 𝑛𝑖𝑙𝑖

2

∑ 𝑛𝑖𝑙𝑖
                                                                                                                                                            (3. 𝐴1) 

where li is the length of nanocellulose and ni is its number. The weighted mean width dw values were 

calculated in the same way. The length and width values of the AhTOCNs were measured in the TEM and 

AFM images, respectively (Figures 3.A2 and 3.A3). The values of the TOCNs were taken from previously 

reported papers by our group.
1,6 

 

Figure 3.A2. Length distribution histograms for AhTOCNs. Reproduced with kind permission from 

American Chemical Society (© American Chemical Society 2015).  

Figure 3.A3. AFM images of AhTOCNs. Reproduced with kind permission from American Chemical 

Society (© American Chemical Society 2015).  
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3.5.3. Determination of critical concentration c* and experimental maximum 

relaxation time τe of nanocellulose dispersions 

The critical concentration c*, or the boundary concentration between the dilute and semi-dilute 

regions of the nanocellulose dispersions, was determined according to a previously reported method (Table 

3.A1).
1
 Then, the τe values of the nanocellulose dispersions at concentrations less than c* were obtained as 

the inverse of the critical shear rate �̇�𝑐𝑟𝑖𝑡, or the shear rate at the beginning of shear-thinning. 

 

Table 3.A1. Critical concentration c* of the nanocellulose dispersions. Reproduced with kind permission 

from American Chemical Society (© American Chemical Society 2015).  

 AhTOCN  TOCN 

A B C  D E F G 

c* (% w/v) 4.40 0.74 0.10  0.26 0.14 0.04 0.01 

 

Figure 3.A4. Reduced viscosity ηred of the AhTOCN dispersions as a function of shear rate. The values of 

the TOCN dispersions were taken from our previous paper.
1
 Reproduced with kind permission from 

American Chemical Society (© American Chemical Society 2015).  
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3.5.4. Determination of experimental intrinsic viscosity [η]e 

The experimental intrinsic viscosities of the dilute nanocellulose dispersions were calculated by 

applying their relative viscosities obtained by shear viscosity measurement to the Fedors plot (Figure 3.A5 

and Table 3.A2). The intrinsic viscosity corresponds to the inverse of the slope of the Fedors plot. 

 

 

 

 

 

 

 

 

Figure 3.A5. Typical Fedors plot of one of the nanocellulose dispersions. Reproduced with kind 

permission from American Chemical Society (© American Chemical Society 2015).  

 

Table 3.A2. Experimental intrinsic viscosity [η]e values of the nanocellulose dispersions. Reproduced with 

kind permission from American Chemical Society (© American Chemical Society 2015).  

 AhTOCN  TOCN 

A B C  D E F G 

[η]e (mL/g) 29 150 357  492 986 2717 6060 
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Chapter 4  

Viscoelastic properties of core‒shell-structured, 

hemicellulose-rich nanofibrillated cellulose in 

dispersion and wet film states 

 

4.1. Introduction 

Bioinspired core‒shell-structured NFCs have attracted much attention for the production of 

high-performance NFC-based materials. Core‒shell-structured NFCs are mainly prepared from bleached 

wood pulps by mechanical disintegration treatments in water using enzymatic or chemical pretreatments,
1,2

 

followed by adsorption of polysaccharides such as hemicelluloses,
3‒5

 starches,
6
 and cellulose derivatives.

7‒

9
 The core and shell structures of these NFCs correspond to dispersed cellulose fibrils and swollen soft 

polysaccharides, respectively. These core‒shell-structured NFCs have better hygromechanical 

properties
2,3,4,6

 and oxygen-barrier properties
2
 than neat NFCs.  

Core‒shell-structured and neat NFCs are both prepared as water dispersions. An understanding of 

their rheological properties is therefore important in the production of NFC-based materials. Many studies 

of the rheological properties of neat NFC dispersions, in terms of aspect ratio,
10‒12

 disintegration 

conditions,
11,13,14

 solid concentration,
15‒23

 ionic strength,
17,18,23‒26

 pH,
15,17,21,26,27

 and temperature,
15,28

 have 

been performed. However, the rheological properties of the core‒shell-structured NFC dispersions are not 

yet fully understood.
29

 Core-shell-structured NFCs have surface layers of swollen soft polysaccharides, 

therefore their rheological properties differ substantially from those of neat NFCs. 

