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Chapter 1.

General Introduction



1.1.Over View of Cellulose

Currently, there is a strong demand to replace petroleum-based products with biodegradable

and bio-based products. As a renewable resource, cellulose has the potential to provide solutions to

many problems, including carbon dioxide emissions from the massive consumption of petroleum

resources, environmental damage from petroleum-based non-biodegradable plastics, global warming

and climate change from carbon dioxide and other greenhouse gases, and unsustainability in a linear

economy [1]. Cellulose is a linear biopolymer composed of glucose residues via B1,4-glycosidic

bonds, as shown in Fig 1-1. Cellulose is synthesized by most plants as a component of cell walls and

is the most abundant biopolymer on Earth [2]. The above-mentioned growing awareness of the

significant negative impact on the global environment based on the massive consumption of

petroleum has led to a sharp increase in interest in cellulose, which is renewable and has a low

environmental impact. Cellulose has long been used as paper and clothing by taking advantage of its

intact structure and physical properties, and is also widely used in the form of regenerated cellulose

and cellulose derivatives for clothing, films, dialysis membranes, and other applications. Furthermore,

cellulose nanofibers (CNFs) [3], [4] and cellulose nanocrystals (CNCs) [5] have been developed in

recent years, and new applications of cellulose are being promoted, such as composite materials with

polymers [6], [7] and natural rubber [8], and catalytic nanocomposite materials [9], [10].
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Fig. 1-1. The structural formula of cellulose

1.2. Crystal Forms of Cellulose and Crystal Transition from Cellulose I to II

The mechanical and chemical properties of cellulose materials are affected by their crystal

form. Gaining a detailed understanding of the cellulose crystal contributes to the development of novel

applications for cellulose. Typical crystal forms of cellulose include cellulose I, 11, III, and IV. Native

cellulose, found in plants, algae, and bacteria, is cellulose I crystal. Native cellulose from nature is a

mixture of two crystalline forms, I, and Ig, in varying proportions [11]. The cellulose found in algae

and bacteria is rich in I,, while cellulose found in plants and tunicates is rich in Ig. Cellulose I,

irreversibly transitions to Is when treated at temperatures above 200 °C [12]. Recrystallization from

dissolved cellulose I or alkali treatment with concentrated sodium hydroxide (NaOH) solution, called

mercerization [13], causes a crystal transition from cellulose I to II. The crystalline system of cellulose

is mainly classified into the cellulose I family (cellulose I, III;, and IVy) and cellulose II family

(cellulose II, IIy, and IVy), as shown in Fig 1-2. Cellulose III; and Ill; are obtained by treating

cellulose I or cellulose II with liquid ammonia [14], [15], or ethylenediamine [16], respectively.

Cellulose [V and I'Vy; are obtained by thermal treatment at 260 °C on cellulose I11; and I1I;; and cannot
6



be prepared directly from cellulose I [17]. Cellulose IlI; reverts to cellulose I or I [18], while cellulose

IVi reverts exclusively to cellulose I and cellulose Il and IV revert exclusively to cellulose 11 [19].

Furthermore, the cellulose II family, once formed from the cellulose I family, no longer reverts to the

cellulose 1 family [20], and artificial production of cellulose I from cellulose II has not yet been

successful. These suggest that there are specific structural differences between cellulose I and II. In

other words, detailed studies on cellulose I and 11 will greatly contribute to the development of insights

into the crystal structure of cellulose.

Cellulose | family

Cellulose |, = Cellulose I
I I \C lul v
ellulose
Cellulose lll, =™ !
é

Irreversible transition

Cellulose Il family

Yyvyvy
Cellulose Il + » Cellulose lll,

\ Cellulose |V||

Fig. 1-2. The crystalline system of cellulose I family and cellulose II family [21]

The mercerization process was established in the 19" century by John Mercer [22]. In this

treatment, cellulose I undergoes several intermediates called Na-cellulose (alkali cellulose) to become

cellulose II [23], [24]. When cellulose I is soaked in a 12-20 % NaOH solution, it transitions to Na-

cellulose 1[23], [25], [26]. Furthermore, a concentrated alkaline solution of more than 32 % transforms
7



to Na-cellulose II [24], [27]. Na-cellulose III is obtained by vacuum drying Na-cellulose I [23]. In

addition, Na-cellulose I transformed into Na-cellulose IV in low-temperature washing, whereas Na-

cellulose I is reconverted to cellulose I in high-temperature washing [28]. Na-cellulose 1V, a hydrated

form of cellulose II without sodium content, is also obtained by washing Na-cellulose II or III with

water [29]; drying Na-cellulose IV yields cellulose II [30], and the crystal transition from cellulose I

to II is completed during the mercerization process as described above. Although lithium chloride/N,

N-dimethylacetamide (DMAc/LiCl) [31], N-methylmorpholine-N-oxide monohydrate (NMMO) [32],

and ionic liquids [33]-[35] are known as regeneration solvents for cellulose I, low-concentration

aqueous NaOH solutions have attracted attention due to their advantages of low cost, low toxicity, and

no pretreatment required. Alkaline treatments with 7-10 wt% NaOH solutions at room temperature

[36]-[38] do not complete the crystal transition from cellulose I to II. Nevertheless, cellulose is

dissolved when using these low-concentration NaOH solutions at low temperatures (20 °C) [39], [40],

and the crystal transition of cellulose I to II also proceeds in the insoluble portions [40]. Furthermore,

the addition of urea [41], thiourea [42], [43], and zinc oxide (ZnO) [44] to the NaOH solution enhanced

the solubility and promoted the crystal transition at higher temperatures than when treated with the

alkaline solution alone; in the NaOH treatment; below 0 °C and at a NaOH concentration of about 8

wt%, the alkaline cellulose, a transition to Na-Cellulose Q occurs, Q of Quellung (“swelling” in

German) [45], [46]. In other words, a detailed study of alkali cellulose is crucial in discussing the



crystal transition. However, the mechanism of the crystal transition from cellulose I to II, including

the formation of alkali cellulose, remains unclear, and if it can be clarified, it may lead to the

development of new applications of cellulose, such as the creation of innovative cellulose materials.

One of the differences between cellulose I and II is thought to lie in the packing mode of the

cellulose molecular chain, as described in the X-ray diffraction structural analysis [47]-[49]. The ends

of the cellulose molecular chain can be divided into non-reducing (O4-terminus) and reducing (O1-

terminus) ends. These two types of ends give rise to molecular orientation. In cellulose I, cellulose

molecular chains are thought to pack parallel, while in cellulose II, cellulose molecular chains are

thought to pack antiparallel. As a mechanism for the change in packing mode from parallel to

antiparallel, it has been proposed that NaOH infiltrates from the amorphous region, causing cellulose

to swell, and within the swollen region, the cellulose chains move between crystalline regions arranged

in opposite directions, causing cellulose chains to reorient antiparallel [27], [36]. Another proposed

mechanism is that the cellulose molecular chain folds back on itself [50]. Recently, Sawada et al.

suggested that cellulose molecular chains are likely to be packed antiparallel by folding, based on the

results of neutron diffraction experiments [51]. However, there is no direct evidence that cellulose II

is antiparallel, and the debate on the packing mode of cellulose 11 is still ongoing.

The conformation of the hydroxymethyl group at the C6 position is one of the guidelines for

observing the crystal form and the mode of the intrachain hydrogen bonds. Nuclear magnetic



resonance (NMR) measurements [52] can distinguish that the conformation of the hydroxymethyl

group for tg (trans-gauche), gt (gauche-trans), and gg (gauche-gauche), respectively, as shown in Fig

1-3. The torsion angles (O5-C5-C6-06) and (C4-C5-C6-06) of the side chain are trans and gauche for

tg, gauche and trans for g, and gauche and gauche for gg conformation. These differences are due to

the different networks of inter- and intra-chain hydrogen bonds in the molecular chains of cellulose I

and II. The crystals of cellulose I and II have hydrophilic and hydrophobic planes [53]. In the solid

state, the O6 hydroxyl groups on the equatorial plane of glucose residues form intra- and

intermolecular chain hydrogen bonds with adjacent residues and cellulose chains, forming hydrophilic

planar sheets. Similarly, hydrogen atoms in the axial planes of glucose residues form hydrophobic

planes between molecular chain sheets. In cellulose I, the intramolecular chain hydrogen bonds consist

of 03-05 and 06-02. Furthermore, the 06-O2 hydrogen bond has two network patterns: one in which

a proton on O2 is donated to O6 to make an intrachain hydrogen bond, and the other in which O6

donates a proton to O2 to make an intrachain hydrogen bond [54]. In cellulose Il crystals, on the other

hand, the intrachain hydrogen bond in the molecular chain consists of 06-O3 and O5-O3 [47].

Furthermore, the conformation at the C6 position in surface regions and dissolved cellulose is gg

conformation [55]-[57]. The difference in the C6 position between cellulose I and II suggests that the

cleavage of intra-molecular chain hydrogen bonds and the formation of new hydrogen bonds occur

during the crystal transition. In our laboratory, Nomura et al. reported calculations showing that in

10



both of the two network patterns of cellulose I, the zg structure changes to the gt structure rather than

returning to its original structure after changing to the gg structure [58], which may contribute to the

crystal transition from cellulose I to cellulose II This may contribute to the irreversible crystal

transition from cellulose I to cellulose II. Therefore, it is important to focus on the structural change

at the C6 position in the crystal transition from cellulose I to II to elucidate this crystal transition

mechanism.

(a) tg conformation (b) gg conformation (c) gt conformation

Intrachain
hydrogen bonds

Fig. 1-3. The confirmation of the C6 hydroxymethyl group and intrachain hydrogen bonds: (a) tg
(trans-gauche), (b) gg (gauche-gauche), and (c) gt (gauche-trans).

1.3. Preparation of Cellulose II Materials with High Crystallinity

The mercerization process can improve the mechanical and chemical properties of cellulose

fibers, such as dimensional stability, dyeability, reactivity, gloss, and fabric smoothness [59]. It has

been reported that disordered regions coexist in cellulose microfibrils in addition to crystalline regions

[60]. Cellulose I exhibits high crystallinity and consequently excellent mechanical properties, while

cellulose I1 is less crystalline and thereby has lower mechanical properties [61]. In fact, typical Young’s

modulus of cellulose I and II have been reported to be 138 GPa and 88 GPa, respectively [62]. As

11



mentioned above, cellulose II has excellent properties, and the preparation of cellulose II materials

with excellent mechanical properties would lead to an expansion of its industrial applications. Many

efforts have been made to prepare high-strength cellulose II materials, including saponification of

cellulose acetate and more ordered cellulose regeneration processes using more polar coagulation

media (acetone < EtOH < MeOH < aqueous solutions of Na,SO4 and H>SO4) [63], [64] and ionic

liquids [65]. In addition to that, it has been reported that the crystallinity of cellulose I can be enhanced

by post-treatment with low concentrations of aqueous alkaline solutions [66]-[71].

In a previous report from our laboratory [72], we showed that post-treatment of cellulose II

powder with 10 wt% NaOH solution promoted the highest crystallinity enhancement among the post-

treatments with 0-25 wt% NaOH solution, and proposed a mechanism for the enhancement of

crystallinity. The secondary structure of cellulose consists of structures with diameters of

approximately 3.5 nm called microfibril [73], which contain crystals. Microfibrils are directly

observed by scanning electron microscope, transmission electron microscope, and atomic force

microscopy [74]-[77]. Microfibrils self-organize and twist to form ribbons. Fig 1-4 shows a schematic

cross-sectional view of a cellulose ribbon. Surfaces are classified into accessible surfaces, which are

accessible to water and other solvents, and inaccessible surfaces, which are inaccessible to solvents

[78], [79]. The outermost surface of the cellulose ribbon is always accessible to the surrounding

solvent and is called an accessible surface. On the other hand, the microfibril crystal surfaces inside

12



the ribbon formed by the accumulation of microfibrils are no longer accessible from the surrounding

solvent and are called inaccessible surfaces. These surface regions can be distinguished by solid-state

13C NMR [78], [79], and confirmed by dynamic nuclear polarized solid-state NMR spectroscopy [80].

In our previous report [72], the percentage of accessible surfaces remained almost the same, but as the

crystallinity increased, the percentage of inaccessible surfaces decreased and the crystal size increased

after post-processing. Furthermore, solid-state '3C CP/MAS NMR spectra showed that the cellulose

II sample soaked in a low-concentration NaOH solution is a mixture of cellulose II crystal and Na-

Cellulose. These results support the crystallinity enhancement mechanism, as shown in Fig 1-5, in

which the rearrangement of cellulose molecules on the inaccessible surface converts these regions into

a crystalline region and enhances the crystal size. The important aspects of this mechanism are that

the NaOH does not penetrate the crystalline region, but only the inaccessible surface/amorphous

region, and that the rearrangement of the cellulose molecules occurs only at this inaccessible surface.

This post-treatment with a 10 wt% NaOH solution is expected to be effective in the preparation of

highly crystalline cellulose II materials.

13
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Fig. 1-5. Schematic images of the crystallinity improvement mechanism in the post-treatment on

initial cellulose II
cellulose II powder using a 10 wt% NaOH solution [72]

1.4. All-cellulose composites
All-cellulose composites composed solely of cellulose have been investigated over the past

two decades as another way to produce mechanically strong cellulose materials. Fiber-reinforced

polymer composites have many applications, but their nature as two components (reinforcement and

outer matrix) makes their reuse and recycling quite difficult [81]. In recent years, the demand for
[83] has led to renewed interest in all-cellulose

environmentally friendly bio-composites [82]
composites, which are composed entirely of cellulose. Since the first report on all-cellulose composites

by Nishino et al [84], many studies on these composites have been conducted. Many review articles
14



[85]-[87] explain that two approaches, impregnation and surface dissolution, have been mainly

utilized to fabricate these composites, as shown in Fig 1-6.

The impregnation method requires two steps: first, a cellulose solution is prepared, and then

the composite material is prepared by impregnating this cellulose solution with the cellulose material

that will be used as reinforcement. On the other hand, in the surface dissolution method, composite

materials are prepared in a single step. In this method, the cellulose material is soaked in a solvent to

partially dissolve the outer layer, allowing the undissolved core to serve as the reinforcement. In this

method, the cellulose in the material serves as the raw material for both the outer matrix and the

reinforcing fibers. In the impregnation method, the morphological properties of the reinforcement and

the cellulose concentration are the main determinants of the mechanical properties of the all-cellulose

composite [88], [89]. In the surface dissolution method, dissolution time, cellulose orientation, and

cellulose crystal form are the main determinants of mechanical properties [90]-[94]. Thus, the

properties of the reinforcement correlate with the properties of the all-cellulose composite, and in the

case of cellulose I and II composites, cellulose I is expected to have a significant influence on the

mechanical properties of the composite [95]. Therefore, in the formation of cellulose I and II

composites with excellent mechanical properties, it is important to control the distribution and

proportion of cellulose I, which has high mechanical strength, and cellulose 11, which acts as the matrix.

15
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Fig. 1-6. Scheme of the preparation of all-cellulose composite in impregnation approach and surface

dissolution approach.

1.5. Objective and Outline of This Thesis

The objective of this study is to create new cellulose-based materials that combine the
properties of cellulose II with controllable and excellent mechanical properties, such as cellulose II
materials with high crystallinity and all-cellulose composites composed of both cellulose I and II. The
creation of cellulose materials with such excellent properties will lead to further development of
cellulose applications. In order to create such promising cellulose materials, it is essential to have a
deep understanding of cellulose I and II crystals. In this study, I investigated the mechanism of crystal
transition from cellulose I to II in low-temperature and low-concentration alkali treatment and the
enhancement of crystallinity of cellulose II in low-concentration alkali treatment, and based on these
findings, I created a new cellulose-based material with both excellent mechanical properties.

To elucidate the mechanism of this crystal transition, I focused on low-concentration NaOH
treatment at low temperatures. The crystal transition from cellulose I to II does not proceed in room

16



temperature treatment with low-concentration NaOH solution. Furthermore, it was observed that

NaOH did not penetrate the cellulose crystal region in the low-concentration NaOH post-treatment of

cellulose II. These results suggest that regardless of cellulose I and II, NaOH does not penetrate the

crystalline region in the room temperature treatment with a low concentration of NaOH solution. On

the contrary, crystal transition progresses at low temperatures, suggesting that NaOH may affect the

crystalline region in low-concentration NaOH treatment at low temperatures. The clarification of the

dynamics of NaOH at various temperatures and the accompanying structural changes of cellulose

crystals, as shown in Fig 1-7, will contribute to the elucidation of the mechanism of crystal transition

of cellulose.
Cellulose | Room temperature Low temperature CeIIquse Il
TR \
AN %\\V\;\\\\\\\\ ‘&\ \\\\
T
\\§\\§.\\§\\ \ \\\\“'
N
.\\\%\\\%\\ &‘\\ \\&.\ \V
{\\ % * NaOH
/ N N * \__
Crystal (1) Aur es t le surface
Inaccessible surface/ NaOH penetrate only NaOH may influence
Amorphous the amorphous regions the crystal regions

Fig. 1-7. The anticipated crystal transition and penetration of NaOH due to temperature changes in the

cellulose soaked in a low-concentration NaOH solution

This doctoral dissertation consists of the following five chapters. In Chapter 1, an overview

of cellulose as a material and its crystal morphology was introduced, and in particular, the differences

between cellulose I and II, which provide clues for clarifying the crystal transition mechanism, were

explained. In addition, the fabrication method of high-strength cellulose materials with the properties

17



of cellulose II was also introduced.

