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Chapter 1 General introduction

CHAPTER 1

General introduction

1.1 Cellulose
1.1.1 Background

Cellulose is the most abundant organic polymers, representing about 1.5 x 10** tons
of the total annual biomass production.” It is a structural component in wood, cotton,
hemp and other plant-based materials. It is also synthesized by algaes, certain fungi,
tunicates, and some bacteria.>® Thousands of years prior to the first discovery of
cellulose by Payen in 1838, it has been used in the form of wood, cotton, and other plant
fibers as an energy source, building materials, and clothing."* In the 1920-1940s,
cellulose was at the center of the pioneering research on polymers, with the subsequent
years being devoted to the industrial application of cellulose derivatives.>® The oil crisis
of the 1970s generated considerable interests in the use of cellulose as a source of
biomass for the bioproduction of organic chemicals.’

At the present day, cellulose is mainly produced from wood and cotton, whose
cellulose contents are 40-50% and 90%, respectively, for industrial use. Wood pulp is
mainly used to produce paperboards and papers; to a smaller extent it is converted into
regenerated and chemically-modified products such as films, fibers, and water-soluble
thickners.! Recent environmental issues and demands for sustainable resources have
driven the fundamental researches and applications of cellulose. Converting cellulose
from energy crops into biofuels, such as cellulosic ethanol, is under investigation as an
alternative fuel source. Furthermore, utilization of cellulose for high functional
materials, such as bio-nanofibers, is also extensively studied as an alternative to

petroleum-based materials.

1.1.2 Structure

Figure 1.1 shows the hierarchical structure of wood cellulose. The molecular
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structure of cellulose is a carbohydrate polymer generated from repeating
B-D-glucopyranose molecules that are covalently linked through glycoside bonds
between the equatorial OH group of C4 and the C1 carbon atom (B-1,4-glucan).
Cellulose is a linear-chain polymer with a large number of hydroxyl groups (three per
anhydroglucose unit). The crystalline state of cellulose is determined by the
arrangement of the glucan chains during cellulose biosynthesis.” In nature, most
celluloses are produced as crystalline polymers defined as cellulose I, whose glucan
chains are parallel to each other and packed side by side to form cellulose microfibrils.
The microfibril widths may vary depending on their origin. For example, the width of

microfibrils is 3-4 nm in most plants, while 20 nm in a certain algae. The

2,7-11 12-16

biosynthesis and crystal structure of cellulose microfibril were extensively

reviewed elsewhere.
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Figure 1.1. Hierarchical structure of wood biomass and the characteristics of cellulose
microfibrils.

In plant cellulose, microfibrils form bundles with widths of > 15 nm. The

aggregation of microfibrils is dependent on the cell wall type.'” Several geometrical

models were proposed with respect to fibril aggregation in cell walls texture.**?



Chapter 1 General introduction

Cellulose fibers with widths of 20-30 um are main components in pulp and paper.
Cellulose fibers in softwood mainly consist in tracheids, which constitute 90% of
principal cells.?? Trasheids are highly elongated, lignified cells with tapering ends
having an average width of about 30 um and length of 3-5 mm. Hardwoods contain two
principal cell types: wood fibers and vessel elements.?? The wood fibers are elongated,
thick-walled fibers having ~20 um in width and > 1 mm in length. The vessels are
relatively large in width and short in length. Wood tissue is composed mixture of

cellulose, hemicellulose and lignin.

1.2 Cellulose fibers for pulp and paper

Pulp is the product of the individual fibers in wood or nonwood plants such as
bagasse, bamboo, kenaf, wheat, hemp and flax.?? Pulps are roughly classified into two
types according to pulping process; mechanical and chemical pulps. Mechanical pulp is
produced by a high-speed rotation of wood bolts or chips in water using a stone grinder
or a disk refiner. Mechanical pulp can be obtained in high yields, but it contains a
significant amount of lignin. Thermomechanical pulp involves the pre-steaming of raw
wood chips at high temperature and pressure to soften the lignin before refining.
Chemical pulping is a process to dissolve and remove lignin from wood chips with a
pulping reagent; the pulping process is technically called “cooking”. Typical chemical
pulps are sulfite and kraft pulps. In sulfite pulping process, cooking liquor is prepared as
follows. Sulfur is burned to make sulfur dioxide, which is subsequently dissolved in
water. When a base (commonly calcium) is added to the liquor, first bisulfite and then
monosulfite is formed. Most of the lignins in wood chips are sulfonated by these
chemicals and dissolved in cooking liquor during the sulfite process. A large amount of
hemicellulose and a slight amount of cellulose are also dissolved by acid hydrolysis.
The sulfite pulp contains cellulose of about 95%, hemicellulose of about 5%, and a
small amount of lignin.?* Since manufactured in 1874, sulfite pulp had been used for

papermaking and rayon production because it can be produced in high yields with lower
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cost of cooking chemicals, and has high brightness without bleaching. However, the
sulfite process has some disadvantages; applicable wood species are limited and papers
produced from sulfite pulps are distinctly weaker than those produced from kraft pulp.
With the development of efficient kraft recovery and bleaching systems in 1930s—1950s,

the kraft process became principal process for producing chemical pulps.
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Figure 1.2. Schematic flow diagram of the kraft process.

Kraft process is often termed sulfate process, although the active cooking agent is
not sulfate but are sodium hydroxide and sodium hydrosulfide. The schematic flow of
kraft process is illustrated in Figure 1.2.%%?® The cooking liquor is composed of sodium
hydroxide and sodium hydrosulfide which are generated from sodium carbonate and
sodium sulfide. Wood chips and the white cooking liquor are charged to a digester
heated at 150-180 °C. During this process the cleavage of 3-O-4 ether linkage occurs to
lignin; alkaline hydrolysis and peeling reaction occur to cellulose and hemicelluloses to
some extent.