In the present study, the viscoelastic properties of bulk core‒shell-structured, hemicellulose-rich NFC 

dispersions were investigated, and correlated with the solid-state viscoelastic behaviors of wet thin NFC 

films. A hemicellulose-rich NFC with a low amount of surface charged groups (hemicellulose neutral 

sugars 23% w/w, carboxylate 0.2 mmol g
−1

) was isolated from Japanese persimmons. Its behavior was 
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compared with that of a highly charged carboxylate-rich NFC with a low amount of hemicelluloses 

(hemicellulose neutral sugars 7% w/w, carboxylate 0.9 mmol g
−1

), which was prepared from softwood 

bleached kraft pulp (SBKP) by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation. The 

bulk dynamic viscoelastic properties of these two NFC dispersions were compared, using a 

stress-controlled rheometer, at a range of solid concentrations, salt concentrations, and pH values. The 

swelling behaviors
30,31

 and changes in the solid-state rheologies
32,33

 of wet NFC films were also assessed 

as a function of salt concentration and pH, using a quartz-crystal microbalance with dissipation (QCM-D). 

 

4.2. Materials and Methods 

4.2.1. Materials 

Japanese persimmons (Dirospyros kaki) were purchased at a local grocery store, and processed using 

a blender for 1 min. Pectin was removed by adjusting the pH of the resulting persimmon suspension (500 

mL) to ~3 by dropwise addition of 6 M hydrochloric acid solution, heating at 105 °C for 1.5 h, and 

washing with distilled water by centrifugation.
34

 The persimmon sample was stirred in a 90% v/v 

acetone/water mixture (1 L) at room temperature for 2 d, bleached with 0.7% NaClO2 solution at pH 4.5 

and 75 °C for 2 h,
35

 and washed well with distilled water. A never-dried SBKP with an 80% water content 

was supplied by Nippon Paper Industries (Tokyo, Japan). Other chemical reagents, purchased from Wako 

Pure Chemical Industries Ltd. (Tokyo, Japan) and the Sigma-Aldrich Co. (St. Louis, MO, USA), were 

laboratory grade. 

 

4.2.2. Preparation of hemicellulose-rich and carboxylate-rich NFCs  

Hemicellulose-rich NFC was prepared from the purified persimmon sample by sonication in distilled 

water for 4 min at a solid content of 0.1%. Carboxylate-rich NFC was prepared from SBKP by 

TEMPO-mediated oxidation and subsequent sonication. The SBKP oxidation was conducted at pH 5 and 

40 °C, according to a previously reported method,
36

 and the oxidized pulp was sonicated in distilled water 
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for 4 min at a solid content of 0.1%. After centrifugation, the carboxylate-rich NFC dispersion was 

collected as the supernatant. NFC dispersions (0.05‒1.4% w/w) were prepared by dilution or by 

condensation in a glass or perfluoroalkoxy copolymer resin (Teflon
®
 PFA) recovery flask using a rotary 

evaporator. NFC dispersions containing 0‒100 mM NaCl were prepared by adding 0.25 M NaCl solution 

to samples of both types of NFC, followed by homogenization in an ultrasonic bath for 4 min. The pH 

values of some of the NFC dispersions were changed using 0.01 M HCl or 0.5 M NaOH solution.
21

 

 

4.2.3. Dynamic viscoelastic measurement 

Dynamic viscoelastic measurements were performed on the NFC dispersions, using a 

stress-controlled rheometer (MCR 302, Anton Paar GmbH, Graz, Austria), at 25 °C. The dynamic 

viscoelasticities of the 0.25‒0.4% w/w dispersions were determined using a cone-plate geometry (plate 

diameter 50 mm, angle 2°), and those of the 0.6‒1.4% w/w dispersions were determined using a 

parallel-plate geometry (plate diameter 25 mm). Strain sweep measurements were performed at a strain γ 

of 0.01‒1000% and frequency 1 Hz; the γ values used in the subsequent frequency sweep measurements 

were determined to 1% and 0.5% for the 0.25‒0.4% w/w and 0.6‒1.4% w/w NFC dispersions, respectively 

(see Appendix, Figure 4.A1). Frequency sweep measurements were then conducted at an angular 

frequency ω of 0.1‒100 rad s
‒1

. 