In Chapter 2, the mechanism of crystal transition from cellulose I to II in low-temperature,

low-concentration NaOH treatment is discussed. The structural changes of cellulose molecules were

traced by temperature-dependent NMR and WAXS measurements of cellulose immersed in low-

concentration NaOH solutions. In addition, 2*Na NMR relaxation time NMR measurements with

various concentrations of NaOH solutions were used to trace the Na ion dynamics of various

concentrations of NaOH solutions. Based on the obtained results, the crystal transition mechanism

was discussed.

In Chapter 3, the enhancement of crystallinity of cellulose II and the control of mechanical

properties of cellulose II fibers by post-treatment with low concentrations of NaOH solutions were

discussed. The crystallinity of samples obtained by long-term single and multiple post-treatment was

analyzed. The mechanism of crystallinity improvement was discussed based on the changes in the

ratio of crystalline, surface, and amorphous regions. Based on this mechanism, the duration of the

post-treatment cycle was optimized. Furthermore, cellulose II fibers with high crystallinity were

prepared and their mechanical properties were analyzed.

In Chapter 4, 1 attempted to fabricate new cellulose materials with high mechanical

properties. The crystal transition during quenching with liquid nitrogen was traced by solid-state *C

NMR measurements. Based on the obtained results, I created a new cellulose material whose

18



mechanical properties can be controlled by crystal transition.

Chapter 5 summarized the results of this study.
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Chapter 2.
Elucidation of the Mechanism of the Crystal Transition of
Cellulose I to IT in Low-Concentration Alkali Treatments at

Low Temperature
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2.1. Introduction

It is important to have a deep understanding of the crystal structures of cellulose I and II to

create novel cellulose materials. In particular, elucidation of the crystal transition mechanism from

cellulose I to II is an important issue concerning the crystal structure of cellulose. Cellulose I crystals

transition to cellulose II crystals by a process called mercerization using a concentrated NaOH solution.

This transition does not occur at low NaOH concentrations (8-10 wt%) at room temperature [1], [2].

On the other hand, this transition proceeds at low temperatures in a low concentration of NaOH

solution [3], [4]. However, the structural changes of cellulose molecules accompanying the crystal

transition and their driving force have remained unclear. In this chapter, I aimed to clarify the structural

changes in the cellulose molecular chain associated with the crystal transition, especially the

hydroxymethyl group at the C6 position.

It has been proposed that the disruption of intrachain hydrogen bonds [5] and hydrophobic

interactions [6], [7] are important for the crystal transition from cellulose I to II. Cellulose I has

intrachain 02-O6 and 03-05 hydrogen bonds [8], and cellulose II has intrachain O3-O6 and O3-05

hydrogen bonds [9], as shown in Fig 1-3. Cellulose I and II have different conformations of C6

hydroxymethyl groups, due to different intrachain hydrogen bonds (02-O6 in cellulose I and 03-06

in cellulose II). Therefore, the change in hydrogen bonding may be involved in the crystal transition.

Our previously reported calculations indicate that the zg structure does not return to its original

structure when it experiences a change, but rather changes to the gt structure [10], which may
30



contribute to the crystal transition from cellulose I to cellulose II. Therefore, the conformation at the

C6 position is one of the guidelines for observing the crystal structures and intrachain hydrogen bonds,

and the elucidating the conformational changes at the C6 position may further our understanding of

the crystal transition.

The purpose of this chapter is to elucidate the mechanism of crystal transition from cellulose

I to cellulose II in low-concentration NaOH treatments at low temperatures. In addition, the ultimate

goal is to utilize the findings obtained in this chapter for the creation of new cellulose materials.

Firstly, the NaOH treatments at low temperatures with a low-concentration NaOH solution

were conducted at various temperatures to track the progression of crystal transition. Next, the in situ

solid-state '*C cross-polarization magic angle spinning (CP/MAS) NMR measurement and the in situ

wide-angle X-ray scattering (WAXS) measurement were performed to evaluate the conformational

changes during crystal transition. Additionally, in order to anticipate the structure of cellulose

molecules during crystal transition, the computational calculations were performed on the cello-

oligomers which have no hydrogen bonds between glucose residues. Furthermore, the dynamics of Na

ions were evaluated via 2>Na NMR relaxation time measurement. The crystal transition mechanism

from cellulose I to II was discussed from the results obtained by these experiments.
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2.2. Methods
2.2.1. Materials

Filter paper powder (100-200 mesh, cellulose > 99%) derived from cotton linter with DP

(degrees of polymerization) 250, and kraft pulp paper (bleached hardwood kraft pulp, cellulose ca.

80 % and hemicellulose ca. 20 %) with DP 650-840 purchased from Advantech Co., Ltd (Tokyo,

Japan) and Nippon Paper Industries (Tokyo, Japan), respectively, were used as the cellulose materials.

Cellobiose was purchased from FUJIFIRM Wako Pure Chemical Corporation (Osaka, Japan) and used

as prepared. NaOH (> 97.0 %) and H2SO4 (> 95.0 %) were purchased from FUJIFILM Wako Pure

Chemical Corporation (Osaka, Japan). Deionized water (Elix®Essential3, Merck KgaA, Darmstadt,

Germany) was used to prepare aqueous solutions of NaOH and H,SO4 and to wash the cellulose

samples.

2.2.2. Nuclear Magnetic Resonance (NMR) Measurements

All NMR measurements, including the NMR relaxation time measurements, were

performed using a Bruker AVANCE NEO 500 spectrometer (Bruker, Germany) at Instrumental

Analysis Support Office, the Frontier Chemistry Center, Faculty of Engineering, Hokkaido University,

Japan. Solid-state '3*C CP/MAS NMR spectra were recorded at 125 MHz. The samples were packed

in a 3.2 mm rotor and spun at a frequency of 10 kHz. All the CP/MAS high-resolution spectra were

recorded with a 1H 90° pulse with a pulse length of 4.0 ps, a contact time of 1.5 ms, and a repetition

time of 4 s. The ramp and tppm-15 sequences were used for the contact pulse and decoupling,
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respectively. The chemical shift was calibrated using the carbonyl carbon of glycine (176.46 ppm) as

the reference.

2’Na NMR relaxation time measurements were performed at 133 MHz. The samples were

packed into the MAS rotor; however, no MAS conditions were applied during the temperature control

and relaxation time measurements. Spin lattice relaxation time (77) measurements were performed

using the inversion recovery method with a 90° pulse length of 3.1 ps. The 7' values were obtained

using the fitting program of the TOPSPIN NMR software developed by Bruker Inc.

2.2.3. Low-Concentration NaOH Treatments at Various Temperatures

Cellulose powder was added to an 8 wt% NaOH solution at room temperature (24 °C) and

centrifuged at 1,000 x g for 5 min. The supernatant was removed, and the precipitate was used for

NaOH treatment. The centrifuge tubes with 8 wt% NaOH-soaked cellulose were chilled at —30 °C, —

25°C,-20°C,-18 °C, -17 °C, —16 °C, —15 °C, —10 °C, and -5 °C in a cryostat (EYELA PFR-1000,

TOKYO RIKAKIKALI Co., Ltd, Tokyo, Japan) for up to 90 min. The temperature was controlled by

cooling ethanol in this instrument. Immediately after the sample was removed from the low

temperature to room temperature (24 °C), a 10 vol% H>SO4 solution was added in sufficient volume

to bring the pH below 7.0. These samples were washed with deionized water, and air-dried at room

temperature (24 °C). These dried samples were analyzed via solid-state '3C CP/MAS NMR. The C6

resonance lines of solid-state '*C CP/MAS NMR spectra were deconvoluted using the Dmfit2017 line-
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fitting program [10]. A Lorentzian shape was used for each line. The C6 resonance lines were
deconvoluted based on the chemical shifts for the tg (64-66 ppm), gt (62—63 ppm), and gg (60-62
ppm) conformations [12] as shown in Fig 2-1 [13], [14]. Additionally, the gg lines were divided into
two categories: accessible surfaces which can be accessed by solvents such as water, and inaccessible
surfaces which cannot be accessed by solvents but can be accessible by solute ions [15]. The
proportion of cellulose II in the crystal region was calculated using the following equation:
: : : Agt
Proportion of cellulose II in crystal region = ———— % 100

where Ay, is the integrated area of zg lines at 66.0, 65.5, and 65.2 ppm, and Ay is the integrated area

of gt lines at 63.3 and 62.6 ppm.

Accessible surface

Inaccessible surface

68 66 64 62 60 58
ppm

Fig. 2-1. C6 line fitting model in the solid-state '*C CP/MAS NMR spectrum.
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2.2.4. In situ Solid-State "*C Cross-Polarization Magic Angle Spinning (CP/MAS) NMR Measurement

Cellulose powder was added to a 10 wt% NaOH solution at room temperature (24 °C) and

centrifuged 1,000 x g for 5 min. The supernatant was removed, and the precipitate was analyzed via

in situ solid-state 3C CP/MAS NMR. As a complete crystal transition could not be observed with 8

wt% NaOH-soaked cellulose powder, a 10 wt% NaOH solution was used, which does not induce

crystal transition at 24 °C. The sample was packed in a 3.2 mm rotor, and the rotor was set in the probe

inside the NMR instrument. Solid-state 3C CP/MAS NMR measurements were performed as the

temperature was lowered from 24 °C to —25 °C and increased from —25 °C to 24 °C. A variable-

temperature instrument system was used in the experiments.

First, the measurement was conducted at 24 °C, and MAS was stopped after the

measurement. The temperature in the probe was lowered from 24 °C to 20 °C while the rotor remained

stationary in the probe. The temperature was changed without MAS to minimize the discrepancy

between the displayed and actual temperatures. MAS was restarted 30 min after the temperature

reached 20 °C and the measurements were obtained, after which MAS was stopped. The same

operation was performed while decreasing the temperature down to —25 °C at intervals of 5 °C and

while increasing the temperature to room temperature in increments of 5 °C.
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2.2.5. In situ Wide-Angle X-ray Scattering (WAXS) Measurement

In situ WAXS measurements of the 10 wt% NaOH-soaked cellulose powder were performed

at the BL-6A beamline, and measurements of the 10 wt% NaOH-soaked pulp paper were performed

at the BL-10C beamline of the Photon Factory of the High-Energy Accelerator Research Organization

(KEK, Tsukuba, Japan). The range of ¢ differed between these measurements as the beamlines were

different. The X-ray wavelength and exposure time were 1.50 A (8.27 keV) and 60 s, respectively.

PILATUS 100k detectors (Dectris Ltd., Switzerland) were used for the WAXS data acquisition. The

sample-to-detector distance was calibrated using the scattering pattern of silver behenate (Nagara

Science Co. Ltd., Japan). One-dimensional (1D) profiles were obtained as plots of scattering intensity

vs. scattering vector (g), where g = (47/1) sin(6/2) (A, wavelength; 6, scattering angle).

Variable-temperature measurements of 10 wt% NaOH-soaked cellulose samples were

performed over a range from room temperature (24 °C) to low temperatures as well as from low

temperature to room temperature (24 °C). The samples were prepared using the procedures described

in Section 2.2.4. The sample was packed into the center hole of a 1.5-mm-thick flat washer and closed

on both sides with a 1.2-mm-thick Kapton sheet. A flat washer with the samples was fixed on a stage

(Linkam Scientific Instruments, UK), and the temperature was controlled by blowing air that was

cooled with liquid nitrogen. In sitt WAXS measurements were performed at room temperature (25 °C),

20 °C, 10 °C, 0 °C, —10 °C, -20 °C, -30 °C, and —35 °C, followed by increasing the temperature to —

30 °C,-20 °C,-10 °C, 0 °C, 10 °C, and 20 °C.
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The same 10 wt% NaOH-soaked cellulose samples used for in situ WAXS measurements

were analyzed via solid-state 3C CP/MAS NMR before neutralization. Then, the samples were

neutralized with a 10 vol% H>SOj4 solution, washed with water, and air-dried. The samples were again

analyzed via solid-state '3C CP/MAS NMR. These measurements were acquired to confirm the crystal

transition during the in situ WAXS measurements and after neutralization.

2.2.6. Calculation to Identify Stable Structures of the Cello-oligomers

Structure optimization calculations of cellobiose, cellotriose, and cellotetraose, which have

no hydrogen bonds between glucose residues, were performed using the Gaussian G16 program with

the B3LYP/6-31+G (d,p) basis set. Vibrational frequency calculations were performed on the

optimized structures, and the absence of negative vibrational frequencies confirms the adequacy of the

results of the structure optimization calculation. The calculations were performed using a

supercomputer system at the Information Initiative Center of Hokkaido University, Sapporo, Japan.

Each initial structure was constructed using GaussView 6.0 software and then cleaned for creation.

2.2.7. Na NMR Relaxation Time Measurements

Cellulose powder was added to 1, 5, 8, and 10 wt% NaOH solutions at room temperature

(24 °C), and these mixtures were centrifuged at x 1,000 g for 5 min. The supernatant was removed,

and the precipitate was used for 2*Na NMR relaxation time measurements. These samples were packed
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in a 3.2 mm rotor and set in an NMR instrument. Furthermore, the relaxation times of 2*Na nuclei in

1 and 10 wt% NaOH solutions without cellulose powder were measured to evaluate the influence of

cellulose.

First, the spin-lattice relaxation time (71) at 24 °C was measured. Then, the temperature

inside the probe was decreased to 20 °C, and 7 was measured after 10 min of temperature stabilization.

The same operation was performed at 15 °C, 10 °C, 5 °C, 0 °C, -5 °C, -10 °C, —15 °C, -20 °C, and —

25 °C. Subsequently, the temperature inside the probe was increased to —20 °C, —15 °C,—10 °C, -5 °C,

0°C, 5°C, 10°C, 15 °C, 20 °C, and 24 °C, and the relaxation times were acquired. Then, solid-state

13C CP/MAS NMR measurements were conducted to confirm the alkali concentration at which the

crystal transition proceeded.

2.2.8. NMR Measurements of NaOH-Soaked Cellulose using a High-Concentration NaOH Solution

In situ *C CP/MAS NMR and 2*Na NMR relaxation time measurements of cellulose soaked

in a 25 wt% NaOH solution were performed at room temperature (24 °C) to investigate mercerization

in a concentrated NaOH solution. The samples were prepared as described in Sections 2.2.4 and 2.2.7,

albeit with a 25 wt% NaOH solution. 22Na NMR relaxation time measurements of a 25 wt% NaOH

solution without cellulose powder were also performed at 24 °C for comparison.
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2.3. Results and Discussions

2.3.1. Crystal Transition in Low-Concentration Alkali Treatments at Various Temperatures

Fig 2-2 shows the content rates of cellulose II in the 8 wt% NaOH-soaked cellulose powder

treated at various temperatures. The crystal transition was not completed at temperatures above —16 °C

but only below —17 °C. The lower the processing temperature, the shorter the time required to complete

the crystal transition. This behavior indicates that the crystal transition from cellulose I to cellulose II

was a non-Arrhenius-type reaction, as it occurred only at low temperatures. This suggests the

importance of temperature conditions. In addition, the NaOH in NaOH solutions with concentrations

where the crystal transition progressed may exhibit specific dynamic behaviors compared to those in

solutions where the crystal transition did not progress. Therefore, Na ions dynamics may affect crystal

transition. Hence, Na-ion dynamics must be evaluated along with the conformational changes in the

cellulose molecular chains to elucidate the crystal transition. Consequently, temperature-variable in

situ solid-state '3C CP/MAS NMR and WAXS measurements, as well as 2Na NMR relaxation time

measurements, were acquired using the NaOH-soaked cellulose.
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Fig. 2-2. Time-course changes for the proportion of cellulose II in the low-concentration (8 wt%)

NaOH-soaked cellulose powder treated at various temperatures.