After the digestion is completed, the cooked chips are washed and separated into
unbleached pulp and black liquor. The unbleached pulps with the yield of about 50% are
frequently used for paperboard, and otherwise subjected to bleaching process. The black
liquor combined with washing water is evaporated, and the concentrated black liquor is
then incinerated in a recovery furnace to which sodium sulfate is added for supplying

sodium and sulfur. This produces sodium carbonate and sodium sulfide, which is

4
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subsequently hydrolized to generate green liquor. The liquor is then causticized by
reaction with slaked lime, after which the precipitated calcium carbonate is removed.
The calcium carbonate is then burned to regenerate lime for reuse in the causticization.
The advantages of kraft pulping are as follows; 1) any wood species can be applied to
this process, 2) the recovery process of cooking chemicals is well established, and 3) the
produced pulp has sufficient strength for papers and paperboards.

The name “kraft”, means strength in German and Swedish, has been applied to this
process because the produced pulp had higher strength compared with other pulps.*?*
The kraft pulp contains about 85% cellulose, about 15% hemicellulose, 2-5% residual
lignin.?*?® The residual lignin influences on optical and physical properties of pulps. If a
pulp with high brightness is required for printing and writing grades, bleaching process
is applied. Almost all bleaching processes now consist of multiple stages containing
oxidation and alkali-extraction. Laboratory process of delignification is mostly based on
the reaction of moist wood with an acidified solution of sodium chlorite. The prepared
cellulose or holocellulose are depolymerized to some extent by the delignification

treatment.?

1.3 Studies on nano-sized cellulose

The production of nano-sized cellulose fibers and their applications have gained
increasing attention due to their high strength and stiffness combined with light weight,
biodegradability and renewability.® In this section, various approaches to prepare
nanocellulosic materials from native plant sources are introduced.

Partially or significantly fibrillated cellulose fibers have been used as beaten pulps
and micro-fibrillated celluloses (MFC), respectively. Since developed in 1980s, MFC
has been produced from wood pulp at the industrial level by repeated high-pressure

2526 and has been used as a filter aid and thickener.

homogenization treatment in water,
Generally, high energy consumption is unavoidable for the nanofibrillation of plant

celluloses because it requires partial cleavage of numerous numbers of inter-fibrillar



Chapter 1 General introduction

hydrogen bonds. Wood cellulose fibers have been converted to nanofibrils with width of
20-100 nm by treatment with a grinder.?”?° Other than wood cellulose fibers,
agricultural waste and never-dried wood holocelluloses were studied as resources for
the nanofibrillation of cellulose.®*3*

Chemically-assisted nanofibrillations of various materials, such as wood, cotton,
ramie, and bacterial and tunicate celluloses, have been extensively studied at the
laboratory level. In most cases, anionically charged functional groups are introduced on
cellulose microfibril surfaces to form strong electrostatic repulsion between the
microfibrils in water. A traditional and representative method to introduce charged
groups onto cellulose microfibril surfaces is acid hydrolysis with 64% H,SO, at 45 °C
for 1-4 h.>>* When wood celluloses are subjected to the acid hydrolysis followed by
sonication, spindle like cellulose nanocrystals (CNC) or nanowhiskers (CNW) with
5-10 nm width and 50-200 nm length are obtained. However, weight recovery ratios
are low as only 30-50%.%

Cellulase-pretreatment or partial carboxymethylation of wood celluloses enabled a
reduction of energy consumption in nanofibrillation processes using a refiner and
high-pressure homogenizer treatments.**** Graft-polymerization of acrylonitrile onto
wood celluloses and successive mechanical treatment seems to cause dispersion of
partially anionic groups-grafted nanocellulose in water.** MFC, enzymatically or
chemically modified MFCs, and acid-hydrolyzed CNCs have been studied primarily for
applications as fillers in nanocomposites and electro-optical films.*** However, it has
been difficult to isolate completely individualized cellulose microfibrils from plant
cellulose fibers without serious damage or yield losses, because numerous hydrogen
bonds are present between cellulose microfibrils in cellulose fibers. Plant cellulose
microfibrils can be regarded as bio-based nanofiber with uniform widths, high
crystallinity and high aspect ratios originally present in the plant cell walls (Figure 1.1).
In 2006, Isogai’s group of the University of Tokyo has developed a new method to
prepare completely individualized cellulose nanofibrils 3-4 nm wide and a few microns

long from wood cellulose fibers by 2,2,6,6-tetramethylpiperidine-1-oxyl radical
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(TEMPO)-mediated oxidation under moderate aqueous conditions.**’

1.4 TEMPO-mediated oxidation of cellulose

TEMPO-mediated oxidation of cellulose at alkaline condition is illustrated in Figure
1.3. TEMPO and its analogues are water-soluble, commercially available and stable
nitroxyl radicals. Catalytic oxidation using TEMPO has opened a new field of efficient
and selective conversion chemistry of alcoholic hydroxyl groups to aldehydes, ketones
and carboxyl groups under mild conditions. Many related studies have been extensively
carried out in the last two decades, and have been reviewed in detail.***° Particularly, de
Nooy et al. first applied TEMPO-mediated oxidation to water-soluble polysaccharides
such as starch, amylodextrin and pullulan for regioselective conversion of C6 primary
hydroxyl to carboxylate groups.”® In this system, catalytic amounts of TEMPO and
sodium bromide were dissolved in polysaccharide solutions at pH 10-11, and oxidation
was started by the addition of sodium hypochlorite solution as a primary oxidant.>*?
Various TEMPO-mediated oxidation reactions of mono-, oligo- and polysaccharides for

regioselective conversion of primary hydroxyls to carboxylate groups have been

OOH NaOH OONa
o) i 0
0. KOH 0. KOH
N-OH H H
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/\ H
NaClo NaBr #N=0 HzOOH
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(@]

Figure 1.3. Scheme of TEMPO-mediated oxidation of cellulose at alkaline condition.
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1.4.1 TEMPO-mediated oxidation of regenerated cellulose