 

4.2.4. Quartz Crystal Microbalance with Dissipation (QCM-D) measurement 

 The swelling and the water uptake abilities of thin NFC films were studied, using a Q-Sense E4 

instrument (Q-Sense AB., Göthenburg, Sweden) at 25 °C. The mass changes at the solid/liquid interface 

caused by factors such as swelling or de-swelling were measured in situ using the QCM-D technique. The 

general interpretation of QCM-D data is described in the literature.
37–39

 AT-cut quartz crystals coated with 

silica (fundamental resonance frequency f0 = 5 MHz) were used as QCM-D sensors. The neat QCM-D 

sensors were cleaned with UV/ozone and soaked in a 0.1 wt% polyethylene-imine (PEI) solution (30 wt%, 
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Mw = 70 000 g mol
‒1

) for 30 min.
40

 The 0.05% w/w hemicellulose-rich or 0.1% w/w carboxylate-rich NFC 

dispersion was spin-coated on the PEI-adsorbed QCM-D sensor at 3000 rpm for 45 s,
30

 and dried in an 

oven at 80 °C for 10 min, resulting in the formation of a thin and homogeneous NFC film on the QCM-D 

sensor [see Appendix, Figure 4.A2 for atomic force microscopy (AFM) images of the QCM-D sensor 

surfaces]. The NFC-coated QCM-D sensors were placed in the flow modules of the Q-Sense E4 

instrument; 10‒100 mM citrate, phosphate, or bicarbonate–carbonate buffers (pH 3‒10) were injected into 

the flow modules at a flow rate of 100 μL min
‒1

. The changes in frequency Δf and dissipation ΔD of the 

QCM-D sensors at f0 = 5 MHz (n = 1) and six different overtones of 15, 25, 35, 45, 55, and 65 MHz (n = 3, 

5, 7, 9, 11, and 13, respectively), were monitored for 120 min using QSoft 401 software. The obtained Δf 

and ΔD curves for multiple overtones (15, 25, and 35 MHz; 25, 35, and 45 MHz; 35, 45, and 55 MHz) 

were fitted to a Voigt-based viscoelastic model,
41

 using Q-Tools ver. 3 software, and the shear modulus μf 

and hydrodynamic thickness hf of the wet NFC film at the end of the measurements were estimated.
32,33,42

 

The fitting parameters of the fluid density ρ0, fluid viscosity η0, and layer density ρf were assumed to be 

1000 kg m
‒3

, 0.001 kg m
‒1 

s
‒1

, and 1200 kg m
‒3

, respectively.
33,42

 

 

4.2.5. Analyses 

The carboxylate contents of the NFC samples were determined using an electric conductivity titration 

method.
43

 The lengths of ~100 fibrils for each NFC were measured using a transmission electron 

microscope (TEM), and the arithmetic mean lengths La and the weighted mean lengths Lw of the NFCs 

were calculated as follows: 

𝐿𝑎 =  
∑ 𝑙𝑖

𝑛
𝑖=1

𝑛
                                                                                                                                                                (4.1) 

𝐿𝑤 =
∑ 𝑙𝑖

2𝑛
𝑖=1

∑ 𝑙𝑖
𝑛
𝑖=1

                                                                                                                                                               (4.2) 

where li is the fibril length. The thicknesses of ~40 fibrils for each NFC were measured by AFM, using a 

NanoScope V MultiMode 8 (Bruker Nano Inc., Santa Barbara, CA, USA) instrument equipped with a 
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Bruker ScanAsyst-Fluid+ tip, in PeakForce quantitative nanomechanical mapping mode in water. The 

NFC specimens were prepared by deposition of 0.1% w/v poly-L-lysine solution (20 μL) on freshly 

exfoliated mica plates for 3 min, followed by deposition of 0.0005% NFC dispersions (20 μL) for 1 min, 

and observed by AFM without drying. The largest thickness along each individual fibril was taken as the 

true fibril thickness,
44

 and the arithmetic mean thicknesses da and weighted mean thicknesses dw of the 

NFCs were then calculated in the same way as the La and Lw values, respectively. The neutral sugar 

compositions of the NFC samples were determined using a high-performance liquid chromatography 

system at 50 °C.
45

 The X-ray diffraction (XRD) patterns of the NFC samples were recorded by the 

reflection method using a Rigaku RINT 2000 instrument with monochromator-filtered Cu Kα radiation (λ 