2.3.2. In situ 3C Solid-State CP/MAS NMR Measurements

Fig 2-3 shows the in situ solid-state '3C CP/MAS NMR spectra of 10 wt% NaOH-soaked
cellulose powder as the temperature gradually decreased. The C6 line shifted from 65 to 61 ppm,
indicating a change in the O6 conformation from #g to gg. Similar upfield shifts were observed for the
C1 and C4 lines, indicating corresponding environmental changes. In particular, the large upfield shift
of the C4 line from 89 to 80 ppm was observed. These line shifts occurred at lower temperatures than
after the at C6, suggesting that the conformational changes at C1 and C4 occurred after the changes at
C6. In addition, this C4 line shift indicated a reduction of crystallinity, as the C4 line at 89 ppm, which
is attributed to the crystalline regions [16], had decreased. Fig 2-4 shows the solid-state '3*C CP/MAS
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NMR spectra as the temperature was increased from —25 °C to 24 °C. The C1 and C4 lines shifted

downfield, whereas the C6 line was maintained at 61 ppm, indicating that the gg conformation of O6

was maintained. The C4 line shifted to 86 ppm, which is attributed to the surface/amorphous region

[16]. The C4 upfield shift observed at low temperatures and at 24 °C after warming is consistent with

that for alkaline cellulose reported previously [17]. In summary, the in situ solid-state '*C CP/MAS

NMR spectra indicate that crystallinity reduction and conformational changes were observed when

the temperature was decreased, and these changes were maintained when the temperature was

increased. Additionally, it was shown that the crystal transition from cellulose I to alkali cellulose

occurred during alkali treatment, but not to cellulose II.
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Fig. 2-3. Solid-state '3C CP/MAS NMR spectra of 10 wt% NaOH-soaked cellulose powder as the
temperature was lowered from 24 °C to 20 °C, 15 °C, 10 °C, 5 °C, 0 °C, -5 °C, —10 °C, —-15 °C, —
20 °C, and -25 °C.
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Fig. 2-4. Solid-state '3C CP/MAS NMR spectra of 10 wt% NaOH-soaked cellulose powder as the
temperature was increased from —25 °C to —20 °C, —15 °C, -10 °C, =5 °C, 0 °C, 5 °C, 10 °C, 15 °C,
20 °C, and 24 °C. The in situ '*C NMR measurements shown in Figs 2-3 and 2-4 were conducted
consecutively. The spectrum measured at —25 °C is also shown in Fig 2-4, and the sample underwent
in situ NMR measurements from room temperature (24 °C) to low temperatures before obtaining this

spectrum.

2.3.3. In situ WAXS Measurements

Fig 2-5(a) shows the WAXS profiles obtained from the in sitt WAXS measurements of the

10 wt% NaOH-soaked cellulose powder at different temperatures. As the temperature decreased, the

intensity of the cellulose I crystal peaks decreased, and the width at half maximum increased,

indicating a reduction in cellulose crystallinity. These WAXS profiles are consistent with those

observed for cellulose powder dissolved in a LiOH/urea solution, which indicated a decrease in

crystallinity [18]. Moreover, the crystal peaks of cellulose 1 almost disappeared at —35 °C. This
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decrease in crystallinity confirms that Na ions have penetrated the crystal region. However, no change

in the crystal structure was observed as the temperature increased. The three sharp peaks at ~15, 17,

and 18 nm™' disappeared with increasing temperature, correspond to ice water. Fig 2-5 (b) shows the

WAXS profiles obtained from the in situ WAXS measurements of the 10 wt% NaOH-soaked pulp

paper. The ranges of q were different (Figs 2-5 (a) and (b)) because these measurements were

performed at different beamlines. The cellulose I crystal peaks were broad, which is attributed to the

lower crystallinity of the pulp paper than that of the cellulose powder. Similar to that observed for the

cellulose powder, as the temperature increased, the intensity of the cellulose I crystal peak decreased,

and the width at half maximum increased.

The in situ WAXS results are consistent with the C4 resonance line observed in the in situ

solid-state '3C CP/MAS NMR spectra, whose intensity decreased in the crystalline region and

increased in the surface/amorphous region as the temperature was lowered. In summary, during the

crystal transition induced by NaOH treatment at low temperatures, cellulose I crystals disappeared,

alkali cellulose was formed as the temperature was decreased, and this amorphous structure remained

unchanged as the temperature was increased, with no transition to cellulose II. Similar results were

obtained in the experiment using pulp paper. This indicates that the behavior of the crystal morphology

transition in low-concentration alkali treatment at low temperatures is consistent, regardless of the

cellulose material.
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Fig. 2-5. Temperature-variable wide-angle X-ray scattering (WAXS) profiles of (a) the 10 wt% NaOH-
soaked cellulose powder and (b) the 10 wt% NaOH-soaked pulp paper (25 °C > -35 °C > 20 °C).

Fig 2-6 shows the solid-state '*°C CP/MAS NMR spectra of the 10 wt% NaOH-soaked

cellulose powder and pulp paper samples used in the in situ WAXS measurements before and after

neutralization. In both cellulose materials, the samples before the neutralization were determined to

be alkali cellulose, whereas the sample after the neutralization, washing, and drying was cellulose II.

This confirms that regardless of cellulose material, cellulose I crystals disappeared, alkali cellulose

was formed as the temperature decreased, and this amorphous structure remained unchanged as the

temperature increased during the crystal transition induced by NaOH treatment at low temperatures.
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Moreover, the transition from alkali cellulose to cellulose II occurred during neutralization, washing,

and drying.
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Fig. 2-6. Solid-state '3C CP/MAS NMR spectra before neutralization and after drying of (a) the
10wt%-NaOH soaked cellulose powder samples and (b) 10 wt% NaOH-soaked pulp paper used for
the temperature-variable WAXS measurements. Color code: (a) black line, cellulose powder; blue line,
before neutralization; red line, after washing and drying, (b) black line, pulp paper; orange line, before
neutralization; pink line, after washing. Abbreviations: tg, trans-gauche; gt, gauche-trans; and gg,

gauche-gauche.
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2.3.4. Prediction of Conformational Changes during Crystal Transition via the Calculation of

Structural Optimization on Cello-oligomers

Fig 2-7 shows the '3C CP/MAS NMR spectra of cellulose powder (cellulose Ig rich), the 10

wt% NaOH-soaked cellulose powder at —25 °C and 24 °C, and as-received cellobiose. The C6 line

shift indicates that the O6 conformation changed from #g to gg, where the hydroxyl groups are

perpendicular to the glucose residues and consequently do not form hydrogen bonds with neighboring

glucose residues. Therefore, this C6 line shift suggests disruption of the intrachain O6-O2 hydrogen

bonds. Kamide et al. reported that the disruption of the O3-O5 hydrogen bonds has a de-shielding

effect on C4 and C5, which explains the large C4 line shift [4]. A similar upfield shift from 89 ppm to

80 ppm was observed for the C4 line in the in situ solid-state '3*C CP/MAS NMR measurement (shown

in Fig 2-3) in this study, which suggests the disruption of the intrachain O5-O3 hydrogen bonds.

To confirm the conformation of the cellulose molecules after the intrachain hydrogen bonds

were broken, the computational simulations were performed on the structures of cellobiose, cellotriose,

and cellotetraose devoid of hydrogen bonds. The in situ '*C NMR measurements show that the

intrachain hydrogen bonds were broken during the crystal transition. The solid-state '*C CP/MAS

NMR spectrum of as-received cellobiose (Fig 2-7) revealed that the C4 lines of cellobiose appeared

in the high magnetic field relative to the C4 crystalline line of cellulose, suggesting that as-received

cellobiose has a similar structure to that of cellulose during crystal transition. I hypothesized that the

optimized structure of cellobiose, cellotriose, and cellotetraose, a part of the cellulose molecular chain,
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could predict the structure of cellulose during the crystalline transition. Fig 2-8 shows the optimized
structures of cellobiose, cellotriose, and cellotetraose obtained by DFT calculations. No negative
frequencies were observed in the optimized structures in the vibrational frequency calculations. The
neighboring glucose residues are oriented in different directions in all optimized structures, suggesting
the absence of a plane sheet structure. This suggests that the disruption of intrachain hydrogen bonds
during the crystal transition results in a more stable structure. The absence of a plane sheet structure
indicates weakened hydrophobic interactions between cellulose molecules, which would allow more

water molecules to penetrate the crystal region and facilitate the presence of a higher number of NaOH

in the vicinity of the cellulose molecule.
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Fig. 2-7. Solid-state 3C NMR CP/MAS NMR spectra. Color code: purple line, cellulose powder
(cellulose Ip rich); green line, 10 wt% NaOH-soaked cellulose powder (the spectrum was recorded at
—25 °C after cooling the sample from 24 °C to —25 °C); pink line, 10 wt% NaOH-soaked cellulose
powder (the spectrum was recorded at 24 °C after cooling the sample from 24 °C to —25 °C, followed

by warming to 24 °C); blue line, as-received cellobiose.

48



(a) Cellobiose

)
eiBesidi.  vae
JI I I
(b) Cellotriose
A PSR W) el

(c) Cellotetraose

Fig. 2-8. Three-dimensional (3D) pre-computed and optimized structures of (a) cellobiose, (b)

cellotriose, and (c) cellotetraose.

2.3.5. Na NMR Relaxation Time Measurements

Fig 2-9 shows the solid-state '3C CP/MAS NMR spectra of the 1 wt% to 10 wt% NaOH-

soaked cellulose powder samples used in the 2*Na NMR relaxation time measurements. These '3C

NMR measurements were conducted to confirm the concentration of the NaOH solutions at which the

crystal transition proceeded. The spectra of the samples soaked in 1 wt% and 5 wt% NaOH solutions

were almost identical to those of the samples soaked in a 10 wt% NaOH solution before measurement

(uncooled). However, C4 peaks were observed in both the amorphous and crystalline regions in the

spectrum of the 8 wt% NaOH-soaked sample. The spectrum of the sample soaked in a 10 wt% NaOH

solution showed that the C4 line completely disappeared in the crystal region. Moreover, the C6 line

shifted upfield, confirming the conformational change from tg to gg. These results indicate that the

crystal transition did not progress in the cellulose samples soaked in <5 wt% NaOH solution, partially

progressed in an 8 wt% NaOH solution, and was completed in a 10 wt% NaOH solution. Thus, the
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degree of crystal transition depends on the NaOH concentration. Dinand et al. (2002) previously
reported that the crystal transition did not progress at <5 wt% NaOH concentration [1], which is

consistent with the results of these 1*C NMR measurements.
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Fig. 2-9. Solid-state '*C CP/MAS NMR spectra measured at room temperature (24 °C) of 1-10 wt%
NaOH-soaked cellulose powders which were used for the 2Na NMR relaxation measurements. The
samples were cooled from room temperature to low temperatures and subsequently warmed back to
room temperature. Color code: orange line, 10 wt% NaOH before cooling; purple line, 10 wt%; green
line, 8 wt%; blue line, 5 wt%; red line, 1 wt%. Abbreviations: tg, trans-gauche; gz, gauche-trans; and

gg, gauche-gauche.

The spin-lattice relaxation times (7%) of the Na nuclei in 1 wt% to 10 wt% NaOH-soaked
cellulose powder samples and 1 wt% and 10 wt% NaOH solutions without cellulose powder were
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measured in the temperature range of 24 °C to —25 °C. Table 1 shows the 7 of the Na nuclei in the 10

wt% NaOH-soaked cellulose powder while cooling. 77 decreased with decreasing temperature,

indicating that the Na-ion dynamics follow the Arrhenius law. Fig 2-10 shows the 2*Na NMR spectra

of the 10 wt% NaOH-soaked cellulose powder, measured at 24 °C, 0 °C, and —15 °C. The width of the

peak increased as temperature decreased, indicating 7 was shorter as temperature decreased. Because

the spin number of the Na nucleus is 3/2, it will have quadrupolar moments, and consequently, the

main component of the spin-lattice relaxation mechanism is the interaction between the quadrupolar

moment and the electric field gradient. Figs 2-11(a) and 2-11(b) show semi-logarithmic Arrhenius

plots during cooling and heating, respectively, with the reciprocal of the absolute temperature (1/T) on

the x-axis and the reciprocal of 71 (1/ T1) on the y-axis. Although the observed temperature range is

not sufficient, the changes in 1/7; exhibit a roughly linear trend in this semi-logarithmic plot except

around the lowest temperature end where the solution begins to freeze. The term 1/T is proportional

to the term <e?qQ/A>2 x J(w), where eq and eQ are the electric field gradient and the quadrupolar

moment of 2*Na nuclei, respectively, J(o) is the spectral density, and  is the resonance frequency of

the nucleus. The term, <e’qQ/#>? and ® were considered constants as only the ’Na nuclei were

experimentally measured. Therefore, 1/71 becomes proportional to only J(®), which is expressed as

ot/(1+w?t?), where 1. is the correlation time. At the extreme narrowing condition such as o1, <<I,

2+ 20~

and assuming that ©*t.*~0, J(®) can be approximated as J(w)=wt. and the 1/7; can directly represent
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the correlation time. Generally, the correlation time for the motion of nuclei should increase with the

decreasing temperature. In the case of the present study, the 1/7 of the Na nuclei increases as

temperature decreases. This indicates that the extremely narrowing condition can be adopted.

Furthermore, J(w) becomes proportional to 1c, suggesting that 1/7) is proportional to the correlation

time. Notably, Na ions will have low mobility at long correlation times and high mobility at short

correlation times. In addition, the slope of the semi-log plot is proportional to the activation energy for

Na-ion mobility. However, this slope is not precise and provides only an approximate trend.

The term 1/T; of the sample that underwent crystal transition increased with decreasing

temperature (Fig 2-11(a)), indicating that the mobility of Na ions decreases with decreasing

temperature. The 10 wt% NaOH-soaked sample, in which the crystal transition occurred, showed

lower Na ions mobility than the 8 wt% NaOH-soaked sample. However, the mobilities of Na ions in

the 1 wt% NaOH-soaked sample and the 1 wt% and 10 wt% NaOH solutions without cellulose powder

were comparable. The Na ions in the 1 wt% and 10 wt% NaOH solutions without cellulose powder

were expected to move freely. Notably, the Na ions in the 1 wt% NaOH-soaked sample moved freely,

with no significant increase in the interaction between Na ions and cellulose. In addition, the slope of

the semi-logarithmic plot was larger for the concentration at which crystal transition progressed than

for the concentration that did not induce crystal transition. This indicates that the activation energy for
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the motion of the Na ions was higher. Therefore, the interaction between Na ions and cellulose

molecules is essential for the crystal transition.

The mobility of Na ions at Na concentrations that induced crystal transition and those that

did not induce the crystal transition was different when the temperature was increased (Fig 2-11(b)).

The 1/T1 of 1 wt% NaOH-soaked samples exhibited no significant changes, which is attributed to the

absence of interactions between the Na ions and cellulose chains as the temperature increased.

However, 1/T; of the 8 wt% and 10 wt% NaOH-soaked samples at room temperature (24 °C) was

larger than that before cooling. This is attributed to the penetration of NaOH into the crystalline region

and subsequent interaction with the cellulose crystals, which facilitates the crystal transition to alkali

cellulose.

In summary, the mobility of Na ions decreased significantly during the crystal transition.

This suggests that the residence time of NaOH around the cellulose chain increased, facilitating crucial

interactions between the cellulose chain and NaOH for the crystal transition of cellulose I to alkali

cellulose.
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Table. 2-1. Spin-lattice relaxation time (77) of Na ions in 10 wt% NaOH-soaked cellulose powder
during cooling from 24 °C to —25 °C

Temperature (°C) 24 20 15 10 5 0 -5 -10 -15 =20 =25
T1 (ms) 139 119 98 7.1 52 36 3.0 25 20 1.7 053
-15° C
0° C
24° C
T T T T T T T ! T j L
50 40 30 20 10 0 -10 -20 -30 -40 -50
ppm

Fig. 2-10. The 2*Na NMR spectra of the 10 wt% NaOH-soaked cellulose powder, measured at 24 °C,
0°C, and —15 °C.
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(a) Temperature decrease process

1000
=
T 100
10 wt% NaOH solution
10 L 1 L 1 1 1
3.3 35 3.7 3.9 41

1000/ T

(b) Temperature increase process

< —

1000

1T,

100

10 1 1 1 1 1 1
3.3 3.5 3.7 3.9 4.1

1000/ T

Fig. 2-11. Semi-logarithmic Arrhenius plots of the »*Na-NMR relaxation time measurements of
NaOH-soaked cellulose powder during (a) temperature-decrease and (b) temperature-increase
processes. Color code: purple line, 10 wt%; green line, 8 wt%; blue line, 5 wt%; red line, 1 wt%;

orange line, a 10 wt% NaOH solution without cellulose; yellow line, a 1 wt% NaOH solution without

cellulose.
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2.3.6. Mercerization Induced by a Concentrated NaOH Solution

Fig 2-12. Shows the in situ solid-state '*C CP/MAS NMR spectra of 25 wt% NaOH-soaked

cellulose powder at 24 °C. The C4 and C6 lines were similar to those observed in the spectrum of 10

wt% NaOH-soaked cellulose powder recorded at 24 °C after the in situ NMR measurements (Fig 2-

4.), suggesting that the conformational changes in cellulose were the same in the cases of both

mercerization with a high-concentration NaOH solution at room temperature and low-concentration

alkali treatment at low temperatures.

In addition, the 7 of Na ions in the 25 wt% NaOH-soaked cellulose powder at 24 °C was

1.40 ms, which is comparable to the 71 value of Na ions in 10 wt% NaOH-soaked cellulose powder at

low temperatures (Table 2-1). This also suggests that the Na-ion dynamics, which facilitate the crystal

transition, in both cases were comparable. That is, the interactions between Na ions and cellulose

decrease the mobility of Na ions because NaOH penetrates the crystal regions, resulting in a longer

residence time. Table 2-2 shows the T values of 1, 10, and 25 wt% NaOH solutions without cellulose

powder measured at 24 °C. T decreased with increasing NaOH concentration, which confirms a

reduction in the mobility of the NaOH and an increase in their correlation time. This was attributed to

the high alkali concentration, which suppresses the mobility of NaOH.