For regenerated and mercerized celluloses, ball-milled or liquid NHs-treated native
celluloses became transparent solutions as the oxidation proceeded; water-soluble
oxidized products were obtained in these cases.”> >’ The oxidized products had almost
homogeneous chemical structures of sodium (1,4)-B-D-polyglucuronate, which is
named as cellouronic acid (CUA). Hence, the C6 primary hydroxyls of celluloses can be
entirely and selectively converted to C6 sodium carboxylate groups by
TEMPO-mediated oxidation (Figure. 1.3).>>>" However, drastic depolymerization was
unavoidable for CUA prepared by TEMPO oxidation at alkaline condition plausibly
owing to B-elimination of C6 aldehyde groups formed as intermediate structures, and/or
cleavage of the (1,4)-p-glycoside bonds of CUA by radical species formed in situ as side
reactions during TEMPO-mediated oxidation.”®® Alternative TEMPO oxidation at
neural condition with addition of sodium hypochlorite and sodium chlorite was thus
proposed to suppress the intense depolymerization during reaction. The details of this
TEMPO-oxidation system were reviewed elsewhere.®*® CUAs are both biodegradable
and metabolizable, and have relatively low-molecular weights, so they have potential
application as new biodegradable polymeric builders in detergents to capture calcium

ions in laundry water.®

1.4.2 TEMPO-mediated oxidation of native cellulose

When TEMPO-mediated oxidation is applied to native celluloses with the cellulose I
crystal structure, such as cotton linters, bleached kraft and sulfite pulps, softwood
thermomechanical pulp, bacterial cellulose and ramie fiber, the original fibrous
morphologies are unchanged even after the oxidation with sufficient amounts of
reagents.**" % Every one of two glucosyl residues of the extended cellulose chains
present on the crystalline microfibril surfaces can be converted into a sodium
glucuronosyl residue by the oxidation under suitable oxidation conditions.®®®® Thus,
TEMPO-mediated oxidation of native cellulose is a type of regioselective surface

modification of crystalline native cellulose microfibrils, and allows the formation of
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anionic carboxylate groups with quite high densities on the microfibril surfaces. As is
the case with regenerated cellulose, significant depolymerization is inevitable for native
celluloses during the TEMPO-mediated oxidation at alkaline condition. The alternative
TEMPO oxidation system at neutral condition suppressed the depolymerization of the
oxidized celluloses to some extent.*’

When the oxidized cellulose contains sufficient amounts of carboxylate groups on
the microfibril surface; for example more than approximately 1.0 mmol g* for
hardwood and softwood bleached kraft pulp, the fibrous oxidized cellulose/water
slurries were converted to transparent and viscous nanofibril-dispersions by mechanical
disintegration treatment using a household blender, double-cylinder-type homogenizer
or ultrasonic homogenizer for 2-10 min.**#"%®" |n the case of wood cellulose, the
prepared TEMPO-oxidized cellulose nanofibrils are 3-4 nm in width and a few microns
in length, which corresponds to microfibril size (Figure 1.1). Additionally, other native
celluloses such as cotton linters, ramie, bacterial, tunicate and algal celluloses were also
converted to individual nanofibrils, whose widths correspond well to their crystal sizes.
The large amounts of anionically charged sodium carboxylate groups present in high
densities on the microfibril surfaces may cause the individualization of cellulose
microfibrils by electrostatic repulsion and/or osmotic effects in water.®

Figure 1.4 shows a schematic model of the preparation of individualized cellulose
nanofibrils from wood cellulose such as kraft and sulfite pulps. The model is illustrated
in two-dimension for simplicity. These pulps contain 5-15% of disordered
hemicelluloses presenting in the spaces between cellulose microfibrils. During the
TEMPO-mediated oxidation, the oxidized TEMPO molecules and/or nitrosonium ions
can easily penetrate into the sponge-like hemicelluloses regions. Thus, these pulps
provide the most efficient production of the TEMPO-oxidized cellulose nanofibrils.®
The advantageous points of TEMPO-oxidized cellulose nanofibrils are as follows. It is
the only method to obtain long and individualized cellulose microfibrils (though the
microfibril surfaces are modified). Co-oxidant reagents are inexpensive. The oxidation

system is conducted in environmentally-benign conditions (aqueous, pH 10-11, room
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temperature, and atmospheric pressure). The surface modification reduces energy

consumption in mechanical disintegration process. The preparation method is suitable

for production at the industrial level.®

Glucoseunit
Fibrous morphology

Crystalline fibril region
Hemicellulose & disordered region

Wood cellulose fibrils

in presence of salts (NaClQO, NaCl, NaBr)

Glucuronate unit-CO0~

.
NN -
g || TEMPO-mediated oxidation

z-potential —80 mV

Figure 1.4. Schematic model of the preparation of individualized cellulose nanofibril
by TEMPO-mediated oxidation and subsequent disintegration process.

1.5 Objective of this study

The research and development of nanofibers, which defined as nano-sized fibers
<100 nm wide or micron-sized fibers with nano-dimension cross sectional structures,
have been extensively promoted by both academia and industry in the nanotechnology
field. Nanofibers have extremely large surface areas, and the properties are sometimes
significantly different from those of the bulk materials. TEMPO-oxidized cellulose

nanofibril is a new nanofiber having remarkable advantages in terms of extremely small

10
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diameter, high crystallinity, and bioproductivity, together with environmentally friendly

preparation process. Film is one of the important bulk materials to understand

fundamental properties of the new cellulose nanofibrils. The objective of this study is to

characterize film properties and structures of the new cellulose nanofibrils. Additionally,

some of the film properties were improved by surface modification or making

nanocomposites with synthetic polymers.
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CHAPTER 2

Preparation and characterization of TEMPO-oxidized
cellulose nanofibril films and composites

2.1 Introduction

A new cellulose-based nanofibril can be prepared from native celluloses by
TEMPO-mediated oxidation under aqueous conditions at room temperature and pH 10.
Transparent dispersions can be obtained within several minutes by gentle agitation of
the wood TEMPO-oxidized cellulose fiber/water slurries using a blender-type or
ultrasonic homogenizer. Transmission electron microscopy (TEM) observations
revealed that the gels consisted of individual cellulose nanofibrils with almost uniform
widths of 3-4 nm and lengths greater than 200 nm, so that their aspect ratios were
higher than 50.12 In this chapter, films of TEMPO-oxidized cellulose nanofibrils
(TOCNs) and TOCN-based composites were prepared by casting or filtration of the
TOCNSs/water dispersions. Extensive characterization of the new TOCN films revealed
that the films have unique properties with potential applications for some high-tech

materials.