= 0.15418 nm) at 40 kV and 40 mA,
8
 and the crystal thicknesses dc of the (2 0 0) plane were calculated 

using Scherrer’s equation.
46 

 

4.3. Results and Discussion 

4.3.1. Characterization of the NFCs 

Neutral sugar composition analysis showed that the hemicellulose neutral sugar contents of the 

hemicellulose-rich and carboxylate-rich NFC samples were 23% w/w and 7% w/w, respectively (Table 4.1, 

and Appendix, Table 4.A1). Their carboxylate contents were 0.2 and 0.9 mmol g
−1

, respectively. The 

hemicellulose-rich and carboxylate-rich NFCs were both well dispersed as individual fibrils (Figure 4.1a 

and 4.1c), and had weighted mean lengths Lw of 1526 and 1050 nm, respectively. 

The weighted mean fibril thickness dw of the hemicellulose-rich NFC, determined by AFM, was 4.2 

nm, and was significantly larger than that of the carboxylate-rich NFC (3.3 nm) (Table 4.1, and Figure 

4.1b and 4.1d). The crystallite thickness dc, or the average size of the crystalline core parts of the fibrils, of 

the hemicellulose-rich NFC (2.3 nm) was almost the same as that of the carboxylate-rich NFC (2.5 nm) 

(Table 4.1, and Appendix, Figure 4.A3). These results show that the fibril surfaces of the 

hemicellulose-rich NFC were surrounded by a soft hemicellulose layer, as reported in the literature.
4,5,46

 



Chapter 4 

 

60 

 

The dispersion of carboxylate-rich NFCs is kinetically stabilized by electric double-layer repulsion 

between the fibrils,
47 

whereas the contribution of steric repulsion between the surface hemicelluloses to the 

colloidal stability of hemicellulose-rich NFC dispersions is significant.
48

 It has been reported that NFCs 

with low amounts of both carboxylate groups and hemicelluloses are not dispersed as individual fibrils.
49

 

 

Figure 4.1. TEM images and height AFM images of (a, b) hemicellulose-rich and (c, d) carboxylate-rich 

NFCs. 
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Table 1. Summary of properties of hemicellulose-rich and carboxylate-rich NFCs. 

 

Lw
A
 

(nm) 
La

B
 (nm) 

dc
C
 

(nm) 

dw
D 

(nm) 
da

E 
(nm) 

Content of 

hemicellulose 

neutral sugars 

(%) 

Carboxylate 

content  

(mmol g
‒1

) 

Hemicelulose-

rich NFCs 
1526 1262±580 2.3 4.2 4.2±0.3 23 0.2 

Carboxylate- 

rich NFCs 
1050 796±451 2.5 3.3 3.3±0.3 7 0.9 

A 
Weighted mean length; 

B 
arithmetic mean length; 

C
 crystallite thickness; 

D
 weighted mean thickness; 

E
 

arithmetic mean thickness. 

 

4.3.2. Influences of solid concentration 

The dynamic viscoelastic properties of the two NFC dispersions with different solid concentrations 

were assessed. The NFC dispersions both showed elastic gel-like behaviors at all solid concentrations (see 

Appendix Figure 4.A4). Their storage moduli G' (10‒1000 Pa) were one order of magnitude higher than 

their loss moduli G'' (1‒100 Pa), and were almost constant across the entire range of ω values, or showed 

plateau moduli Gp'.
21

 The Gp' values of both the NFC dispersions increased with increasing solid 

concentration, and had a power-law dependence on the solid concentration c, as previously reported 

(Figure 4.2).
10,15‒17,19,21

 The relationship between Gp' and c is given by Eq 4.3: 

𝐺𝑝
′ = 𝐴𝑐𝛼                                                                                                                                                                      (4.3)  

where A is a front factor related to individual-fiber characteristics such as aspect ratio and elastic modulus, 

and α is an exponent that reflects the fiber network structure.
10,21

 The α value of the hemicellulose-rich 

NFC dispersion (2.7) was smaller than that of the carboxylate-rich NFC dispersion (3.0), i.e., the 

concentration dependence of the Gp' value of the carboxylate-rich NFC dispersion was stronger than that 

for the hemicellulose-rich NFC. This indicates that the interfibrillar interactions of the carboxylate-rich 

NFC, which is stabilized by electric double-layer repulsion, are stronger than those of the 
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hemicellulose-rich NFCs, for which there is a significant contribution from hemicellulose-induced steric 

repulsion in addition to electric double-layer repulsion from the small amount of carboxylate groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Storage moduli G' at 6.66 rad s
‒1

 of (a) hemicellulose-rich and (b) carboxylate-rich NFC 

dispersions as function of solid concentration c. 