These results suggest that an elongated correlation time for Na ions is imperative for crystal

transition. At high alkali concentrations or low alkali concentrations combined with low temperatures,

NaOH penetrates the crystal and interacts with cellulose, disrupting intrachain hydrogen bonds. The
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NaOH is removed by neutralization and washing, which completes the crystal transition to cellulose

IL.

cé

10 wt% NaOH-soaked
cellulose powder at —25° C

10 wt% NaOH-soaked cellulose powder
at 24° C after warming

25 wt% NaOH-soaked
cellulose powder at 24° C

110 100 90 80 70 60
ppm

Fig. 2-12. In situ solid-state '3C CP/MAS NMR spectra. Color code: green line, 10 wt% NaOH-soaked
cellulose powder (the spectrum was recorded at—25 °C after cooling the sample from 24 °C to -25 °C);
pink line, 10 wt% NaOH-soaked cellulose powder (the spectrum was recorded at 24 °C after cooling
the sample from 24 °C to —25 °C, followed by warming to 24 °C); and black line, 25 wt% NaOH-

soaked cellulose powder at 24 °C.

Table 2-2. T; values of 1, 10, and 25 wt% NaOH solutions without cellulose powder measured from

the 2*Na NMR relaxation time measurements at 133 MHz

NaOH concentration (wt%) T (ms)
1 413
10 31.7
25 11.7

2.3.7. Crystal Transition Mechanism from Cellulose I to Cellulose 11

Fig 2-13 shows the mechanism of the crystal transition from cellulose I to alkali cellulose

during the temperature-decrease process. In this study, it was observed that the crystal transition in a
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low-concentration alkali solution occurs only at low temperatures. This transition involves the

disruption of intrachain hydrogen bonds and subsequent conformational changes in the cellulose

molecular chains toward a more stable orientation. The disruption of hydrogen bonds is attributed to

the penetration of NaOH in the crystal structure of cellulose, which also reduces their mobility.

NaOH cannot penetrate the cellulose crystals at room temperature. However, Na* ions adopt

a solvated conformation in 7-10 wt% NaOH solutions at low temperatures [19]. Miyamoto et al.

reported an increase in the density of water near cellulose at low temperatures based on computational

simulations [20], which explains the facile penetration of NaOH into the crystals. Consequently, their

mobility decreases and residence time around the cellulose molecular chains increases, facilitating

interactions, such as the bulkiness of NaOH and electrophilic interactions, between them. When a 4—

30% NaOD solution was used during mercerization, the dissociated form of C3-OH increased

substantially with an increase in NaOD concentration, whereas that of C6-OH increased negligibly

[21]. This suggests that the partial dissociation of the OH group at the C3 position of cellulose occurs

only under the conditions in which mercerization proceeds. In other words, not only are the intrachain

hydrogen bonds of 02-O6 associated with the conformation at the C6 position important, but the

changes in the intrachain hydrogen bonds of O3-O5 also play a crucial role. The partial dissociation

of the OH groups of cellulose is expected to produce cellulose-ONa-type structures. This is because

NaOH solutions are commonly used to pretreat cellulose during the preparation of cellulose
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derivatives, wherein OH ions withdraw protons to produce the cellulose-ONa-type structure.

Furthermore, hydroxide ions are presumed to penetrate the cellulose crystal and be present in the

vicinity of Na ions as counter ions. It is possible that hydroxide ions may influence the crystal

transition; however, their specific role could not be determined in this study. Nevertheless, they may

disrupt intramolecular hydrogen bonds by partially dissociating the OH groups of cellulose molecules

in the vicinity of Na ions. These interactions disrupt the intrachain hydrogen bonds between glucose

residues, contributing to conformational changes in the cellulose molecular chains from a plane-sheet

structure toward a more stable orientation with a disrupted plane. This results in lower hydrophobic

interactions among the cellulose molecular chains. This further facilitates the penetration of molecules,

such as water, into the crystal, thereby increasing the mobility of the cellulose molecular chains.

Finally, during neutralization, washing, and drying, new O6-O3 intrachain hydrogen bonds associated

with the gz conformation are formed, completing the crystal transition to cellulose II. Through the

results and discussion in this chapter, it is suggested that in the crystal transition of cellulose I to II,

the dynamics of Na ions (NaOH), and slight conformational changes in the cellulose molecules due to

the disruption of intrachain hydrogen bonds have a significant effect. The difference between cellulose

I and II has traditionally been attributed to the orientation of cellulose molecular chains, which is

considered to differ in direction. However, since the mobility of cellulose molecular chains is also

expected to decrease under low-temperature conditions, it is unlikely that the orientation of molecular
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chains shifts from parallel to antiparallel based on the results of this chapter. Instead, the progression

of crystalline transition is implied to be driven by more subtle changes.

Na ions (NaOH) cannot penetrate the crystal at room temperature

Na ions (NaOH) penetrate the crystal in the temperature-decrease process
and their mobility decreases. This results in the partial dissociations of OH group of cellulose
and the disruption of the intrachain hydrogen bonds

Conformational changes toward a more stable orientation

—0" Ho

HO
Ho HO OH /‘ﬁ\_}\
5 0
/gﬁ\o‘p’o HG OH 90T
HO 0

Fig. 2-13. Proposed mechanism for the defibrillation of the cellulose I molecular chains induced by

alkali treatment at low temperatures.
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2.4. Conclusion

In this chapter, the mechanism of the crystal transition from cellulose I to cellulose II during

low-concentration NaOH treatment at low temperatures was traced, especially the transition behavior

of the cellulose chains of cellulose I to alkali cellulose. The crystal transition was a non-Arrhenius

reaction that proceeded in a shorter time at lower temperatures. Hence, the temperature condition is

one of the crucial factors for the crystal transition. Subsequently, the conformational changes in the

cellulose molecular chain and NaOH dynamics at low temperatures were traced. In situ solid-state '3C

NMR spectra revealed a shift in the C6 resonance line, indicating a conformational change from trans-

gauche (1g) to gauche-gauche (gg), and an upfield shift in the C4 resonance line, indicating the

disruption of the O6-O2 and O5-O3 intrachain hydrogen bonds. Computational simulations indicate

that conformational changes in the cellulose molecular chains from a plane-sheet structure toward a

more stable orientation with a disrupted plane occurred, resulting in lower hydrophobic interactions

among the cellulose molecular chains. This could facilitate the penetration of molecules such as water

into the crystal, thereby promoting the crystal transition. 2Na NMR relaxation time measurements

showed that the mobility of Na ions was significantly reduced at the alkali concentration at which the

crystal transition progressed, suggesting that NaOH penetrates the crystal region and interacts with

cellulose, resulting in sufficient residence times and longer correlation times for Na ions. These

increased interactions could facilitate the disruption of the intrachain hydrogen bonds, thus

contributing to the crystal transition. A similar increase in the correlation time of the Na ions was
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observed during mercerization with a high-concentration NaOH solution. This indicates that NaOH

dynamics play a crucial role in crystal transition.

The key condition for the crystal transition from cellulose I to II is the dynamics of the

NaOH molecule, which is shown to decrease in mobility as the NaOH molecule penetrates the crystal

as the temperature decreases. The decrease in mobility is due to the interaction with cellulose, and the

crystal transition proceeds through the cleavage of hydrogen bonds. The clarification of the crystal

transition mechanism suggests that the crystal transition from cellulose I to II can be controlled by

adjusting the cooling temperature and the concentration of NaOH solution. In other words, it is

possible to control the distribution and ratio of cellulose I and II by adjusting the cooling temperature

in the low-concentration NaOH treatment, and to prepare all-cellulose composite materials containing

cellulose I and 1II.
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Chapter 3.
Crystallinity Improvement of Cellulose II by Multicycle

Post-Treatment with Low-Concentration NaOH Treatments
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3.1. Introduction

In this chapter, I aim to further improve the cellulose II crystallinity and fabricate high-

strength cellulose II materials. Based on the obtained results, a detailed investigation of structural

changes is conducted when NaOH does not penetrate the cellulose crystal regions. Cellulose II has

excellent luster, dyeability, drape, and other properties; thus, it is applied as an indispensable and

important material in various industrial fields, such as fibers and films. However, the crystallinity of

cellulose II decreases during the crystal transition. The preparation of highly crystalline cellulose 11

using simpler methods could further expand the applications of cellulose. The post-treatment with

low-concentration NaOH aqueous solutions [1]-[6] has long been used as a method to increase the

crystallinity of cellulose II. Our group previously proposed a mechanism for improving the

crystallinity of cellulose Il via NaOH post-treatment [7]. As shown in Fig 1-3, the surface areas of

cellulose II fibril can be classified as accessible surface and inaccessible surface, depending on

whether solvent molecules, especially water, can access them [8], [9]. These surface regions could be

distinguished by solid-state '3C NMR spectroscopy [8], [9] and confirmed by dynamic nuclear

polarization solid-state NMR spectroscopy [10]. Discussion of the post-treatment should consider the

crystallization of the inaccessible surfaces because they are easily crystallized owing to their soft

structure and high mobility. In our previous study, NaOH post-treatment was performed with aqueous

NaOH solutions of various concentrations. It was found that the post-treatment with a 10 wt% NaOH

solution resulted in maximum cellulose II crystallinity and that the proportion of inaccessible
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surfaces/amorphous regions decreased as the crystallinity increased during post-treatment. In addition,

the solid-state 3*C CP/MAS NMR spectrum of the cellulose 11 sample soaked in 10 wt% NaOH

solution is a mixture of cellulose II and Na-Cellulose 1. Based on these results, a crystallinity-

improvement mechanism was proposed; the rearrangement of cellulose molecules in inaccessible

surfaces occurs via the penetration of NaOH into these inaccessible surfaces, followed by the

subsequent conversion of these inaccessible surfaces into crystalline regions. Furthermore, the

crystallinity of cellulose II has been reported to be greater after repeated alkali post-treatments multiple

times than after a single post-treatment [4]-[6]. This indicates that there is room to obtain more highly

crystalline cellulose II by optimizing the post-treatment conditions. In addition, a detailed analysis of

the compositional changes in the cellulose II fibrils over repeated post-treatment would aid in

improving the understanding of the crystal structures of cellulose.

In this chapter, two post-treatment methods with a 10 wt% NaOH solution were examined

to elucidate the mechanism for improvements in crystallinity and to further improve the crystallinity:

long-term single-cycle post-treatment and multicycle post-treatment. In addition, controlling the

mechanical properties of cellulose II fibers was attempted by employing the post-treatment. Fig 3-1

shows a schematic diagram of the expected crystallinity improvements achieved by long-term single-

cycle post-treatment and multicycle post-treatment. The upper panel in Fig 3-1 shows the expected

mechanism for the long-term single-cycle post-treatment. As crystallization proceeds from the
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inaccessible surface, the crystalline regions spread toward the amorphous regions during the post-

treatment. Therefore, if the post-treatment time is increased, crystallization may proceed over a wider

surface area. However, once crystallization occurs on all inaccessible surfaces, further crystallinity

improvement is not expected. On the other hand, during multicycle post-treatment, which is depicted

in the lower panel in Fig 3-1, the crystallization is expected to proceed once more on the inaccessible

surfaces expanded by previous post-treatment cycles. If our proposed mechanism is correct, multicycle

post-treatment may be expected to lead to higher crystallinity improvements than a single post-

treatment of a longer duration. In this chapter, two different post-treatment methods were implemented

to compare the crystallinity, and the crystallinity improvement mechanism is discussed based on the

observed proportion changes of crystalline regions, accessible surfaces, and inaccessible

surfaces/amorphous regions during post-treatment. Furthermore, this post-treatment has the potential

for the preparation of highly crystalline cellulose I material. Therefore, the post-treatments were

conducted on cellulose II fiber, and the crystallinity and mechanical properties were analyzed.
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Fig. 3-1. Schematic images of the anticipated crystallinity improvement mechanisms for a long-term

N

single-cycle post-treatment and multicycle post-treatment. In the long-term single-cycle post-
treatment, the area that can be transformed into crystals (pink line) was limited. After the crystallinity
was improved to some extent, further increases in the treatment time was not expected to lead to
additional improvements in the crystallinity. During multicycle post-treatment, further crystallization
was expected to progress from the expanded inaccessible surface regions in the previous cycle.
Crystals were expected to accumulate with each post-treatment cycle, thereby enhancing the

crystallinity compared to that achievable with a long-term single-cycle post-treatment.
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3.2. Methods
3.2.1. Materials

Whatman CF11 cellulose powder (Whatman International Ltd., Kent, England) was used

for the preparation of initial mercerized cellulose II powder. Cellulose II fibers, fortisan (Celanese

Corp., Dallas, USA), polynosic (Teijin Limited, Tokyo, Japan), and a commercial rayon for handicrafts

(Perugia Corp., Osaka, Japan) were used for the multicycle post-treatments. Fortisan is produced by

the transition from cellulose acetate to cellulose II, and rayon and polynosic are produced by the

regeneration from the dissolution of cellulose I. The fiber width of polynosic is narrower than that of

rayon. Therefore, these cellulose II fibers differ in their fabrication methods and shapes. NaOH

(>97.0%) and H,SO4 (>95.0%) were purchased from FUJIFILM Wako Pure Chemical Corporation

(Osaka, Japan). Deionized water (Elix@ZEssential3, Merck KgaA, Darmstadt, Germany) was used to

prepare NaOH and H,SO4 aqueous solutions and to wash cellulose II samples after the neutralization

treatments.

3.2.2. Preparation of the Initial Cellulose Il Powder

Cellulose powder was mercerized with a 25 wt% NaOH solution for 2 h at room temperature

(24 °C). The mercerized sample was neutralized with a 20 vol% H>SOj4 solution at room temperature

(24 °C) to bring its pH below 7.0. The sample was washed with deionized water and air-dried at room

temperature (24 °C).
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3.2.3. Long-term Single Post-Treatments

The initial cellulose II powder was treated with a 10 wt% NaOH solution for 2-16 h at room

temperature (24 °C) to observe the effect of the treatment time on the results of the low-concentration

alkali post-treatment. A 10 vol% H>SO4 solution was used for neutralization. The samples were

washed with deionized water, air-dried at room temperature (24 °C), and subsequently analyzed via

solid-state '*C CP/MAS NMR and X-ray diffraction (XRD).

3.2.4. Multicycle Post-Treatments

For each post-treatment cycle, the initial cellulose II powder was treated with a 10 wt%

NaOH solution for 2 h at room temperature (24 °C). Neutralization treatment was performed with a

10 vol% H>SO4 solution at room temperature (24 °C) to bring the pH of the powder below 7.0. The

sample was washed with deionized water and air-dried at room temperature (24 °C). The next post-

treatment was performed after the sample was dried. The post-treatment process was repeated up to

nine times with the same sample. After each cycle, the dried samples were analyzed by solid-state '*C

CP/MAS NMR and XRD.

To evaluate the effects of alkali treatments, multicycle post-treatments using water were

performed. The initial cellulose II powder was treated with water for 2h at room temperature (24 °C).

The sample was air-dried at room temperature (24 °C). The next treatment was performed after the

sample was dried. The post-treatment process was repeated up to three times using the same samples.
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After each cycle, the dried samples were analyzed by solid-state '*C CP/MAS NMR measurements.

3.2.5. Multicycle Post-Treatments including the Neutralization Treatment using Various Concentration

H>S804 Solutions

In a series of multicycle post-treatments, the low-concentration NaOH treatment and

neutralization treatment with an HoSO4 aqueous solution were repeated. Multicycle post-treatment

cycles were performed with the initial cellulose II powder by changing the concentration of the H>SO4

aqueous solution used for neutralization to evaluate the effect of neutralization treatment on the

crystallinities of the samples. Each multicycle post-treatment was performed for 2 h at room

temperature (24 °C) with a 10 wt% NaOH solution. The neutralization treatments were performed

with 0 (water), 5, and 20 vol% H2SO4 solutions at room temperature (24 °C) to bring the pH of the

powder below 7.0. The samples were washed with deionized water and air-dried at room temperature

(24 °C). After each subsequent post-treatment cycle, the samples were dried, and the process was

repeated up to three times for the same sample. The dried samples were analyzed by solid-state '*C

CP/MAS NMR after each post-treatment cycle.

3.2.6. Multicycle Post-Treatments with Various durations

Multicycle post-treatment cycles were performed with the cellulose 11 powder for various

durations ranging from 2 to 12 h during the second to fourth cycles with a 10 wt% NaOH solution at

room temperature (24 °C) to evaluate the effect of the post-treatment time on the crystallinities of the
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samples. The treatment time was set to 2 h in all cycles prior to that in which the treatment time was

changed. For example, when the treatment time was changed in the fourth cycle after treatment, the

treatment times for cycles 1-3 were 2 h.