2.2 Experimental section

2.2.1 Materials

Never-dried softwood and hardwood bleached kraft pulp fibers were used as the
cellulose sources for TEMPO-mediated oxidation. The pulps contained approximately
90% cellulose and 10% hemicelluloses. Laboratory grade TEMPO, sodium bromide,
and 12% sodium hypochlorite solution (Wako Pure Chemicals, Co. Ltd., Japan) were
used as received. Poly(vinyl alcohol) (Wako Pure Chemicals, Co. Ltd., Japan) was
dissolved in water to prepare a 1% (g/L) solution. Commercial cellophane film

(thickness 38 um), poly(lactic acid) (PLA, thickness 25 um), poly(ethylene

15
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terephthalate) (PET, thickness 50 um), low density poly(ethylene) (LDPE, thickness 50
um), and oriented poly(propylene) (OPP, thickness 50 um) films were used as received.
A cationic papermaking grade alkylketene dimer (AKD) dispersion (AS-202, 12% AKD
content, Seiko PMC Co., Japan) was diluted by 0.05%

2.2.2 TEMPO-mediated oxidation

TEMPO-mediated oxidation was applied to a 1% (g/L) cellulose fiber/water slurry
with NaClO, catalytic amounts of TEMPO, and NaBr using the previously reported
method.? The cellulose (1 g) was suspended in water (100 mL) containing TEMPO
(0.016 g, 0.1 mmol) and NaBr (0.1 g, 1 mmol). The NaClO solution (3.1 g, 5.0 mmol)
was added to the slurry, and the mixture was stirred at room temperature and pH 10
until no more 0.5 M NaOH consumption was observed. The TEMPO-oxidized
celluloses thus prepared from both softwood and hardwood celluloses had carboxyl and
aldehyde contents of 1.5 and 0.3 mmol g, respectively.** 1 out of every 1.7 glucose

units in the surface of cellulose microfibrils was oxidized to the glucuronate unit.

2.2.3 Preparation of TEMPO-oxidized cellulose nanofibril (TOCN) films

A 0.1% (g/L) slurry of TEMPO-oxidized cellulose fibers in water (50 mL) was
agitated at 15000 rpm for 2 min using a blender-type homogenizer (Excel Auto ED-4,
Nissei, Japan) at room temperature. The obtained gel-like dispersion was then sonicated
for 6 min using an ultrasonic homogenizer at 19.5 kHz and 300 W output power (7 mm
probe tip diameter, US-300T, Nissei, Japan). Unfibrillated and partly-fibrillated fiber
bundles were removed from the gel by filtration through a nylon cloth with 20 um pores.
The recovery of TOCN after filtration was >80%. The approximately 0.1% (g/L)
TOCN/water dispersion was converted to a hydrogel on a polytetrafluoroethylene
(PTFE) membrane with 0.1 um pore size (Advantec Toyo, Japan) by suction filtration.
The TOCN hydrogel was dried in a ventilated oven at 50 °C overnight without forced
air-flow. A TOCN film about 20 pum thick was then obtained. Some TOCN films were
prepared by casting the dispersion onto a Petri dish and drying at 40 °C for 3 days. The
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TOCN cast films with about 10 pum thickness were easily detached from the dish after

drying.

2.2.4 Preparation of TOCN composites

20% TOCN/PVA composite film was prepared by the following method. 0.2%
TOCN/water dispersion was blended to 1% poly(vinil alcohol) (PVA) agq. The weight
ratio of TOCN and PVA was 2:8. The blend solution was agitated at 1500 rpm for 1 day,
cast on a plate and dried at 50 °C for 1 day. Original PVA cast film was prepared by the
same procedure as the composite.

A polylactic acid (PLA) film surface-coated with TOCN was prepared by bar-coating
of TOCN water dispersion on a corona-treated PLA film. The TOCN layer adhered to
the PLA film by air drying without any delamination.

Some of the TOCN cast films were soaked in a 0.05% AKD dispersion for 10 s
followed by rinsing thoroughly with water. The wet films were dried at room

temperature, and then heated at 100 °C for 10 min.

2.2.5 Analysis

Surface images of the TOCN films were obtained using an atomic force microscopy
(AFM) apparatus in tapping mode (SPI 3800N using SI-DF20 Si cantilever, Seiko
Instruments Inc., Japan). The film surfaces were also observed with an ultra-high
resolution field emission scanning electron microscopy (SEM, Hitachi S-4800) after
osmium sputtering at 7 mA for 10 s.

The thermal decomposition behavior was recorded in a nitrogen atmosphere using a
thermo-gravimetric analyzer (Ulvac, TGD-9600, Japan) at 10 °C min™. Thermal
expansivity was measured with a Shimadzu TMA-60 instrument at 0.03 N load in a
nitrogen atmosphere from 28 to 102 °C at 5 °C min™ after predrying samples at 120 °C
for 10 min.

Light transmittance was measured from 200 to 1000 nm wavelength using a

Shimadzu UV-1700 UV-vis spectrometer, and correlated based on the film thicknesses

17



Chapter 2 TEMPO-oxidized cellulose nanofibril films and composites

using the Lambert-Beer’s law.

Contact angles of 2 uL water droplets were measured at 23 °C and 50% relative
humidity (R.H.) using a FAMAS DM500 apparatus (Kyowa Interface Science Co. Ltd.,
Japan).