 

4.3.3. Influences of salt concentration 

Figure 4.3a shows the G' values of the NFC dispersions at 6.66 rad s
‒1 

as a function of NaCl 

concentration (see Appendix, Figure 4.A5 for the G' and G'' values across the entire ω range). The G' value 

of the carboxylate-rich NFC dispersion increased moderately up to ~500 Pa as the salt concentration was 

increased from 0 to 100 mM. The G' value of the hemicellulose-rich NFC dispersion clearly increased at a 
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low salt concentration of 10 mM, but then reached a plateau, at a smaller G' value of ~200 Pa. The 

difference between the responses of the G' values of the two NFC dispersions to low salt concentrations, 

up to 10 mM, is probably related to their carboxylate contents; the electric double-layer repulsions between 

fibrils with carboxylate groups weaken with increasing salt concentration, and the NFCs start to flocculate. 

The apparent yield stresses τa, or the stresses at which the G' and G'' values begin to transition from 

the linear to nonlinear viscoelastic region, of the dispersions were determined to evaluate the network 

strengths of the salt-added NFC dispersions (see Appendix, Figure 4.A1 for the determination of τa 

values).
50‒52

 The τa values of a 0.25% w/w NFC dispersion as a function of salt concentration are shown in 

Figure 4.3b. The τa values of the carboxylate-rich NFC dispersion increased to over 50 Pa with increasing 

salt concentration. The τa values of the hemicellulose-rich NFC dispersion stayed at ~10 Pa, even at the 

highest salt concentration, i.e., 100 mM. 

All these results for the G' and τa values indicate that the hemicellulose-rich NFC was loosely 

flocculated at high salt concentrations and began to flow at small stresses, compared with the 

carboxylate-rich NFC. This loose flocculation is attributed to the hemicelluloses on the fibril surfaces. A 

similar tendency has been reported in the literature.
53 
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Figure 4.3. (a) Storage moduli G' at 6.66 rad s
‒1

 and (b) apparent yield stresses τa of 0.25% w/w NFC 

dispersions as function of NaCl concentration. 

 

This explanation is supported by QCM-D measurements of the wet thin NFC films in phosphate 

buffers of different concentrations at pH 7 (Figure 4.4 and Appendix, Figures 4.A6 and 4.A7 for the ΔD 

and Δf curves). The slopes k of the ΔD vs Δf plots reflect how soft or rigid the films on the QCM-D 

sensors became during the measurements.
54

 The steeper the slope, the more dissipative the layer, i.e., the 

more energy is bound per frequency change unit; a steeper slope indicates that the NFC layer becomes 

softer and more mobile, whereas more packing of the NFC film structure (rigid film) is reflected by a 

decreasing k value. The k values of the hemicellulose-rich and carboxylate-rich NFC films in 10 mM 
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buffer at pH 7 were similar, i.e., 0.18 ×10
‒6

 and 0.21 × 10
‒6

 Hz
‒1

, respectively. However, a significant 

difference was found in 100 mM buffer. The k value of the carboxylate-rich NFC film in 100 mM buffer at 

pH 7 (0.06 × 10
‒6

 Hz
‒1

) was significantly smaller than that in 10 mM buffer (0.21 × 10
‒6

 Hz
‒1

). The 

carboxylate-rich NFC film became more rigid with increasing buffer concentration from 10 to 100 mM. 

The k values of the hemicellulose-rich NFC films in 10 and 100 mM buffers were 0.18 × 10
‒6

 and 0.12 × 

10
‒6

 Hz
‒1

, respectively. The stiffness of the wet hemicellulose-rich NFC film is therefore less affected by 

the buffer concentration. 