Furthermore, the total post-treatment time was divided into several cycles of 6, 8, and 10 h

to optimize the treatment time and number of post-treatment cycles. Each post-treatment cycle on the

cellulose Il powder was performed with a 10 wt% NaOH solution at room temperature (24 °C). The

samples were neutralized with a 10 vol% H>SO4 solution at room temperature (24 °C) to bring their

pHs below 7.0. The samples were washed with deionized water and air-dried at room temperature

(24 °C). Each cycle was performed after the sample was dried. The dried samples were analyzed by

solid-state 13C CP/MAS NMR.

3.2.7. Multicycle Post-Treatments using a 10 wt% NaOH Solution on Cellulose Il Fiber

Multicycle post-treatments to cellulose II fibers were performed in two ways: tension-free

and tensioned. The tension-free multicycle post-treatment was performed on fortisan, rayon, and

polynosic. The use of various cellulose II fibers was intended to investigate whether there are any

changes in the improvement in crystallinity based on factors such as their fabrication methods, and

shapes. In each post-treatment cycle, a 10 wt% NaOH solution treatment was performed at room

temperature (24 °C) for 2 h in the vat. One side of the cellulose II fibers was taped to the bottom of

the vat to stabilize it during the multicycle post-treatment. After neutralization with a 10 vol% H>SO4
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solution, it was washed with deionized water and air-dried at room temperature (24 °C). All post-

treatments were performed after the samples were dried. The multicycle treatments were repeated up

to a maximum of the third cycle for the fortisan and rayon, and up to the fourth cycle for polynosic.

The tensioned multicycle post-treatments were performed on fortisan and rayon with the

self-stretching instrument shown in Fig 3-2. The edge of the bundle of fiber was taped and fastened

with metal fittings. The other edge was secured to the reel of the self-constructed instrument and

tension was applied by reeling. In the tensioned multicycle post-treatments on fortisan, the tensions

applied to a single strand were 250 g, 200 g, 100 g, and 50g. In the tensioned post-treatments on rayon,

sufficient tension was applied to straighten the strands. This was necessary because the rayon strands

tended to shrink and break when the rayon strands with subjected to a NaOH solution under large

tension. The 40 cm length of these bundles was soaked in a 10 wt% NaOH solution in the vat at room

temperature (24 °C) for 2 h. This vat was switched 2 h later with the container filled with a 10 vol%

H,S0O4 solution. This vat was also switched 10 minutes later with the vat filled with deionized water

to wash the cellulose II fiber samples. The bundle was washed by replacing the water in the vat until

it became neutral. The washed samples were dried at room temperature (24 °C) under tension. Each

post-treatment was performed after these samples were dried. The series of post-treatment were

repeated up to a maximum of the third cycle. These fiber samples were analyzed via the solid-state

13C CP/MAS spectra, XRD, tensile test, Polarizing Optical Microscopy (POM), and Scanning Electron
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Microscopy (SEM).

Fig.3-2. The self-stretching instrument for tensioned multicycle post-treatments on cellulose II fibers

3.2.8. Solid-State >C CP/MAS NMR Measurements

Solid-state '3C CP/MAS NMR spectra were measured using a Bruker AVANCE NEO 500

spectrometer (Bruker, Germany) operating at 125 MHz with a 2.5 mm rotor and partly using a DSX300

spectrometer (Bruker, Germany) operating at 75 MHz with 4 mm rotor, at Instrumental Analysis

Support Office, Frontier Chemistry Center, Faculty of Engineering, Hokkaido University, Japan. The

frequency of MAS was 10 kHz. All spectra were obtained with a 'H 90degree with a pulse length of

4.0us, a contact time of 1.5ms, and a repetition time of 4s. Spectra were calibrated with the carbonyl

carbon peak of glycine (176.46 ppm). A ramp sequence was used for the contact pulse and a tppm-15

sequence for decoupling. Deconvolution of the C4 resonance lines was performed using the
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Dmfit2017 line-fitting program [11]. A lorentz geometry was used for each line; C4 resonance lines

were divided into crystalline regions, accessible surfaces, and inaccessible surface/amorphous lines,

as shown in Fig 3-3 [7]. The chemical shifts for cellulose II crystal region are 88.9 and 87.8 ppm, for

accessible surface are 86.9 and 85.9 ppm, and for inaccessible surfaces/amorphous is 84.2 ppm. The

proportions of each region were calculated from the integrated area under these resonance lines.

Inaccessible surface/
Amorphous region

Accessible surface

F T T T T T T T 1

94 92 90 88 86 84 82 80 78
ppm

Fig. 3-3. Deconvolution of the solid-state '3C CP/MAS NMR C4 resonance lines of dry cellulose II
[7].

3.2.9. X-ray Diffraction (XRD) Analysis

XRD measurements were performed in transmission on SmartLab (Rigaku Co., Ltd., Tokyo,

Japan), an X-ray diffractometer equipped with a CuKa anode (L= 1.5418 A) powered at 45kV. The

scan range was 5° to 40° with a step value of 0.02°. The peak fitting was performed using the fitting

software, SmartLab Studio II (Rigaku Co., Ltd., Tokyo, Japan) with three pseudo-Voigt functions to

76



obtain peak positions, peak heights, half-widths, and crystal sizes from (110), (110), and (020) peaks.

3.2.10. Tensile Tests

Tensile tests were performed on the cotton fiber samples using an AG-100kNXplus

(SHIMADZU CORPORATION, Kyoto, Japan). The samples were fixed using a pneumatic capstan-

type yarn gripper (SHIMADZU CORPORATION, Kyoto, Japan) and pulled from a distance of 10 cm

at a speed of 1 mm/s. A stress-strain curve (S-S curve) was drawn for each sample, with stress on the

X-axis and strain on the Y-axis. The maximum stress, breaking strain, Young’s moduli, and toughness

of the cellulose II fiber samples obtained by the multicycle post-treatments on cellulose II fiber were

determined. Young’s moduli of the cellulose II fiber were calculated as the initial slope of the S-S

curves. The toughness was calculated as the integral area under each S-S curve.

3.2.11. Polarizing Optical Microscopy (POM)

The as-prepared fortisan and rayon, and fortisan and rayon samples obtained by first-cycle

post-treatment were fixed on glass slides with carbon tape, and observed using a polarizing microscope

(BX40 DP70-WPCXP, OLYMPUS Corp., Tokyo, Japan). Observations were performed using an

objective lens with a magnification of 10x.

3.2.12. Scanning Electron Microscopy (SEM)

The as-prepared fortisan and fortisan samples obtained by first-cycle post-treatment were
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fixed to the sample stand with carbon tape, and gold deposition was conducted using a vacuum

deposition instrument (E-1010, Hitachi, Ltd., Tokyo, Japan). Subsequently, microscopic observations

were performed using Scanning Electron microscopy (JSM-70001FA, JEOL Ltd, Tokyo, Japan) at

High-voltage Electron Microscope Laboratory, Faculty of Engineering, Hokkaido Univ, Sapporo,

Japan, using an acceleration voltage of 30.0 kV. SEM images were acquired at 50x and 200x

magnification.
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3.3. Results and Discussions

3.3.1. Long-term Single-Cycle Post-Treatments

Fig 3-4 shows the proportions of the crystalline regions, accessible surfaces, and

inaccessible surfaces/amorphous regions of the samples after the long-term single-cycle post-

treatments; the data were calculated by deconvoluting the C4 resonance lines of each 3C CP/MAS

NMR spectrum. The crystallinities of the samples increased during post-treatment for up to 8 h but

did not change with further treatment. This suggests that in the case of a long-term single-cycle post-

treatment, the improvement in crystallinity was limited even with longer post-treatment times. The

maximum crystallinity achieved was 59%, which was approximately 10% greater than the crystallinity

of the initial cellulose II powder. In terms of surface area, the proportion of inaccessible

surfaces/amorphous regions decreased with increasing crystallinity. This result confirmed our

previously reported mechanism in which inaccessible surface regions are converted into crystalline

regions by the rearrangement of the cellulose molecules, ultimately increasing their crystallinity.

During the post-treatment process, the following changes were observed within the cellulose fibrils.

First, the rearrangement of the cellulose molecules occurred on the inaccessible surfaces, and, as

previously noted, crystallization and growth occurred from the boundaries between the crystalline and

inaccessible surface regions. When all accessible surfaces were completely rearranged, the

crystallinity of the fibrils did not increase further, even after longer post-treatment times. When the

maximum crystallinity was achieved, the accessible and inaccessible surfaces expanded alternately.
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This observation suggested that NaOH did not penetrate the crystalline regions during the post-

treatment process; instead, it penetrated only the amorphous regions, thereby affecting the

rearrangement of cellulose molecules only in these regions.
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Fig. 3-4. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) determined from the '*C CP/MAS NMR spectra

of cellulose fibrils subjected to a long-term single-cycle posttreatment.

Fig 3-5 shows the crystal sizes of the samples obtained after a long-term single-cycle post-

treatment, as determined by XRD measurements. The crystal sizes of the samples increased by

approximately 10%-20% for each plane over the course of 2—8 hours, but did not increase further

during longer post-treatment. The NMR and XRD results were consistent, at least in terms of their

trends.

In general, high concentrations (20%—-25%) of the NaOH aqueous solution must be used for
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mercerization at room temperature (24 °C); a 10% NaOH solution can hardly be used for this purpose.

As shown by this behavior, the NaOH in a 10 wt% NaOH solution did not penetrate the crystalline

regions but did penetrate the inaccessible surface regions. However, a certain amount of time is

required for the NaOH to penetrate all areas of the inaccessible regions. The results also clearly show

that the long-term single-cycle post-treatment increased the maximum crystallinity by no more than

approximately 10%.
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Fig. 3-5. Crystal sizes in the (110) (gray line), (110) (purple line), and (020) (pink line) planes
estimated from the X-ray diffraction profiles of cellulose II after a long-term single-cycle post-

treatment.

3.3.2. Multicycle Post-Treatments

Fig 3-6 shows the proportions of crystalline regions, accessible surfaces, and inaccessible

surfaces/amorphous regions determined by C4 resonance line-fitting of the '3C CP/MAS NMR spectra
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of the samples subjected to the multicycle post-treatments. The crystallinities of the samples increased

over up to three cycles of post-treatment, reaching a maximum value of 69%. This value was 20%

greater than that of the initial cellulose II powder and 10% greater than that of the long-term single-

cycle post-treated sample. These findings confirmed the effectiveness of multicycle post-treatment in

improving the crystallinity of cellulose II and verified the accuracy of our proposed crystallinity

improvement mechanism. When the maximum crystallinity of cellulose II was achieved in the fourth

to ninth cycles of post-treatment, no significant change in crystallinity was further observed. In terms

of surface areas, the proportion of inaccessible surfaces/amorphous regions decreased with increasing

crystallinity up to the third post-treatment cycle. This result also verified the accuracy of our proposed

crystallinity improvement mechanism, where in the inaccessible surface penetrated by the NaOH

underwent crystallization. After achieving the maximum crystallinity of cellulose II in the fourth to

ninth post-treatment cycles, no further significant change in crystallinity was observed. This was

attributed to the following characteristics. Crystallization on the inaccessible surfaces could only

spread toward the amorphous regions. As the amorphous regions decreased by the multicycle post-

treatment, the inaccessible surface regions in which crystallization could proceed gradually diminishes,

and the improvement in crystallinity was saturated. After reaching saturation in crystallinity, a slight

decrease in crystallinity occurred from the seventh cycle onwards, suggesting the possibility of minor

crystallinity degradation.
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Fig. 3-6. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) evaluated from the solid-state '3C CP/MAS

NMR spectra of cellulose II after multicycle post-treatment.

Fig 3-7 shows the crystal sizes obtained from the XRD measurements of the samples

obtained after the multicycle post-treatment. When multicycle post-treatment was performed for up to

three cycles, the crystal sizes increased in all planes as the number of post-treatment cycles increased.

This finding indicates that the crystal size increases with increasing crystallinity, as estimated from the

solid-state '*C CP/MAS NMR spectra. The crystal sizes of the samples obtained after multicycle post-

treatment were larger than those of the samples obtained after long-term single-cycle post-treatments.

This was consistent with the fact that the crystallinities estimated from the solid-state '3C CP/MAS

NMR spectra were greater for samples subjected to multicycle post-treatment than for those subjected

to long-term single-cycle post-treatment. After the seventh cycle, when the crystallinity decreased in
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Fig 3-6, the hydrophobic (110) plane decreased slightly and the (020) and hydrophilic (110) planes

increased. This suggested that the orientations of the molecular chains may have changed slightly.
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Fig. 3-7. Crystal sizes in the (110) (gray line), (110) (purple line), and (020) (pink line) planes

estimated from the XRD profiles of cellulose II after multicycle post-treatment.

Fig 3-8 shows the proportions of the crystalline regions, accessible surfaces, and
inaccessible surfaces/amorphous regions determined by C4 resonance line-fitting of the '3C CP/MAS
NMR spectra of the samples subjected to the multicycle post-treatments using water. After the first
cycle of post-treatment, the crystallinity was 52%, a 3% increase from the initial cellulose II. However,
the value of the crystallinity was lower than that of the sample obtained by the first-cycle post-
treatment with a 10 wt% NaOH solution. Furthermore, crystallinity did not improve even when the

post-treatments were repeated for more second-cycle. Therefore, it was confirmed that the multicycle
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post-treatments with a 10 wt% NaOH solution are more effective than multicycle post-treatments with

water in the crystallinity improvement.
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Fig. 3-8. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) evaluated from the solid-state '3C CP/MAS

NMR spectra of cellulose II after multicycle post-treatments using water.

3.3.3. Multicycle Post-Treatments including the Neutralization Treatments using Various

Concentration H,SO, Solutions

In a series of multicycle post-treatments, the low-concentration alkali treatment and

neutralization treatment with an H.SO4 aqueous solution were repeated. Repeated neutralization may

have improved the crystallinity of cellulose II. Thus, to evaluate this effect, multicycle post-treatments

including neutralization treatment with 0 (deionized water), 5, 10 (same as in Fig 3-6), and 20 vol%

HSOy4 solutions were performed. As shown in Fig 3-6, the crystallinity of cellulose II continuously

improved up to the third post-treatment cycle when a 10 vol% H2SOs solution was used for
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neutralization. Therefore, multicycle post-treatments with H,SOj4 solutions of different concentrations

were performed for up to three cycles. Fig 3-9. shows the proportions of the crystalline regions,

accessible surfaces, and inaccessible surfaces/amorphous regions of the samples obtained following

multicycle post-treatment. The crystallinity of the sample subjected to a single-cycle post-treatment

was most improved when a 20 vol% H2SO4 solution was used, which was consistent with our previous

report [7]. However, the crystallinity of the sample subjected to two-cycle post-treatment decreased

and that of the sample subjected to three-cycle post-treatment was identical to that of the sample

subjected to one cycle of post-treatment. The use of a 20 vol% H>SO4 solution for neutralization

treatment led to the hydrolysis of the crystalline regions after two cycles of post-treatment, which

suggested that some parts of the inaccessible surface were less crystallizable than others. On the other

hand, multicycle post-treatment including neutralization treatment with 0, 5, or 10 vol% H>SO4

solution led to continuous improvements in the crystallinity for up to three post-treatment cycles.

Furthermore, higher crystallinities were observed when 5 and 10 vol% H>SOs4 solutions were used

than when a 0% H>SO4 solution was used. This result suggested that the use of a low-concentration

H>SO4 solution for neutralization treatment was effective in improving the crystallinity during

multicycle post-treatment.
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Fig. 3-9. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) evaluated from the '3C CP/MAS NMR spectra
of samples obtained after multicycle post-treatment with neutralization using (a) 0% (water), (b) 5

vol%, (c) 10 vol%, and (d) 20 vol% H>SOj4 solutions.

3.3.4. Multicycle Post-Treatments with Various Treatment Times in the Second to Fourth Cycles

Multicycle post-treatments of the cellulose II powder were performed with treatment times
varying from 2 to 12 h in the second to fourth cycles to evaluate the effect of the post-treatment time
in each cycle. Fig 3-10(a) shows the proportions of crystalline regions, accessible surfaces, and
inaccessible surfaces/amorphous regions of samples that underwent the first post-treatment cycle for
2 h and the second post-treatment cycle for 2—12 h. The crystallinities of the samples increased up to

2 h but did not improve during subsequent post-treatments. The maximum crystallinity achieved was
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63%, which was higher than that of the sample obtained after a single post-treatment cycle for 2 h.