Moisture contents were calculated from weight loss of the films after heating at
105 °C for 3 h. Tensile strengths and Young’s moduli of the film with 3 mm width and
20 mm length were measured at 1.0 mm min™ and 10 mm span length using a Shimadzu
EZ-TEST instrument equipped with a 500 N load cell.

The TOCN/water dispersion was cast on a plasma-treated PLA film with 25 um
thickness to make a TOCN coated layer with 0.8 pm thickness on the PLA film. The
TOCN/PLA film was subjected to measurement of oxygen transmission rates (OTRs)
using a Mocon ML & SL (Modern Controls Inc., U.S.A.) apparatus under dry
conditions according to ASTM 3985 Standard. Water vapor transmission rates
(WVTRs) of TOCN cast films were measured using a Mocon PERMATRAN-W 1/50
apparatus according to ASTM 398 Standard. The cell in detector side was set at 10%
R.H., and the other side was varied from 40 to 100% R.H. WVTR of each sample was

measured for at least 1 h until it reached a stable value.

2.3 Results and discussion

2.3.1 Surface observation

The AFM image in Figure 2.1 shows that the surface of TOCN films consists of
randomly assembled nanofibrils. Nanofibril widths were estimated to be 3-4 nm from
the height of AFM images, which is in good agreement with TEM measurements.™?
When the film surface was observed with SEM after osmium sputtering, fibrous
structures about 15 nm in width were observed (Figure 2.1). It is probable that the
nanofibrils on the film surface were covered with relatively thick osmium layers by the
sputtering process, which is necessary to be able to observe such nanosized organic

materials by SEM. From the SEM image, randomly assembled nanofibrils were
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observed in the film surface, while the cross-section of the film was composed of
densely accumulated nanofibril layers. The orientation of cellulose nanofibrils in a
TOCN cast film was evaluated using wide-angle X-ray diffraction.® The diagram of the
cast film showed ring patterns, indicating a random orientation of the cellulose
nanofibrils on the horizontal plane of the film. The diffractogram clearly showed three
reflections assigned to the cellulose | crystal structure. In addition, recent TEM
observation revealed that domains of uniaxially aligned nanofibrils with different
orientation angles formed layers that were nearly parallel to the film surface, as
plywood-like hierarchical structures (like a cholesteric liquid-crystal assembly) in plant
cell walls.® The structure is formed by consolidation of the nanofibril alignment in

aqueous dispersions during drying process.
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Figure 2.1. AFM (left) and SEM (right) images of the surface of nanofibril films
prepared from TEMPO-oxidized softwood cellulose.

2.3.2 Optical properties

Figure 2.2 shows the UV-vis transmittance of approximately 20 um thick TOCN
films prepared from TEMPO-oxidized softwood and hardwood celluloses. The TOCN
film obtained was transparent and flexible (photo-graph, Figure 2.2). The transmittance
at 600 nm was about 90% for the film prepared from softwood cellulose, while it was

about 78% for the film prepared from hardwood cellulose. The softwood TOCN film
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had transparency close to cellophane whose transmittance at 600 nm was 94%. The
transmittance of the films may relate to dispersibility of nanofibrils in water. The
transmittance at 600 nm was about 72% for the TOCN water dispersion prepared from
softwood (containing unfibrillated fiber bundles), while it was about 68% for the TOCN
water dispersion prepared from hardwood. It indicates that the hardwood TOCN/water
dispersion contains larger particles extensively causing light scattering. The difference
in transmittance may be explained by the 10% hemicelluloses in the cellulose samples.
The hardwood cellulose contains xylan as the predominant hemicellulose which has no
C6 primary hydroxyls. On the other hand, the softwood cellulose contains glucomannan
whose C6 primary hydroxyls can be converted to sodium carboxylate groups by the
TEMPO-mediated oxidation. Syverud et al. reported that Eucalyptus (hardwood) kraft
pulp had a larger fraction of xylose compared to Pinus radiata (softwood) kraft pulp,
and xylose content was almost unchanged before and after the TEMPO-mediated
oxidation.” The presence of xylan molecules in the TEMPO-oxidized hardwood

cellulose fibers may interfere with complete dispersion of the TOCNS in water.
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Figure 2.2. UV-vis transmittance of nanofibril films prepared from TEMPO-oxidized
softwood and hardwood celluloses. The photograph shows light
transmittance behavior of the nanofibril film prepared from
TEMPO-oxidized softwood cellulose.
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The absorption band shoulder at about 250 nm is caused by C6 aldehyde groups
formed as intermediate structures during TEMPO-mediated oxidation of the C6 primary
hydroxyls. Aldehyde contents of TEMPO-oxidized wood celluloses are generally lower
than 0.3 mmol g™.>* The absorption at around 250 nm disappeared after reduction of the
TEMPO-oxidized celluloses with sodium borohydride or oxidation with sodium
chlorite.

The refractive index of the TOCN film was 1.545 + 0.002 at room temperature, and
this value is consistent with those previously reported for cellulose (1.618 along the

fiber and 1.544 in the transverse direction).?

2.3.3 Thermal properties

Thermal degradation of the TOCN films started at about 200 °C in a nitrogen
atmosphere (Figure 2.3), and there was no significant difference between hardwood and
softwood. On the other hand, for the original celluloses, degradation began at 300 °C.
Thus, the formation of sodium carboxylate groups from the C6 primary hydroxyls of
cellulose microfibril surfaces by the TEMPO-mediated oxidation leads to a significant
decrease in thermal degradation point. The initial decreases in weight observed at about
60-100 °C for both of the two samples are probably the result of the loss of residual
moisture from the samples, because the degrees of weight loss for both the TOCN film
and the original cellulose roughly corresponded to their moisture contents.

The thermal expansivity of the TOCN films was measured in a nitrogen atmosphere
after heating the film at 120 °C for 10 min to remove the residual moisture (Figure 2.4).
The coefficient of thermal expansion (CTE) of the TOCN films was about 2.7 x
10 °C™?, which is much lower than that of glass (about 9 x 10° °C™). The extremely
low CTE is possibly caused by the high crystallinity of the nanofibrils and also rigid
network structures comprising the TOCN film. The thermal dimension stability of
TOCN film as well as high visible light-transparency without the presence of any
coexisting polymers is highly advantageous for flexible display panels and electronic

devices.