The shear moduli μf and hydrodynamic thicknesses hf of these wet NFC films, which were estimated 

from their ΔD and Δf curves (see Appendix, Figures 4.A6 and 4.A7), showed similar trends to the k values 

(Figure 4.5). When the buffer concentration was changed from 10 to 100 mM, the μf value of the 

carboxylate-rich NFC film almost doubled, and the hf values decreased from 7.7 to 2.8 nm. The increase in 

the μf value of the hemicellulose-rich NFC film was more moderate, and the hf value in 100 mM buffer 

(6.7 nm) was almost the same as that in 10 mM buffer (6.6 nm). These results show that the 

hemicellulose-rich NFC films were swollen and softer, even at a high buffer concentration of 100 mM. 
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Figure 4.4. Changes in dissipation (ΔD) as a function of changes in frequency (Δf) for (a) 

hemicellulose-rich and (b) carboxylate-rich NFC films immersed in 10 or 100 mM buffer at pH 7 (f0 = 5 

MHz, n = 3, f3/n, monitoring time t = 120 min). 
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Figure 4.5. (a) Shear moduli μf and (b) hydrodynamic thicknesses hf of NFC films immersed in 10 or 100 

mM buffer at pH 7, at end of measurements (Voigt model, assumed layer density ρf =1200 kg m
‒3

). 

 

4.3.4. Influences of pH 

The effects of pH on the G' values are shown in Figure 4.6 (see Appendix, Figure 4.A8 for the G' and 

G'' values across the entire ω range). At pH less than 3, most of the carboxylate groups with a pKa value of 

3.6 are not dissociated; the almost non-charged NFC agglomerates and forms self-standing stiff gels (see 

Appendix, Figure 4.A9 for the changes in turbidity with decreasing pH from ~7 to 2).
21
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values of the NFC dispersions were decreased from the neutral region, i.e., 6‒7, to 2, the G' values of the 

hemicellulose-rich and carboxylate-rich NFC dispersions increased approximately from 10 to 400 and 

1400 Pa, respectively. The difference between these G' values at pH 2 can be explained by the contribution 

of the soft hemicellulose layers. When the pH was increased to 10, the G' value of the carboxylate-rich 

NFC dispersion decreased, as reported in the literature.
27

 In contrast, the G' value of the hemicellulose-rich 

NFC dispersion increased slightly at pH 10. This is probably the result of alkali-induced gelation of the 

glucomannan fraction in the hemicelluloses (see Appendix, Table 4.A1 and Figure 4.A9 for the changes in 

turbidity with increasing pH from ~7 to 10).
55,56 

 

Figure 4.6. Storage moduli G' at 6.66 rad s
‒1

 of 0.25% w/w NFC dispersions as function of pH. 

 

The viscoelastic properties of wet thin NFC films in 10 mM buffers at pH 3, 5, and 7 were 

investigated using QCM-D. The values for the pH 10 buffer could not be measured because significant 

amounts of the NFCs became detached from the QCM-D sensor surfaces during the measurements (see 

Appendix, Figures 4.A6 and 4.A7). At pH 3‒7, the hemicellulose-rich NFC films were swollen, and their 

slopes became steeper with increasing pH, i.e., the films became softer (Figure 4.7a). The ΔD vs Δf plots 

of the carboxylate-rich NFC film immersed in pH 3 buffer showed the opposite trend to those for the other 
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films, and showed de-swelling behavior (Figure 4.7b).
30

 The μf and hf values of these wet NFC films, 

estimated from their ΔD and Δf curves, show similar trends to the k values (Figure 4.8).  

The μf values of the hemicellulose-rich and carboxylate-rich NFC films both decreased, and their hf 

values increased; the wet films became softer because of induction of electric double-layer repulsion at 

higher pH values. At pH 3, the carboxylate-rich film showed negligibly small ΔD values, i.e., less than 1.0 

× 10
‒6

 (see Appendix, Figure 4.A7), and is therefore assumed to be highly elastic and rigid. Accordingly, 

the ΔD and Δf curves did not fit the Voigt-based viscoelastic model.
53

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Change in dissipation (ΔD) as function of change in frequency (Δf) for (a) hemicellulose-rich 

and (b) carboxylate-rich NFC films immersed in 10 mM buffers at pH 3, 5, and 7 (f0 = 5 MHz, n = 3, f3/n, t 

= 120 min). 
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Figure 4.8. (a) Shear moduli μf and (b) hydrodynamic thicknesses hf of wet NFC films immersed in 10 

mM buffers at pH 3, 5, and 7, at end of measurements (Voigt model, assumed ρf = 1200 kg m
‒3