Figs 3-10(b) and 3-10(c) show the proportions of the crystalline regions, accessible surfaces, and

inaccessible surfaces/amorphous regions of samples that underwent multicycle post-treatment for 2 h

in the first and second cycles and 2—12 h in the third cycle, and samples that underwent multicycle

post-treatment for 2 h in the first to third cycles and 2—12 h in the fourth cycle, respectively. As shown

in Fig 3-10(b), during the three post-treatment cycles, the crystallinities of the samples increased up

to 2 h, after which they were not affected by further post-treatment. The maximum crystallinity

achieved was 69%, which was higher than those of the samples obtained after the one- and two-cycle

post-treatments. The crystallinities of the samples subjected to four post-treatment cycles for varying

treatment times differed from those of the previous samples. As shown in Fig 3-10(c), the

crystallinities of the samples did not increase significantly over four cycles of post-treatment. The

maximum crystallinity achieved was 69%, which was identical to those of the samples subjected to

multicycle post-treatment shown in Fig 3-6, and those of the samples subjected to three cycles of post-

treatment for varying treatment times shown in Fig 3-10(b). This indicated that there was an upper

limit to the crystallinity improvement, and that once this limit was reached, further repeated or

prolonged post-treatment did not lead to additional improvements. These findings suggested that there

were surface regions that were difficult to crystallize or difficult to reach with NaOH. In addition, our

previous report [7] showed that the crystallinity was greatly enhanced by post-treatment at higher
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temperatures than a room temperature, and the most significant improvement in crystallinity was
achieved by post-treatment at 80 °C for 2 h and subsequent neutralization at room temperature, with
resulted in a crystallinity of 62.7%. In comparison, in this study, an upper limit of crystallinity
improvement was observed for crystallinity improvement, and the crystallinity at this limit was 69%.

The significant improvement in crystallinity was achieved by optimizing the post-treatment time even

at room temperature.
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Fig. 3-10. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) evaluated from the '3C CP/MAS NMR spectra

of samples that underwent (a) two-, (b) three- and (c) four-cycle post-treatments with treatment times

varying from 2 to 12 h.

89



3.3.5. Crystallinity Improvement Mechanism of Multicycle Post-Treatment

The experimental results confirmed that the inaccessible surface regions were converted into

crystalline regions after each post-treatment cycle. Fig 3-11 shows a schematic diagram showing the

mechanism for crystallinity improvements during multicycle post-treatment, and the bottom part of

Fig 3-11 shows the structural changes occurring a single-crystal region. In the first post-treatment

cycle, NaOH penetrated only the inaccessible surfaces of the initial structure, and crystallization

occurred on the inaccessible surfaces that NaOH penetrated. In the second and subsequent cycles of

post-treatment, NaOH permeated only the inaccessible surfaces enlarged by the previous cycle of post-

treatment and converted them into a crystalline region, resulting in improvements in crystal size

following each cycle of post-treatment. However, since the crystallinity improvement was limited after

a long-term single post-treatment as shown in Fig 3-5, it was also inferred that the crystallinity

improvement per post-treatment cycle is restricted. These effects led to the conversion of amorphous

regions, which are originally distant from the initial crystalline regions, into crystalline regions,

resulting in higher crystallinity compared with that achieved via long-term single-cycle post-treatment.

However, after two cycles of post-treatment using high-concentration H>SOs solution for

neutralization, the crystallinity of the sample decreased. Furthermore, an upper limit to the

improvement in crystallinity was observed; once this limit was reached, further repeated or prolonged

post-treatment did not improve the crystallinity of the sample. These results suggest that cellulose 11

contained some inaccessible surface regions that were difficult to crystallize or difficult for NaOH to
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and converted it into a crystalline region. Consequently, the crystal size increased with each post-

treatment cycle. The crystallinity continues to improve until reaching the upper limit
3.3.6. Optimization of Treatment Times in Multicycle Post-Treatments
With more post-treatment cycles, more NaOH solution used for post-treatment and more
deionized water was used for washing. Thus, reaching the upper limit for crystallinity with a smaller

number of post-treatment cycles is important. The experimental results showed that both the three-

cycle and the 8 h single-cycle post-treatments led to the greatest improvement in crystallinity. Based
on these results, an ideal and efficient process for crystallinity improvement was realized by
optimizing the treatment time and number of post-treatment cycles. For this purpose, the total post-

treatment time was divided into several cycles of 6, 8, and 10 h. In the following discussion, the

samples obtained after multicycle post-treatment for various treatment times were labeled according
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to the treatment time for each cycle. For example, the sample obtained after three cycles of post-

treatment for a total time of 6 h, with each cycle performed for 2 h, was denoted 6 h (2-2-2). Figs 3-

11 (a), (b), and (c) show the proportions of crystalline regions, accessible surfaces, and inaccessible

surfaces/amorphous regions of samples prepared with a total post-treatment time of 6, 8, and 10 h,

respectively. Fig 3-12 (a) shows that the 6 h (4-2) sample had the highest crystallinity among the

samples prepared with a total post-treatment time of 6 h. Fig 3-12(b) shows that the 8 h (4-4) sample

had the highest crystallinity among the samples prepared with a total post-treatment time of 8 h. The

8 h (6-2) sample had higher crystallinity than the 8 h (2-6) sample. Fig 3-12(c) shows that the 10 h (6-

4) sample had the highest crystallinity among the four samples obtained after two cycles of post-

treatment for various treatment times. Furthermore, the 10 h (8-2) sample had higher crystallinity than

the 10 h (2-8) and 10 h (4-6) samples. These results confirmed that when the post-treatment time for

the first cycle was sufficiently long and the post-treatment time for the second cycle was relatively

short, the crystallinity of the sample tended to increase with fewer post-treatment cycles. The

conversion of inaccessible surface regions during the first cycle of post-treatment is believed to play

a crucial role in obtaining highly crystalline samples. A possible explanation for this tendency is that

the longer first post-treatment cycle enabled the conversion of a wider area of the inaccessible surface

into the crystalline region while the second post-treatment cycle further converted this enlarged

inaccessible region into a crystalline region.
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Fig. 3-12. Proportions of crystalline regions (blue bars), accessible surfaces (orange bars), and
inaccessible surfaces/amorphous regions (green bars) as evaluated from the solid-state '*C CP/MAS
NMR spectra of samples obtained via multicycle post-treatment with a total post-treatment time of (a)
6 h, (b) 8 h, and (c) 10 h. When the post-treatment time for the first cycle was sufficiently long and
the post-treatment time for the second cycle was relatively short, the crystallinity tended to increase

with fewer post-treatment cycles.

3.3.7. Crystallinity and Crystal Size of Cellulose Il Fiber Obtained by Multicycle Post-Treatment

For cellulose II powder, multicycle post-treatment has been demonstrated to be effective in
crystallinity improvement based on previous experiments. If this post-treatment proves effective in the
crystallinity improvement of cellulose II fibers, it opens up the possibility of fabrication of high-
strength cellulose II materials. The multicycle post-treatments were conducted on cellulose 1I fiber,
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fortisan, rayon, and polynosic, to confirm the crystallinity improvement. Fig 3-13 shows a photograph

of the prepared fortisan, the prepared rayon, and the samples obtained by first cycle post-treatments.

Regarding the shape of the post-treated samples, the fibers were twisted in the tension-free post-

treatment and straightened in the tensile post-treatment.

Fig. 3-13. The photograph of (a) the prepared fortisan, (b) the fortisan sample obtained by tension-free
first-cycle post-treated, (c) the fortisan sample obtained by tensioned at 100 g on single strand first-
cycle post-treated, (d) the prepared rayon, (e) the rayon sample obtained by the tension-free first-cycle
post-treatment, and (f) the rayon sample obtained by the tensioned first-cycle post-treatment.

Fig 3-14 shows the proportion of each region of the samples, which were obtained by the

post-treatments on fortisan, rayon, and polynosic, determined by C4 line fitting of '3*C CP/MAS NMR

spectra. The crystallinity was improved in all cellulose II fiber resources regardless presence of tension.

In the case of fortisan, both tension-free and tensioned at 100 g on single strand post-treatment result

in an approximately 15% increase in crystallinity. In the case of rayon, both tension-free and tensioned

post-treatment led to an increase in crystallinity, approximately 25 % and 20 %, respectively, with a

slightly higher improvement in crystallinity observed in the tension-free post-treatment. The
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crystallinity of these polynosic samples was also improved up to the fourth post-treatment cycle, upon

about 36%. These results show that the multicycle post-treatment is effective in the improvement of

cellulose II fiber. In all post-treatments, the proportion of inaccessible surface/amorphous was

decreased as the crystallinity was improved. Those behaviors are similar to the case of mercerized

cellulose II powder. In other words, the mechanisms of crystallinity improvement through the

multicycle post-treatments seem to be the same, irrespective of the shape of cellulose II samples.
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Fig. 3-14. Proportions of crystalline regions (blue line), accessible surfaces (orange line), and
inaccessible surfaces/amorphous regions (green line) evaluated from the '3C CP/MAS NMR spectra
of the fortisan samples that underwent (a) tension-free multicycle post-treatment, (b) tensioned at 100
g on single strand multicycle post-treatment, the rayon samples that underwent (c) tension-free
multicycle post-treatment, (d) tensioned multicycle post-treatment, (e) the polynosic samples that

underwent tension-free post-treatment.
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Fig 3-15 shows the crystallinity of post-treated fortisan samples obtained by the tension-free

multicycle post-treatments and the tensioned multicycle post-treatments applied various magnitudes

of tension. The crystallinity was improved regardless of the magnitude of applied tension. There was

no significant crystallinity improvement among the tension-free and the tensioned multicycle post-

treatments with small tensions, however, the crystallinity of the tensioned multicycle post-treatment

with large tensions was lower than those of other methods. Similar to the fortisan samples, Figs 3-

13(c) and (d) show the crystallinities of the rayon samples obtained by the tensioned multicycle post-

treatments were lower than the tension-free multicycle post-treatment. These results suggested that the

large tension narrows the amorphous region sufficient for NaOH to penetrate. The reduction in NaOH

penetration is thought to inhibit their growth from amorphous to crystal. Fig 3-16 shows the crystal

size of the fortisan and rayon samples obtained by the tension-free and the tensioned multicycle post-

treatments, determined by XRD measurements. It was observed that the crystal size of the hydrophobic

(110) plane significantly increased. It was reported that the hydrophobic interaction plays an important

role in sheet stacking in the crystal structure of cellulose II [12], [13]. While the crystal size increased

for all planes in the multicycle post-treatment of cellulose II powder as shown in Fig 3-7, it increased

in a specific direction, particularly along the hydrophobic plane direction, in the case of cellulose 11

materials with high orientation, such as fiber.

97



[o)]
(&)

Tension-free 50 g 100 g 200g 250¢g

0123 0123 0123 0123 0123
Post-treatment times

D
o

(&)} (&)}
o (&)
T T

Percentage of crystal region (%)
I
(&)

i
o

Fig. 3-15. The crystallinities of the fortisan samples obtained by the multicycle post-treatment,
determined by C4 lines fitting of solid-state '*C CP/MAS NMR spectra. Color code; black bar,
fortisan; green bars, tension-free multicycle post-treatments, blue bars, applied tension at 50 g on the
single strand; orange bars, applied tension at 100 g on the single strand; pink bars, applied tension at

200 g on the single strand; red bars, tension at 250 g on a single strand.
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Fig. 3-16. The crystal size of (110) plane (gray line), (110) plane (purple line), and (020) plane (pink
line) estimated from XRD profiles in (a) the tension-free multicycle post-treatment on foritsan, (b) the
tensioned multicycle post-treatment on fortisan applied tension at 100 g on single strand, (c) the
tension-free multicycle post-treatment on rayon and (d) the tensioned multicycle post-treatment on

rayon.
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3.3.8. Tensile Tests

Fig 3-17 shows the stress-strain (S-S) curves of as-prepared fortisan and the fortisan samples

obtained by the multicycle post-treatments. Table. 3-1 shows the maximum stress, breaking strain,

Young’s moduli, and toughness of as-prepared fortisan and the fortisan samples obtained by the

multicycle post-treatments. The mechanical properties varied depending on the magnitude of tension

applied during post-treatment. In high-tensioned post-treatments (red, deep red, light blue, and blue

lines in Fig 3-17), Young's modulus increased and the breaking strain reduced. The effect of repeating

the post-treatment was observed as Young's modulus increased a bit and the breaking strain decreased

after the second high-tensioned post-treatment cycle. Conversely, in cases of tension-free and low-

tensioned post-treatments (orange, yellow, pink, purple, light green, and green lines in Fig 3-17),

Young's modulus decreased, and breaking strain increased. Additionally, these post-treatments

suggested that repetition treatment improved breaking strain, indicating potential improvements in

toughness. However, in most cases, the toughness of the samples obtained by post-treatments was

smaller than that of the as-prepared fortisan.

Fig 3-18 shows the S-S curve of the as-prepared rayon and the rayon samples obtained by

multicycle post-treatments. Table. 3-2 shows the maximum stress, breaking strain, Young’s moduli,

and toughness of the as-prepared rayon and the samples obtained by multicycle post-treatments. The

toughness of the sample obtained by post-treatments was smaller than that of the as-prepared rayon.

In tensioned post-treatments, Young’s modulus increased, conversely, in tension-free post-treatments,
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Young’s modulus decreased and the breaking increased. The effect of repeating the post-treatment was

observed as Young’s modulus and the breaking strain decreased regardless application of tension,

unlike the case of the fortisan sample. Thus, it was demonstrated that the magnitude of tension

influences the mechanical properties, especially Young’s moduli and breaking strain, however, the

repeating treatment effect varied depending on the cellulose resources, suggesting it is likely difficult

to control the mechanical properties of cellulose II fibers using multicycle post-treatment. Generally,

in polymer fibers, an increase in crystallinity tends to improve Young’s modulus and decrease the

breaking strain. However, despite an improvement in crystallinity in tension-free post-treatment,

Young’s moduli decreased and the breaking strain increased. The cellulose II fibers used in this

experiment are composed of multiple filaments, suggesting that factors beyond crystallinity, such as

filament interactions and twist pitch, may also impact mechanical strength.
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Fig. 3-17. The stress-strain (S-S) curves of the as-prepared fortisan and the fortisan samples that
underwent the multicycle post-treatments; black line, the as-prepared fortisan; redline, first cycle
tensioned at 250 g on single strain; deep red line, second cycle tensioned at 250 g on single strain;
light blue line, first cycle tensioned at 200 g on single strain; blue line, second cycle tensioned at 200
g on single strain; orange line, first cycle tensioned at 100 g on single strain; yellow line, second cycle
tensioned at 100 g on a single strain, pink line, first cycle tensioned at 50 g on single strain; purple
line, second cycle tensioned at 50 g on single strain; light green line, first tension-free cycle; green

line, second tension-free cycle.
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Table. 3-1. The maximum stress, breaking strain, Young’s moduli, and toughness of fortisan samples.

Tension | Maximum stress Breaking strain Young' moduli Toughness
Cycle
( g/strand) (cN/dtex) (%) (cN/dtex) (cN/dtex) x 10072
as-prepared fortisan - 4.6 £ 02 74 £05 1207 £ 2.0 19023
Tension-free 1 2205 124 £ 2.5 393+ 43 18.7 £ 7.2
Tension-free 2 24 £0.3 13.5 £ 1.0 30.1 = 3.8 19.0 £ 24
50 1 3204 9.0 x 1.5 99.5 £ 6.3 16.6 = 3.2
50 2 3403 101 £ 1.3 993 £ 104 18.5 £ 3.3
100 1 42 £ 0.3 73 £ 1.1 1278 £ 7.0 17.1 £ 4.3
100 2 45 £ 0.3 9.0 £0.5 1284 = 8.0 21.7 £ 1.2
200 1 3507 67 £ 1.2 113.7 £ 104 125 £ 54
200 2 2.8 £ 0.8 52 1.0 109.7 £ 7.0 8.0 27
250 1 3512 50x23 1353+ 6.2 102 £ 7.0
250 2 26 £ 09 3.1 £0.7 136.2 £ 12.0 49 £ 26
1.2
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Fig. 3-18. The S-S curves of the as-prepared rayon and post-treated rayon samples. Color code: black
line, the as-prepared rayon; blue line, the sample obtained by the first tension-free post-treatment
cycle; green line, the sample obtained by the second tension-free post-treatment cycles; red line, the
sample obtained by the first tensioned post-treatment cycle; orange line, the sample obtained by the

second tensioned post-treatment cycle.
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Table. 3-2. The maximum stress, breaking strain, Young’s moduli, and toughness of the rayon samples.

Maximum stress Breaking strain  Young' moduli Toughness

Methods Cycle .
(cN/dtex) (%) (cN/dtex)  (cN/dtex) > 100~
as-prepared rayon - 1.03 £ 0.02 289+ 09 14.1 £ 0.6 183 09
Tension-free 1 0.29 = 0.05 49.0 = 2.8 87 1.9 15.8 £ 3.7
Tension-free 2 0.40 £ 0.21 334 =57 6.3 £ 0.7 104 £ 22
Tensioned 1 0.68 = 0.08 27.0 £ 4.2 26.2 £ 0.7 143 £ 36
Tensioned 2 0.44 £ 0.23 203 £ 64 224 16 8.8 £ 48

3.3.9. POM and SEM Observation

In order to examine the cause of the differences in mechanical property behavior due to the

magnitude of tension, morphological observations of the samples were conducted using POM and

SEM. Fig 3-19 shows POM images of the as-prepared fortisan, rayon, and the samples obtained by

first-cycle post-treatment. Fiber width of fortisan increased in the tension-free post-treatment, and

decreased in the tensioned post-treatment. In the case of rayon, even in tension-free post-treatment,

the fiber width has slightly decreased, and filament breakages were observed intermittently in

tensioned post-treatment. These results suggest that the morphology of the samples changed during

post-treatment, and the way of morphology changes varies depending on the cellulose II resources.