21



Chapter 2 TEMPO-oxidized cellulose nanofibril films and composites

120

100

(0]
o

Weight loss (%)

Ll Ll Ll Ll
Original wood
i cellulose i
TEMPO-oxidized
~ cellulose
1 1 1 1
0 100 200 400 500

600

Temperature (°C)

Figure 2.3. Thermogravimetric curves of the original and TEMPO-oxidized celluloses
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2.3.4 Mechanical properties and reinforcing effect in composites

The densities, moisture contents, and tensile properties of the TOCN films prepared
from the softwood and hardwood celluloses are listed in Table 2.1. Comparison of
tensile strength and elastic moduli between TOCN films with hand-made papers and
commercial cellophanes was shown in Figure 2.5. Unlike transparency, no significant
difference was observed in tensile properties between softwood and hardwood TOCN
films. This result indicates that tensile properties may be more closely related to the film
density than dispersibility of nanofibrils in water. Tensile strengths and elastic moduli of
the TOCN films were ten and four times, respectively, larger than for papers, which
have much smaller densities (Figure 2.5). The densities and moisture contents of the
TOCN films were about 1.45 g cm™ and 14%, respectively, which are quite similar to
those of commercial cellophane film. This implies that the structure of TOCN film does
not resemble to those of papers but is close to those of polymer films. However, the
tensile strengths and elastic moduli of the TOCN films were more than twice and sixth
times, respectively, larger than for the cellophane film (Figure 2.5). The high
crystallinity (ca. 75%) and the high aspect ratios of the nanofibrils were likely to result
in such high strength of the TOCN films. Figure 2.5 also shows the reinforcing effect of
TOCNSs. Both the tensile strength and elastic modulus of the poly(vinyl alcohol) (PVA)
film were remarkably improved by 20% TOCN addition. However, similar results
would be expected by the addition of only a few % TOCN to PVA if each TOCN is
present individually in the TOCN/PVA composite film, because an anisotropic
reinforcing filler, such as clay, shows a high level of the nano-reinforcing ability by
addition of a few % to a matrix.? Therefore, homogeneous distribution of individualized
TOCNSs without any aggregation in PVA is required to obtain TOCN/PVA composites
having the highest reinforcing effect with a minimum addition level.

In this study, carboxyl groups in the TOCN surfaces have the structure of sodium
carboxylate groups (TOCN-COONa). TOCN-COONa is easily converted into free
carboxyl group (TOCN-COOH) by addition of a dilute hydrochloric acid to the
TOCN/water dispersions. A TOCN-COOH/hydrogel is then obtained, and it can be
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re-dispersed into a TOCN-COOH/water dispersion at pH 4.6 by sonication.® Films
prepared from the TOCN-COOH/water dispersions had lower moisture contents, higher
Young’s moduli and lower elongation at break than those of the TOCN-COONa films,
because free carboxyl groups in the TOCN-COOH films can form intra- and
inter-nanofibril hydrogen bonds. The lower moisture content of the TOCN-COOH films
may also result in the higher Young’s modulus and lower elongation at break; the less
hydrophilic nature of free carboxyl groups forming hydrogen bonds than that of sodium

carboxylate groups.

Table 2.1. Tensile properties of nanofibril films prepared from TEMPO-oxidized
softwood and hardwood celluloses.

Density Moisture Tensile Elastic Elongation at
content strength modulus break
(g/cm3) (%) (MPa) (GPa) (%)
Softwood TOCN-film 1.46 13 233+ 44 69+14 7602
Hardwood TOCN-film 1.45 15 222 + 11 6.2+ 1.6 7024
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Figure 2.5. Tensile strengths and elastic modulus of TOCN films, 20% TOCN/PVA
composite films and other references.
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2.3.5 Oxygen-barrier properties

A polylactic acid (PLA) film surface-coated with TOCN was subjected to oxygen
permeability determination at 0% R.H. The unmodified PLA film had an oxygen
transmission rate of about 7.4 mL m™ day™ kPa™. Surprisingly, the oxygen transmission
rate was decreased t0 9.9 x 10 mL m™ day™ kPa™ (Figure 2.6) by the thin TOCN layer.
The recommended oxygen transmission rate for modified atmosphere packaging for
foods or medicines is below 0.1-0.2 mL m™ day™ kPa™." The oxygen permeability of
the TOCN-coated PLA film was close to the value for typical synthetic polymer films
such as poly(vinylidene chloride) and polyethylene-poly(vinyl alcohol) copolymers that
have high oxygen barrier functionality.*> The high oxygen-barrier property of TOCN is
probably caused by the dense structure of crystalline nanofibrils as observed in SEM

image (Figure 2.1).
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Figure 2.6. Transparency and flexibility of poly(lactic acid) (PLA) film coated with
softwood TOCN film, and oxygen permeability values of the base PLA
and TOCN/PLA films. The original PLA film was 25 pm in thick and the
coated TOCN layer was 0.8 um in thick.

The refractive index of PLA (1.48-1.50)** was close to that of TOCN (1.55).

Therefore, transparent and highly oxygen-impermeable films can be obtained by coating
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of TOCN dispersion on PLA films, which would make wholly biomass-sourced film
packaging available for foods and medicines. The interaction or adhesion strength
between PLA and TOCN layers at the interfaces in the TOCN-coated PLA films were
improved by hydrophilic modification of the PLA surfaces by graft-polymerization

treatment.**

2.3.6 Water-vapor permeability

As shown in Figure 2.7, water-vapor permeability (for 1 um film thickness) of
TOCN-cast films is quite high, in comparison with commercial films. The water-vapor
permeability of commercial films were in good agreement with reported values.™
Hydrophobic films such as PET, LDPE, and OPP had gentle slopes with increasing R.H.,
indicating that water molecule has no interaction during transfer though the polymers.*®
PLA displayed relatively high water-vapor permeability than for other hydrophobic

films, but the water permeation in PLA is not yet completely understood yet.*?
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Figure 2.7. Water-vapor permeability of softwvood TOCN, commercial cellophane,
poly(ethylene terephthalate) (PET), low density poly(ethylene) (LDPE),
and oriented poly(propylene) (OPP) films in various relative humidities.