). 
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function of salt concentration showed loose flocculation of the hemicellulose-rich NFC dispersion even at 

high salt concentrations. The viscoelastic properties of their wet films, evaluated using QCM-D, indicated 

the same tendency; the hemicellulose-rich NFC films were swollen and soft at high salt concentrations, 

whereas the carboxylate-rich NFC films became rigid. When the pH of the dispersions was decreased to 2, 

the resulting hemicellulose-rich NFC gel was less stiff than the carboxylate-rich NFC gel. At pH 10, the 

hemicellulose-rich NFC flocculated, probably because of alkali-induced gelation of the glucomannan 

fraction. The QCM-D measurements as a function of pH showed that the wet films of the 

hemicellulose-rich NFC were swollen even at pH 3, whereas the carboxylate-rich NFC films became 

highly elastic and rigid. All these results show that the surface hemicelluloses in core‒shell-structured, 

hemicellulose-rich NFCs make substantial contributions to the viscoelastic properties of their dispersions 

and wet films. 
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4.5. Appendix 

4.5.1. Strain sweep measurement of NFC dispersions 

 

Figure 4.A1. Typical plots of storage modulus G', loss modulus G'', and shear stress τ of NFC dispersion 

as function of strain γ. Apparent yield stress τa of NFC dispersion was determined as stress at which G' and 

G'' values begin to transition from linear to nonlinear viscoelastic region. 

 

4.5.2. AFM observation of NFC-coated QCM-D sensor surfaces 

 

Figure 4.A2. AFM images of the QCM-D sensor surfaces coated with thin hemicellulose-rich (a) and 

carboxylate-rich (b) NFC films. 
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4.5.3. XRD pattern of NFCs 

 

Figure 4.A3. XRD pattern of NFCs. 

 

4.5.4. Neutral sugar composition analysis  

 

Table 4.A1. Neutral sugar composition of the NFCs. 

 Glucose 

(%) 

Galactose 

(%) 

Mannose 

(%) 

Arabinose 

(%) 

Xylose 

(%) 

Rhamnose 

(%) 

Total 

(%) 

Others
a
 

(%) 

Hemicelulose-

rich NFCs 
58.0 7.3 3.1 1.6 10.5 0.9 81.3 18.7 

Carboxylate- 

rich NFCs 
59.3 0 1.6 0 5.7 0 66.6 33.4 

a 
Others include uronates. 
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4.5.5. Storage modulus G’ and loss modulus G” of 0.25‒1.4% w/w NFC dispersions 

across entire angular frequency range 

 

 

Figure 4.A4. G' and G'' values of 0.25‒1.4% w/w NFC dispersions as function of ω. 
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4.5.6. Storage modulus G’ and loss modulus G” of 0.25% w/w NFC dispersions with 0‒

100 mM NaCl across entire angular frequency range  

 

 

Figure 4.A5. G' and G'' values of 0.25% w/w NFC dispersions with 0‒100 mM NaCl as function of ω. 
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4.5.7. Change in frequency Δf and change in dissipation ΔD curves for 

hemicellulose-rich NFC films in 10 mM pH 3‒10 buffers as a function of time 

 

Figure 4.A6. Δf and ΔD curves for hemicellulose-rich NFC films immersed in 10 or 100 mM buffers at 

pH 3‒10 (n = 3, 5, 7, 9, 11, 13). 
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4.5.8. Change in frequency Δf and change in dissipation ΔD curves for 

carboxylate-rich NFC films in 10 mM pH 3‒10 buffers as a function of time 

 

Figure 4.A7. Δf and ΔD curves for carboxylate-rich NFC films immersed in 10 or 100 mM buffers at pH 

3‒10 (n = 3, 5, 7, 9, 11, 13). 
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4.5.9. Storage modulus G’ and loss modulus G” of 0.25% w/w NFC dispersions at pH 

2‒10 across entire angular frequency range 

 

 

 Figure 4.A8. G' and G'' values of 0.25% w/w NFC dispersions at pH 2‒10 as function of ω. 
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4.5.10. Turbidity of 0.25% w/w NFC dispersions at pH 2‒10 

 

Figure 4.A9. Turbidities of the (a) hemicellulose-rich and (b) carboxylate-rich NFC dispersions at pH 2‒

10.  
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Chapter 5 

Summary 

 

Rheological properties of individualized NFC dispersions were comprehensively investigated. First, 

the influences of the fibril lengths and the surface charge densities on flow properties of their dilute 

dispersions were examined. The individualized NFCs consisting of ~3 nm-wide and surface-carboxylated 

fibrils with the weighted mean lengths Lw of 270‒980 nm were prepared by TEMPO-mediated oxidation. 