Fig 3-13 shows SEM images of the as-prepared fortisan, and the fortisan samples obtained by first-

cycle post-treatment. The filaments were likely to be straight in the sample obtained by the tensioned

post-treatment, however, those of the sample obtained by tension-free post-treatment were twisted.

This twisting is considered to be related to the thickening of the fiber observed in the POM image

shown in Fig 3-20. Because the filaments are twisted, it is possible that these filaments are stretched
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in a bellows-like manner when tensile testing is performed. This may have resulted in a decrease in

Young's modulus and an increase in breaking strain in the no-tension treatment. In addition, the

twisting of fiber obtained by tension-free post-treatment shown in Fig 3-13 also may affect to their

mechanical properties. Thus, it was suggested that although multi-cycle post-treatment can improve

the crystallinity of cellulose II fibers, its mechanical properties are also closely related to the

morphology of the cellulose II fiber material, including fibril thickness, twist, orientation, and

stretching. Therefore, the high crystallization process by low-concentration NaOH post-treatment may

be more effective if it is performed during the fiber formation process rather than after the cellulose II

fiber preparation.
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Fig. 3-19. The polarizing optical microscopy (POM) images of (a) the as-prepared fortisan, (b) the

fortisan samples obtained by (b) tension-free and (c) tensioned at 100 g on single strand first-cycle
post-treatment, (d) the as-prepared rayon, and the rayon samples obtained by (e) tension-free and (f)

the rayon sample obtained tensioned first-cycle post-treatment.

Fortisan Tension-free Tensioned at 100 g

Fig. 3-20. The 50x and 2000x Scanning Electron Microscopy (SEM) images of the as-prepared fortisan,
and the fortisan samples obtained by tension-free and tensioned at 100 g on single strand first-cycle

post-treatment.
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3.4. Conclusions

In this chapter, the crystallinity of cellulose II was improved by low-concentration NaOH

post-treatment, and the mechanism of crystallinity improvement by multicycle post-treatment was

proposed. The crystallinity of cellulose Il was improved by up to approximately 10% during a long-

term single-cycle post-treatment and up to approximately 20% during multicycle post-treatment. Thus,

multicycle post-treatment was more effective than single-cycle post-treatment in improving the

crystallinity of cellulose II. During multicycle post-treatment, the crystallinities and crystal sizes were

improved after each cycle and the proportion of inaccessible surfaces/amorphous regions decreased as

the crystallinity increased. This was explained by the model we previously proposed: in the second

and subsequent cycles of post-treatment, the rearrangement of cellulose occurred only at the

inaccessible surface expanded by the previous cycle of post-treatment, and crystallization proceeded

toward amorphous regions far from the initial crystalline regions. Moreover, I confirmed that when

the treatment time for the first cycle of post-treatment was relatively long and that for the second cycle

of post-treatment was somewhat short, the crystallinity tended to increase even with fewer post-

treatment cycles. A possible explanation for this tendency is that the longer first post-treatment cycle

converted a wider area of the inaccessible surface into a crystalline region while the second cycle

further converted this enlarged region into a crystalline region. The important points obtained from

results in this chapter and in the proposed mechanism for improving crystallinity include that the

NaOH, which did not penetrate cellulose crystals, selectively permeated only the amorphous and
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inaccessible surface regions, and the NaOH acted only on structural changes resulting from the

rearrangement of cellulose molecular chains on the inaccessible surfaces surrounding the crystalline

region.

The multicycle post-treatments were also effective in improving the crystallinity of cellulose

II fibers. The mechanical properties of the cellulose II fiber samples, especially Young's modulus and

breaking strain, were dependent on the magnitude of tension applied. The results of tensile tests and

morphological observations of the post-treated samples under various conditions suggest that the

multi-cycle post-treatment improves the crystallinity of cellulose II fibers, but that the mechanical

properties are also closely related to the morphology of the cellulose II fiber material, including fibril

thickness, twist, orientation, and stretching. These results suggest that the high crystallization

treatment by low concentration NaOH post-treatment may be more effective when performed during

the fiber formation process rather than after the preparation of cellulose II fibers.
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Chapter. 4.
Control of Mechanical Properties of Composite Materials by

Control of Crystal Transition
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4.1. Introduction

The enhancement of the mechanical strength of cellulose II materials will contribute to the

development of a wide range of cellulose applications. In Chapter 3, I attempted to fabricate the desired

material by improving the crystallinity of cellulose II. In this chapter, I aim to achieve this objective

by controlling the percentage and distribution of cellulose I and II crystals. Hints for developing a

novel method were obtained from the results of Chapter 2. The temperature conditions and the

dynamics of Na ions were shown to be important factors in the crystal transition from cellulose I to 11

in low-concentration NaOH treatment. This indicates the possibility of preparing composite materials

of cellulose I and II by controlling treatment conditions such as temperature and treatment time.

Therefore, I focused on a method to fabricate cellulose-base composite materials including cellulose

I and II crystals by controlling the distribution of these crystals. It has been reported that cellulose

sheets containing cellulose I and II were prepared by alkali treatment with a 7 wt% NaOH/12 wt%

urea solution using the surface dissolution method [1], [2]. In other words, composite materials can be

prepared using NaOH-based solvents. On the other hand, the solubility of cellulose in low-

concentration NaOH solutions is limited by the degree of polymerization and NaOH concentration

[3]-[5]. In other words, if I could establish a novel approach to selectively induce the crystal transition

from cellulose I to II at the surface of the cellulose material, rather than partially dissolving the surface,

it would be possible to prepare cellulose-based composite materials on a larger scale and more freely

without the above-mentioned limitations.
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The purpose of this chapter is to establish a new methodology to control the percentage and

distribution of cellulose I and II crystals by using dilute alkali treatment, thereby controlling the

mechanical properties of composite materials including cellulose I and II. In cellulose I and II

composites, it has been reported that composites with a higher percentage of cellulose I have higher

mechanical strength than those with a lower percentage of cellulose I [6], [7]. This suggests that

mechanical properties can be controlled by adjusting the percentage of cellulose crystals. When

cellulose powder immersed in an 8 wt% NaOH solution is quenched with liquid nitrogen, the crystal

transition from cellulose I to II proceeds quickly from the outside to the inside. From this result, I

hypothesized that the distribution of cellulose I and II could be controlled by controlling the quenching

treatment time. In this study, I followed the progression of crystal transition during quenching

treatment with liquid nitrogen. Using the quench treatment, I attempted to prepare a composite fiber

material with cellulose I as the core and cellulose II as the surface. The resulting samples were

analyzed by solid-state '3C CP/MAS NMR measurements and tensile testing. In addition, the

mechanical properties of the composite samples and the mercerized cellulose II fiber were compared.
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4.2. Methods
4.2.1. Materials

100-200 mesh filter paper pulp powder of wood and commercial organic cotton yarn for

handicrafts were purchased from Advantech Co., Ltd. (Tokyo, Japan) and MOTOHIRO & Co., Ltd.

(Kyoto, Japan), respectively. NaOH (>97.0% ) and H2SO4 ( >95.0% ) were purchased from FUJIFILM

Wako Pure Chemical Corporation (Osaka, Japan). Deionized water (Elix®Essential3, Merck KGaA,

Darmstadt, Germany) was used to prepare NaOH and H>SOjs aqueous solutions and to wash the

cellulose samples.

4.2.2. Quenching Treatments with Liquid Nitrogen on Cellulose Powder

The cellulose powder was soaked in an 8 wt% NaOH solution at room temperature (24 °C)

in a 50 mL centrifuge tube with a diameter of 2.8 cm. The samples were centrifuged at 1,000 x g for

5 min. The supernatant was removed, and the precipitate was used for the quenching treatments. The

precipitate was divided into the 2mL microtube. The quenching treatments were performed including

chilling the 2 mL microtube containing 8 wt% NaOH-soaked cellulose in a container filled with liquid

nitrogen for up to 90 s. In addition, the quenching treatments were conducted by chilling the centrifuge

tube containing 8 wt% NaOH-soaked cellulose powder that was not divided into microtubes for up to

120 s. The reason for quenching treatments with different containers is to confirm the effect of the heat

capacities of the container. The samples were then thawed by immediately adding a sufficient amount

of a 10 vol% H2SO4 solution to bring the pH below 7.0 at room temperature (24 °C). The samples
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were washed with deionized water and air-dried at room temperature (24 °C). The dried samples were

analyzed using solid-state '*C CP/MAS NMR measurements. The cellulose II proportion was

determined by the C6 line fitting of the '*C NMR spectra. The mechanical properties were analyzed

by tensile tests.

4.2.3. Quenching Treatments with Liquid Nitrogen on Cotton Fiber

The cotton fibers were cut to a length of 40 cm. The fiber was soaked in an 8 wt% NaOH

solution in a beaker at room temperature (24 °C) for 10 min. The samples were wrapped after being

taken out from a beaker and chilled in a container filled with liquid nitrogen. The treatment durations

were 5, 10, 15, 30, 60, and 90 s. The samples were then thawed by immediately adding a sufficient

amount of a 10 vol% H>SOj4 solution to bring the pH below 7.0 at room temperature (24 °C). The

samples were then washed with deionized water and air-dried at room temperature (24 °C). The dried

samples were analyzed using solid-state '3C CP/MAS NMR spectroscopy and tensile tests. The

cellulose II proportion was determined by the C6 line fitting of the '*C NMR spectra.

To compare the effect of temperature and alkali concentrations, the room-temperature

treatments using an 8 wt% NaOH solution, and the mercerization treatment using a high-concentration

NaOH solution were conducted. The cotton fibers were soaked in an 8 wt% NaOH solution for 10 min

at room temperature (24 °C). These fiber samples were neutralized in a vat filled with a 10 vol%

H»SOy4 solution. After neutralization, the samples were washed with deionized water and air-dried at
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room temperature (24 °C). For mercerization, the cotton fibers were soaked in a 25 wt% NaOH

solution at room temperature (24 °C) for 2 h. These fiber samples were neutralized in a vat filled with

a 20 vol% H»SOg4 solution. After neutralization, the samples were washed with deionized water and

air-dried at room temperature (24 °C). The dried samples were analyzed using solid-state '3C CP/MAS

NMR measurements and tensile tests.

4.2.4. Solid-State >C CP/MAS NMR Measurements

Solid-state 13C CP/MAS NMR measurements were performed using a Bruker AVANCE

NEO 500 spectrometer (Bruker, Germany) at Instrumental Analysis Support Office, Frontier

Chemistry Center, Faculty of Engineering, Hokkaido University, Japan. The dried samples were

packed in a 3.2 mm rotor. Solid-state '*C CP/MAS NMR spectra were recorded at 125 MHz. The MAS

frequency was set to 10 kHz. All solid-state '3C CP/MAS high-resolution spectra were recorded with

a'H 90° pulse length of 4.0 us, a contact time of 1.5 ms, and a repetition time of 4 s. Ramp and tppm-

15 sequences were used for the contact pulse and decoupling, respectively. The chemical shifts were

calibrated using the carbonyl carbon of glycine at 176.46 ppm. The crystalline form was identified

based on the chemical shift of the C6 resonance lines. The C6 lines were deconvoluted using the

DM{it2017 line-fitting program [8]. A Lorentzian shape was used for each line. Deconvolution of the

C6 resonance lines was based on the chemical shifts of the tg (65—66 ppm), gt (62—63 ppm), and gg

(60—62 ppm) conformations [9], as described in Section 2.2.3 and Fig 2-1. The proportion of each
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region was calculated using the integrated areas of the #g lines at 66.0, 65.5, and 65.2 ppm, gt lines at
63.3 ppm and 62.6 ppm, and gg lines at 61.9, 61.5, and 61.0 ppm. In addition, the cellulose II
proportion in the crystal region was calculated using the following equation:
o : Agt
Cellulose II proportion in the crystal region = ———— x 100

where Ay is the integrated area of #g lines, and Ay, is the integrated area of gt lines.

4.2.5. Tensile Tests

Tensile tests were performed on the cotton fiber samples using an AG-100kNXplus
(SHIMADZU CORPORATION, Kyoto, Japan). The samples were fixed using a pneumatic capstan-
type yarn gripper (SHIMADZU CORPORATION, Kyoto, Japan) and pulled from a distance of 10 cm
at a speed of 1 mm/s. A stress-strain curve (S-S curve) was drawn for each sample, with stress on the
X-axis and strain on the Y-axis. The J-shaped S-S curves are observed in all samples. The maximum
stress, breaking strain, elastic moduli, and toughness were determined. The toughness was calculated
as the integral area under each S-S curve. The J-shaped S-S curve is a behavior commonly observed
in the tensile tests of biomacromolecules, such as silk and spider silk [10]. In the initial region at low
stress level and the subsequent region at higher stress, the slopes of the curve differ. In the initial region,
factors such as crimping and unfolding of molecules play a significant role, while in the region at
higher stress, the stretches of the polymer backbone and crystalline regions are considered to have a

substantial impact [10]. In this study, elastic moduli in initial and higher stress regions are noted as E;
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and Ep, respectively. E; was determined from the initial slope of the S-S curves. Eq was calculated as
the slope of S-S curves within the range of 40% to 80% of the maximum stress, where the slopes of
the S-S curves are relatively constant, as follows:

By [eN/dtex] = (050 = 010) /(55

where 640 is 40 % of the maximum stress, cgo is 80 % of the maximum stress, €49 is the strain at 40 %

of the maximum stress, and &g is the strain at 80 % of the maximum stress.
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4.3. Results and Discussions

4.3.1. Quenching Treatments with Liquid Nitrogen on Cellulose Powder

Fig 4-1 shows the solid-state 3C CP/MAS NMR spectra of 8 wt% NaOH-soaked cellulose

in the 2 mL microtube after quenching treatments with liquid nitrogen at different time intervals. As

the treatment time increased, the C6 tg line decreased while the C6 gt line increased. The samples

froze when cooled in liquid nitrogen for ~30 seconds, and the samples soaked for a longer duration

completely transitioned to cellulose II after neutralization treatment. This suggests that the proportion

of cellulose II increased with treatment time, and the crystal transition was completed in an extremely

short time at an extremely low temperature.
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Fig. 4-1. Solid-state '3C CP/MAS NMR spectra of 8 wt% NaOH-soaked cellulose in the 2 mL
microtube after quenching treatments with liquid nitrogen at different time intervals. Abbreviations:

tg, trans-gauche and gt, gauche-trans.
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Fig 4-2 shows the solid-state '3*C CP/MAS NMR spectra of the 8 wt% NaOH-soaked

cellulose powder obtained by quenching treatments in the centrifuge tubes. Similar to the treatments

in the microtube, the C6 tg line decreased and the C6 gt line increased as treatment time increased.

This indicates that the cellulose II proportion increased with prolonged treatment time, suggesting the

coexistence of cellulose I and II. Therefore, if the cellulose resources can be precisely soaked in a

NaOH solution, the crystal transition of cellulose I to II progresses through a quenching treatment. Fig

4-3 shows the proportion of cellulose I crystal, cellulose II crystal, and surface/amorphous regions,

and Fig 4-4 shows the cellulose II proportion in crystal region determined by the C6 line fitting of the

solid-state '3C CP/MAS NMR spectra shown in Fig 4-2, respectively. Fig 4-3 shows that the proportion

of cellulose II increased as that of cellulose I decreased, while the proportion of surface/amorphous

region remained nearly constant, with some minor fluctuations. The proportion of cellulose II

increased as that of the surface/amorphous region decreased during the first 30 s. Subsequently, the

proportions of the cellulose II crystal and the surface/amorphous region increased as that of cellulose

I decreased. This suggests that the transition from the surface/amorphous region to cellulose II occurs

initially, followed by the transition from cellulose I to cellulose II. The reason why the

surface/amorphous regions were initially converted to the cellulose II crystal is thought to be because

NaOH penetrated the surface/amorphous regions more easily than cellulose I crystals. Fig 4-4 shows

that the proportion of cellulose II in crystal regions reached 94% within 120 seconds under the
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quenching treatment. As shown in Fig 2-3 in Chapter 2, crystal transition was completed in 30 minutes

at —20°C, 20 minutes at —25°C, and 15 minutes at —30°C. This indicates that quenching treatments

facilitate rapid crystal transition within a very brief timeframe. Furthermore, the cellulose II proportion

increased proportionally over periods of 30 and 90 s, suggesting that the cellulose II proportion can be

controlled by adjusting the quenching treatment times.