On the other hand, hydrophilic cellophane and TOCN film draw exponential increase

in water-vapor permeability with increasing R.H. Furthermore, the WVTRs at high R.H.
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were too high to be measured because the transmission rates were over the upper limit
for the measurement apparatus. The interaction sites of water molecules in cellulose
must be hydroxyl groups, disordered regions, inner surfaces of voids and crystallites.’
For the TOCN film, not only hydrophilic nature of cellulose, but also sodium
carboxylate groups in the nanofibril surfaces cause the high water-vapor permeability,
because the TOCN film with sodium carboxylate groups (TOCN-COONa) can adsorb
much water than for the TOCN film with free carboxyl groups (TOCN-COOH).™ For
application in electronic or packaging fields, water sensitivity of TOCN is a drawback

that needs to be improved.

2.3.7 Hydrophobization of TOCN film surface

The high carboxylate contents of TEMPO-oxidized wood celluloses (1.3-1.6 mmol
gl), are necessary to convert wood cellulose fibers to TOCN films having the
aforementioned characteristics, as well as to make water dispersions of completely
separated nanofibrils."* However, the highly hydrophilic nature of the TOCN films may
lead in turn to low resistance to water. The change in the contact angle with time of a
water droplet placed on TOCN film was measured (Figure 2.8). Predictably, the original
TOCN film was hydrophilic, and the initial water-contact angle was as low as 47°. The
contact angle decreased with time as a result of partial penetration of water into the film
or expanse of wetting. For comparison, the initial contact angles of cellophane and a
glass plate were 33 and 48°, respectively, when measured under the same conditions.

Alkylketene dimer (AKD) is a typical hydrophobizing chemical used for paper.
When an AKD dispersion is added to pulp fiber slurries, cationic AKD particles are
efficiently adsorbed through electrostatic interactions on anionic sites or dissociated
carboxyl groups originally present in wood cellulose fibers whose contents are
0.02-0.08 mmol g2 TOCN film treated with a 0.05% AKD dispersion had
water-contact angle of 94° and this value was maintained for at least 10 s. Transparency
was maintained for the AKD-treated films. Thus, the hydrophilic TOCN films can be

made hydrophobic using a simple soaking method with the cationic AKD dispersion.
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The abundant carboxylate groups in TOCN film are likely to behave as adsorption sites
for the cationic AKD dispersed particles. Consequently, the presence of significant
amounts of carboxylate groups in the TOCN films is advantageous for efficient
modification of the original properties of the films. It is noteworthy that surface
hydrophobization of TOCN films was also observed by addition of small amount of
AKD (0.05-1% for cellulose content) into 0.1% w/v TOCN/water dispersions. Cast and
dried TOCN film containing 0.5% AKD exhibited a water-contact angle of about 100°.
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Figure 2.8. Change in the contact angle with time of a water droplet on nanofibril films
prepared from TEMPO-oxidized softwood cellulose before and after
treatment with a 0.05% alkyl ketene dimer dispersion.

2.4 Conclusion

TEMPO-oxidized cellulose nanofibril (TOCN) films prepared from softwood
cellulose are transparent and flexible and have high tensile strength, substantially high
oxygen barrier properties, and extremely low coefficient of thermal expansion caused
by high crystallinity of native cellulose. The thermal degradation point of cellulose,
however, decreased from 300 to 200 °C by the introduction of carboxylate groups

through the TEMPO-mediated oxidation. Reinforcing effect was observed by addition
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of 20% TOCN to poly(vinyl alcohol). Although the original TOCN films are

hydrophilic and shows high water-vapor permeability, surface hydrophobization is

achieved by a simple soaking treatment in the AKD dispersion. These unique

characteristics of the TOCN films are promising for potential applications for flexible

display panels, various electronic devices, and biomass-sourced packaging with high

oxygen-barrier properties.
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CHAPTER 3

Pore size determination of TEMPO-oxidized cellulose
nanofibril films by positron annihilation lifetime spectroscopy

3.1 Introduction

High oxygen-barrier properties are important for packaging films for foods and
medicines to increase their shelf lives and for electronic devices, flexible display panels,
and back-sealing materials for solar power generation systems. Petroleum-based
polymer films such as poly(vinyl alcohol), ethylene-vinyl alcohol copolymer and
poly(vinylidene chloride) containing clay nanoparticles or sputtered with aluminum or
silicate are generally used as high oxygen-barrier materials."® Bio-based,
environmentally friendly packaging films have been attracting great interest because
most packaging material is discarded as burnable waste or used as landfill after use. In

® and hemicelluloses®®?® have the

particular, various nano-fibrillated celluloses®™*
potential to be used as biodegradable oxygen-barrier films.

TEMPO-oxidized cellulose nanofibril (TOCN) is a candidate for the biodegradable
oxygen-barrier film, which has transparency and flexibility. The high oxygen-barrier
property of the film implies that no connected pore exists in the cross section of the film.
Pore analysis is needed to understand the reason of the high oxygen-barrier property of
the TOCN film. In this study, oxygen permeability (Po,) values of self-standing and
coated films of wood and tunicate TOCN-COONa and other related materials were
measured, and positron annihilation lifetime spectroscopy (PALS) was used to
determine pore sizes from the film surface to inside of the TOCN-COONa films.