The critical concentrations c* of these NFC dispersions were given by c* = 18/p
2
 using their aspect ratios p, 

which defines their dilute regions. The maximum relaxation times τ of these dilute NFC dispersions were 

independent of the thickness of the electric double layer, and thus were irrespective of the carboxylate 

content or surface charge density. The viscosity-average lengths Lvsic of the NFCs, which were calculated 

by applying their maximum relaxation times τ to the theoretical equation for rotational motions of rigid 

polymers, had a linear relationship to the Lw values, which was described as Lvisc = 1.764 × Lw + 764. 

However, the resulting Lvsic values (1,100‒2,500 nm) were much larger than the Lw values (270‒980 nm) 

determined by microscopy. This discrepancy is likely to be caused by the flexibility of NFCs in water. 

Furthermore, the theoretical equation is defined assuming rigid polymer chains dissolved in liquid, and the 

volume of solid rods or fibrils are thus not taken into account, which might also cause the discrepancy. 

The influences of the flexibility and dimensions of the NFCs on the flow properties of their dilute 

dispersions were thus investigated. Rod-like NCCs with different average widths were used as the 

reference samples. The dimensions, or the widths and length distributions of these NFCs and NCCs, had 

significant influences on the τ values of their dispersions, explaining the fact that the theoretical τ values 

calculated for the individualized NFCs and NCCs assuming monodisperse rigid polymers, are different 

from their experimental τ values. Meanwhile, the experimental intrinsic viscosities [η] of the 

low-aspect-ratio NFCs and NCCs were in good agreement with their theoretical [η] values calculated 

assuming solid rigid rods. However, the experimental [η] values for high-aspect-ratio NFCs were still 
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larger than their theoretical ones; this is likely to arise from the flexibility of NFC fibrils. When the [η] vs. 

p values were plotted, the experimental [η] values of the NFC and NCC dispersions were expressed as ρ[η] 

= 0.15 × p
1.9

 using the density of nanocellulose ρ, where the flexibility of the NFCs and NCCs should be 

taken into account by the exponent 1.9; in fact, as the aspect ratios of the fibrils increase, they become 

more flexible and their intrinsic viscosities exponentially increase. In a practical sense, the average lengths 

of both individualized NFCs and NCCs can be determined by applying the experimental [η] values of their 

dispersions to this empirical equation.  

The viscoelastic properties of individualized NFC dispersions and their wet films were investigated 

by dynamic viscoelastic measurements and quartz crystal microbalance with dissipation (QCM-D) 

measurements, respectively, in terms of solid concentration, salt concentration, and pH. Here, a 

hemicellulose-rich NFC with a low carboxylate content, purified from Japanese persimmons, was used to 

assess the influences of their surface-adsorbed hemicelluloses in comparison with a carboxylate-rich NFC 

with a low hemicellulose content, or the TEMPO-oxidized NFC prepared from a bleached softwood kraft 

pulp. The results for the solid-concentration c dependences of the plateau moduli Gp’ indicated that the 

hemicellulose-rich NFC had weaker interfibrillar interactions than the carboxylate-rich NFC. At high salt 

concentrations or low pH values, both the hemicellulose-rich and carboxylate-rich NFCs were 

agglomerated. However, the agglomerates of the hemicellulose-rich NFC were significantly looser than 

those of the carboxylate-rich one. Their wet films denoted the same tendency of the dispersions; the 

hemicellulose-rich NFC films were swollen and soft even at the high salt concentrations or low pH values, 

whereas the carboxylate-rich NFC films became rigid. These results demonstrate that the surface-adsorbed 

hemicelluloses in the hemicellulose-rich NFC substantially contribute to the viscoelastic properties of their 

water dispersions and wet films. 

The fundamental and essential aspects of the flow and viscoelastic properties of NFC/water 

dispersions have been revealed by using the individualized NFCs prepared via TEMPO-mediated 

oxidation. These findings from the present study would surely contribute to not only the promotion of the 
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nanocellulose utilization at the industrial level but also the understanding of cellulose microfibrils 

biosynthesized in water.   
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