C4

110 100

90

Fig. 4-2. Solid-state '3C CP/MAS NMR spectra of the cellulose powder samples obtained by the

quenching treatments. Abbreviations: tg, trans-gauche and gt, gauche-trans.
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Fig. 4-3. Time-course changes for the proportion of cellulose I crystal (red line), cellulose II crystal
(blue line), and surface/amorphous regions (green line) of cellulose powder samples obtained by the
quenching treatments, determined by the line fitting of C6 resonance lines of solid-state '*C CP/MAS
NMR spectra shown in Fig. 4-2.
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Fig. 4-4. Time-course changes for the cellulose II proportion of cellulose powder samples obtained by

the quenching treatments, determined by the line fitting of C6 resonance lines of solid-state '3C

CP/MAS NMR spectra shown in Fig. 4-2.
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During these quenching treatments in the centrifuge tubes, the cellulose powder froze from

the outside to the inside of the sample, and the frozen portion gradually increased with increasing

treatment time. The freezing behavior of these samples is thought to be related to the increasing trend

in the cellulose II proportion. Therefore, it is necessary to consider the relationship between these

behaviors. Celluloses I and II were present in the sample cooled for 30 seconds. The frozen and

unfrozen portions were present when this sample was immediately transferred from liquid nitrogen

temperature to room temperature (24 °C). The outer portions of the samples were frozen, and the

central portions remained unfrozen. Individual portions were separated and subjected to neutralization,

water washing, and drying. Fig 4-5 shows the solid-state '*C CP/MAS NMR spectra of the dried

samples. The frozen portion contained cellulose I and II, whereas the unfrozen portion contained only

cellulose I, indicating that the crystal transition proceeded from outside the sample. This is thought to

be because NaOH penetrated the cellulose crystals only in the outer part of the sample, where the

temperature dropped sharply, and the mobility of NaOH decreased accordingly. As the mobility of Na

ions decreases, interactions between cellulose and NaOH are more likely to occur, and the molecular

chain of cellulose changes into a more stable structure. Hence, by adjusting the treatment time of this

quenching treatment to create a temperature difference between the central and outer portions, it is

expected that the distribution of cellulose I and II can be controlled such that the outer portion of the

sample is cellulose II and the central portion is cellulose 1. If this quenching treatment is applied to
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cellulose I fibers, composite fibers with a cellulose II surface and a cellulose I core can be produced.
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Fig. 4-5. Solid-state '3C CP/MAS NMR spectra of the frozen and unfrozen portion of the samples
obtained by quenching treatment at the centrifuge tube for 30 s. Abbreviations: tg, trans-gauche and

gt, gauche-trans.

4.3.2. Quenching Treatments with Liquid Nitrogen on Cotton Fiber

Fig 4-6 shows the prepared cotton fiber, the sample obtained after cooling in liquid nitrogen

for 90 s with an 8 wt% NaOH solution, and the sample obtained through a mercerization treatment

with a 25 wt% NaOH solution at room temperature (24 °C) for 2 h. Although the mercerized sample

shrank from 40 to 28 cm, the length of the quenched sample decreased from 40 to 38 cm. This indicates

that the quenching treatment resulted in less sample deformation compared to the mercerization

treatment.
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Fig. 4-6. The morphology of the samples of (a) the prepared cotton fiber, (b) the obtained sample after

quenching treatment for 90 s, and (c) the sample after mercerization treatment with a 25 wt% NaOH

solution at room temperature (24 °C).

Fig 4-7 shows the solid-state '*C CP/MAS NMR spectra of the cotton fiber samples,

including the prepared sample and the samples obtained through room-temperature treatment using an

8 wt% NaOH solution and mercerization treatment using a 25wt% NaOH solution. The sample soaked

in an 8 wt% NaOH solution contained cellulose I, confirming that the crystal transition did not progress.

The mercerized sample contained cellulose II, indicating that the crystal transition progressed

completely.
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Fig. 4-7. Solid-state '3C CP/MAS NMR spectra of the as-prepared cotton fiber and the samples
obtained by the room-temperature treatments using 8 and 25 wt% NaOH solutions. Abbreviations: tg,

trans-gauche and gt, gauche-trans.

Fig 4-8 shows the solid-state 1*C CP/MAS NMR spectra of the cotton fiber samples obtained

by the quenching treatments. Like the quenching treatments on the cellulose powder, the C6 tg line

decreased, and the C6 gt line increased as the treatment time increased. This indicates that quenching

treatments can produce composite fibers of cellulose I and II. Fig 4-9 shows the proportion of each

region, and Fig 4-10 shows the proportion of cellulose II in crystal region in cotton fiber samples

obtained by the quenching treatments determined by C6 line fitting of the solid-state '3*C CP/MAS

NMR spectra, respectively. Fig 4-9 shows that the proportion of cellulose II increased as that of

cellulose I decreased, while the proportion of surface/amorphous region remained nearly constant,

with some minor fluctuations. The proportion of cellulose II increased as that of surface/amorphous

region decreased during the first 10 s. Subsequently, the proportions of cellulose II and
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surface/amorphous region increased as that of cellulose I decreased. This behavior is similar to the
crystal transition observed in Fig 4-3. This suggests that the transition from the surface/amorphous
region to cellulose II occurs initially, followed by the transition from cellulose I to cellulose II. The
reason why the surface/amorphous regions were initially converted to the cellulose II crystal is thought
to be because NaOH penetrated the surface/amorphous regions more easily than cellulose I crystals.
Fig 4-10 shows that the cellulose II proportion increased proportionally with the treatment time from
10 to 30 seconds, similar to the cellulose powder treatments shown in Fig 4-4. This suggests that the

cellulose II proportion can be controlled by adjusting the quenching treatment time.
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Fig. 4-8. Solid-state '3C CP/MAS NMR spectra of the cotton fiber samples obtained by the quenching

treatments. Abbreviations: tg, trans-gauche and gt, gauche-trans.
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Fig. 4-9. Time-course changes for the proportion of cellulose I crystal (red line), cellulose II crystal
(blue line), and surface/amorphous regions (green line) of cellulose powder samples obtained by the
quenching treatments, determined by the C6 line fitting of solid-state '3C CP/MAS NMR spectra
shown in Fig 4-8.
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Fig. 4-10. Time-course change for the cellulose II proportion in the crystal region of cotton fiber
samples obtained by the quenching treatments, determined by the C6 line fitting of solid-state '3C
CP/MAS NMR spectra shown in Fig 4-8.
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4.3.3. Crystal Distribution of Cellulose I and 1l on Composite Fiber

In this section, the crystal distribution of the cotton fiber samples obtained by quenching

treatments is discussed. In these samples, which contain both cellulose I and II, it is expected that

cellulose II is present in the surface region and cellulose I in the core region, similar to the model

shown in Fig 4-11. In this method, which is similar to the surface dissolution approach, the

reinforcement and outer matrix are composed of the same material. Furthermore, by using the solvent

necessary to soak the cellulose materials and inducing crystal transition from the surface while

maintaining a solid state, this method makes it possible to produce all-cellulose composite materials.

This composite fiber is expected to exhibit the characteristics of cellulose I, such as high mechanical

strength, and the characteristics of cellulose II, including luster and dyeability. This model is expected

to exhibit superior mechanical strength compared with cellulose II materials because the cellulose I

core acts as a reinforcement. Therefore, the mechanical properties of the composite samples were

evaluated by tensile testing.
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Fig. 4-11. The schematic image of the estimated distribution of cellulose I and II in the composite fiber

obtained by the quenching treatment.

4.3.4. Tensile Tests

Fig 4-12 shows the stress-strain curve (S-S curve) of the prepared cotton fiber and the
samples obtained by quenching treatments for 15 and 30 s and mercerization treatment using a 25 wt%
NaOH solution at room temperature (24 °C) for 2 h. The S-S curves of the composite samples were
intermediate between those of the cotton fiber and mercerized fiber sample. This indicates that these
composite fibers had the mechanical properties of both cellulose I and II. Table. 4-1 summarizes the
maximum stress, breaking strain, elastic moduli, and toughness of the samples. The maximum stress
and elastic moduli at higher stress revel (Eu) of the samples obtained by quenching treatment were
greater than those of the mercerized fiber sample. This indicates that the cellulose I core serves as a
reinforcement, resolving the low mechanical strength of cellulose II. Therefore, this composite
material may have the potential for use as alternative materials to plastics. The breaking strain and

toughness of the composite fiber samples were higher than those of the cotton fibers and lower than
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those of the mercerized fibers. Furthermore, elastic moduli at the initial region (Ei) were nearly the

same for the fiber sample obtained by quenching treatment for 15 s and the mercerized fiber sample,

however, it was smaller for the sample obtained by the quenching treatment for 30s. The breaking

strain of the sample obtained by quenching treatment for 30 s was larger compared to that of the sample

obtained by quenching treatment for 15 s. These results suggest that it is inferred that while the

quenching treatment allows for easy deformation even at low stress, it can produce materials with

minimal stress deformation under higher stress. The shape of the S-S curve, which is known as the J-

shaped S-S curve, for this composite is similar to that observed in the skin [10], [11], and this

mechanical property is also similar to the skin [11], [12]. Therefore, this composite material has

potential applications in medical materials. The ease of initial deformation is believed to be adjusted

by quenching time due to, in part, the changes in the proportion of cellulose II. There is potential to

prepare composite materials with more diverse mechanical properties by selecting cellulose resources

because their characteristics, such as their orientation, affect the mechanical properties of the all-

cellulose composite [13], [14]. This result indicates that by adjusting the treatment time, not only can

the proportion of cellulose I and II be controlled, but the mechanical properties can also be altered.
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Fig. 4-12. Stress-strain curve of the cotton fiber samples. Color code: black line, cotton fiber; red line,
the quenching treatment for 15s; green line, the quenching treatment for 30 s; blue line, mercerization

treatment for 2 h with a 25 wt% NaOH solution at room temperature (24 °C).

Table. 4-1. Maximum stress, breaking strain, elastic moduli, and toughness of cotton fiber, the cotton
fiber samples obtained by the quenching treatments cooled for 15 s and 30 s and by the mercerization

treatment for 2 h with a 25 wt% NaOH solution at room temperature (24 °C).

semple Maximum stress Breaking strain Elastic moduli (Er) Elastic moduli (Ex) Toughness
(cN/dtex) (%) (cN/dtex) (cN/dtex) (cN/dtex) * 10072

Cotton fiber 1.32 £ 0.06 15311 3.01 =034 11.28 £ 0.03 8812

Quenched sample for 155 143 £0.17 31829 0.68 = 0.18 6.90 £ 0.12 164 =28

Quenched sample for 30 s 1.49 £ 0.15 34314 0.39 £ 0.05 7.27 £0.26 16.8 £ 1.8

Mercerized sample 1.34 £ 0.05 439 %15 0.70 £ 0.24 426 £0.21 231 £22
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4.4. Conclusions

In this chapter, I developed a novel method to fabricate composite materials with cellulose

I as the core and cellulose II as the surface, and succeeded in controlling the mechanical properties by

adjusting the proportion of cellulose II. Quenching treatment with liquid nitrogen accelerates the

crystal transition from cellulose I to II in a shorter time than the treatment at —20°C to —30°C described

in Chapter 2. The crystal transition progressed from the periphery to the center, and the percentage of

cellulose II increased with increasing treatment time. The crystal transition also progresses in cotton

fiber as in cellulose powder, which is considered to have a cellulose I core and a cellulose II surface.

The maximum stress and elastic moduli at higher stress of the composite fiber material are greater

than that of the mercerized cellulose II fiber, which may be attributed to the strengthening of the

cellulose I core. This composite fiber material may have the potential for use as alternative materials

to plastics. Furthermore, the mechanical properties of the composite fiber materials were altered by

varying the treatment time. In particular, the initial elastic moduli are similar to the properties of the

skin. Therefore, this composite material may have potential applications in medical materials. In

summary in this chapter, it was possible to control the crystal transition of cellulose by adjusting the

treatment conditions in the quenching process, thereby producing a composite material of cellulose I

and II with the superior mechanical properties.
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Chapter 5.

Concluding Remarks
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The objective of this study is to create new cellulose-based materials that combine the

properties of cellulose II with controllable and excellent mechanical properties. I focused on alkali

treatments using low-concentration NaOH solutions. The mechanisms involved in the crystal

transition from cellulose I to II at low temperatures, and the improvement of crystallinity in cellulose

II during multicycle alkali post-treatment were elucidated. Based on the findings, I developed a new

method to produce cellulose-based materials by controlling the ratio and distribution of cellulose I and

II. Here, the conclusions derived from each chapter are summarized.

Chapter 2

In Chapter 2, the structural changes of cellulose molecules and the dynamics of Na ions

during the low-concentration NaOH treatments at low temperatures were evaluated mainly by NMR

and WAXS measurements. The completion of crystal transition in a shorter time at lower processing

temperatures indicated that temperature conditions are one of the crucial factors in this crystal

transition. It was suggested that the C6 conformation changes, a reduction of crystallinity, disruption

of intrachain hydrogen bonds, and penetration of NaOH into the cellulose crystal region occur in the

temperature decrease process through in situ solid-state '*C CP/MAS NMR and in situ WAXS

measurements. Structural optimization calculations of cello-oligomers lacking hydrogen bonds

between glucose residues suggested that during crystal transition, cellulose molecular shift from a
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planar structure to more a stable one when the intrachain hydrogen bonds are disrupted. Furthermore,

at alkali concentrations where crystal transition progresses, a decrease in the mobility of Na ions

compared to concentrations where no crystal transition occurs was demonstrated by **Na NMR

relaxation time measurements. This implies the occurrence of interactions between NaOH and

cellulose. The reduction of their mobility is believed to be due to their penetration into cellulose

crystals. The mobility of Na ions at concentrations where crystal transition does not occur was found

to be nearly the same as that of Na ions in NaOH aqueous solutions without cellulose. In this case, the

interactions between NaOH and cellulose did not occur, suggesting that these interactions are essential

for crystal transition. Furthermore, a decrease in the mobility of Na ions was also observed in the

mercerization treatment using a high concentration of NaOH solution.

In the crystal transition occurred by the NaOH treatments, the mobility of Na ions is

considered a crucial factor, and it is believed to be controlled by temperature and alkali conditions.

This indicates that the progression of crystal transition could be controlled by adjusting the condition

of low-concentration NaOH treatments, such as temperatures and treatment times. Therefore, it has

been found that it is possible to control of mechanical properties of cellulose materials by controlling

the proportion and distribution of cellulose crystals using a low-temperature NaOH treatment.
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Chapter 3

In Chapter 3, further crystallinity improvement of cellulose II in low-concentration NaOH

post-treatment and clarification of this mechanism were addressed. In addition, the preparation of

highly crystalline cellulose II fibers and the control of their mechanical properties using this post-

treatment. The further crystallinity improvement of cellulose II is achieved by the multicycle post-

treatment using a 10 wt% NaOH solution. The proportion of the inaccessible surface decreases as the

crystallinity is improved and the crystal size is improved at each cycle. These results support the

mechanism of the crystallinity improvement during the multicycle post-treatment; in the second and

subsequent post-treatment cycle, NaOH does not permeate crystal regions, but only the inaccessible

surface regions enlarged by the previous cycle of the post-treatments, and these inaccessible surface

regions convert into the crystal regions by the rearrangement of cellulose molecules. This leads to the

conversion of amorphous regions, originally distant from the initial crystalline regions, into crystalline

regions. This multicycle post-treatment is also effective in the crystallinity improvement of cellulose

II fibers, however, the control of their mechanical properties is difficult because they depend on the

characteristics of cellulose resources. Applying this post-treatment during the preparation process of

cellulose II fiber is expected to enable the production of cellulose II fibers with high strength and

controllable mechanical properties.

138



Chapter 4

In Chapter 4, the fabrication of a novel cellulose-base composite of cellulose I and cellulose

I, and the control of their mechanical properties were addressed by controlling the crystal transition

in the solid state. The quenching treatments with liquid nitrogen have the potential for a novel

fabrication method of an all-cellulose composite with a cellulose I core and a cellulose II surface in a

single step. In this treatment, the crystal transition from cellulose I to cellulose II proceeds from an

outer to a central portion of cellulose material, and the proportion of cellulose II increases as treatment

times are longer. Therefore, the quenching on cellulose I fiber can prepare the composite material with

a cellulose I core and a cellulose II surface. The maximum stress and elastic moduli of composite

fibers are higher than those of mercerized cellulose II fiber. In addition, the mechanical properties of

composite fibers are controlled by adjusting treatment times, thereby controlling the proportion of

cellulose 11.

As summarized above, I gave insights into the crystal cellulose and the fabrication of novel

cellulose materials. NaOH that does not penetrate the crystal regions affects only the amorphous

regions around the crystal regions. On the other hand, the NaOH that penetrates the crystal regions

generates interactions with cellulose molecules, promoting conformational changes in the cellulose

molecules of the crustal regions. The clarification of the dynamics of NaOH when they penetrate the
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crystal regions is expected to contribute to the elucidation of the entire mechanism of crystal transition.

Furthermore, it has been revealed that by controlling the proportion of cellulose II through the

quenching with liquid nitrogen, the mechanical properties of composite materials can be easily

controlled. To increase the utilization of environmentally friendly cellulose, it is crucial to efficiently

produce cellulose materials with various properties. The methods developed in this study serve as a

contribution towards achieving this goal.

I believe that the insights gained from this thesis not only form the basis for the research on

cellulose crystal structures but also hold the potential for practical applications in the development of

novel cellulose materials.
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