In PALS technique, a positron emitted from radioactive sources (**Na) is injected
into a sample and forms a spin parallel bound state with an electron, which is called
ortho-positronium (o-Ps). The o-Ps annihilates with an antiparallel electron of the
surrounding medium to form gamma rays. The detected gamma rays of o-Ps

annihilations exhibit the longest-lived component in the lifetime spectrum. The lifetime
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of an o-Ps depends on the electron density in its local environment, which is sensitive to
the size of the free volume. The PALS techneque has been widely adopted for study of
defects in crystalline solids since 1970s.?° The procedure for obtaining the pore size
from positron lifetime measurements is well established and has been successfully

applied to quantify pore sizes in various polymers.?’ 2

3.2 Experimental section
3.2.1 Materials

TEMPO-oxidized cellulose was prepared from a never-dried softwood bleached kraft
pulp according to the method written in Experimental section 2.2.2. The
TEMPO-oxidized cellulose was reacted with sodium chlorite (10 mmol) in an acetate
buffer at pH 4.5 and room temperature for 1 day to oxidize C6-aldehyde groups that are
present in the TEMPO-oxidized cellulose to carboxylate groups.®® The weight recovery
ratio and carboxylate content of the TEMPO-oxidized cellulose obtained after several
treatments were ~90% and 1.4 mmol g, respectively. TEMPO-oxidized wood cellulose
with free carboxyl groups was prepared from the TEMPO-oxidized cellulose with
sodium carboxylate groups by a previously reported procedure under acidic
conditions.®> TEMPO-oxidized tunicate cellulose with a sodium carboxylate content of
0.6 mmol g* was prepared from the purified outer skin of Halocynthia roretzi.®*
Cellouronic acid [sodium (1,4)-B-D-polyglucuronate] with a weight-average degree of
polymerization of 320 was prepared from a commercial regenerated cellulose
(Bemliese®, Asahi Chemicals) by the TEMPO/NaCIO/NaClO, system at pH 6.8
according to a reported method.>® Commercial cellophane containing glycerol as a
plasticizer (Rengo, Tokyo, Japan), poly(ethylene terephthalate) films (Tetron G2, Teijin),
and microfibrillated wood cellulose (2% solid content; Celish, Daicel Chemicals)*® were

used as received.
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3.2.2 Preparation of TOCN films

A 0.15 w/iv % TEMPO-oxidized cellulose/water slurry at pH 8 (50 mL) was
disintegrated using an ultrasonic homogenizer (probe tip diameter: 7 mm; US-300T,
Nissei) at a frequency of 19.5 kHz and an output power of 300 W for 8 min to obtain a
transparent TOCN/water dispersion. The TOCNs had width of 3-4 nm and average
length of 600 nm according to TEM observations. Self-standing wood TOCN-COONa
films that were 11.07 + 0.80 um thick were prepared by casting the dispersion onto a
poly(styrene) Petri dish and drying at 40 °C for 1 day. Some of these TOCN-COONa
films were subsequently heated at 150 °C for 0.5 h. The surface of one side of the
commercial PET film (thickness: 50 um; area 9x9 cm?®) was hydrophilized by
irradiating it with a plasma at 5 mA for 5 min in vacuum using a soft-etching device
(DSDE-AF, Meiwafosis). The 0.15 w/v % wood TOCN-COONa/water dispersion (3, 5,
or 7 mL) was uniformly cast onto the hydrophilized surface of the PET film and
allowed to dry at room temperature for 3 days. Tunicate TOCN-COONa, wood
TOCN-COOH, cellouronic acid-COONa, and microfibrillated cellulose were also cast

onto hydrophilized PET films in a similar manner as described above.

3.2.3 Positron annihilation lifetime spectroscopy (PALS)

An experimental setup based on a pulsed slow-positron beam with variable energy
intensity at the National Institute of Advanced Industrial Science and Technology
(Tsukuba, Japan) was used to obtain PALS spectra and lifetime—energy correlation data

of TOCN-COONa self-standing films in vacuum. The mean implantation depth (Z,) as a

function of incident positron energy was calculated using the following equation,

which has been applied to polymer films.*®

El.6
P

Z, =40

where Z; is expressed in nm, p is the film density in g cm™, and E is the incident
positron energy in keV. In this study, the incident positron energy was varied between 1

and 15 keV, which correspond respectively to mean depths of 26.5 and 1996 nm from
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the film surface (assuming that wood TOCN-COONa films have a density of 1.47 g
cm 3" Details of PALS system have been reported elsewhere.*** The relationship
between the 0-Ps lifetime and the effective pore radius (r <1 nm) is given by the

following equation, which is based on a semi-empirical spherical-cavity model.*®*°

-1
£, =05 1_;+Lsin(2_ﬂfj
r+0.166 2 r+0.166

where 13 (ns) represents the annihilation lifetime of the longest-lived 0-Ps component

and 2r (nm) is the pore diameter.

3.2.4 General Analyses

Images of the TOCN film surfaces were acquired using an atomic force microscope
(AFM) in tapping mode (SPI 3800N and SI-DF20 Si cantilever, Seiko Instruments).
Oxygen permeability measurements of self-standing and coating films were performed
by Mocon OX-TRAN (Modern Controls) at 23 °C and 0% and 50% R.H. according to
the standard method (ASTM 3985).1%%> The film was cut to a suitable size and the
oxygen transmission rates (OTRs) were measured for areas of 5 or 50 cm?’ at
atmospheric pressure. Each sample was conditioned in the chamber of an OTR system
for 3 h and the OTR was measured over 1-3 days until it reached a stable value. The
oxygen permeability (Po,) was obtained by multiplying the OTR by the film thickness.
The Po, of the TOCN layer in the TOCN/PET film (i.e., Po2(TOCN)) was calculated
using the following equation:

T(TOCN/PET) _ T(TOCN) _ T(PET)
P,(TOCN/PET) P,,(TOCN) P,,(PET)

where T is the thickness of the TOCN layer, PET film, or TOCN/PET film. Film

051 which was

thicknesses were determined by the interference fringe technique,
performed on reflectance spectra of the films recorded with an UV-vis

spectrophotometer (Jasco, V-670).
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3.3 Results and discussion
3.3.1 Oxygen transmission rates of TOCN-COONa films

Figure 3.1 shows the relationship between the wood TOCN-COONa film thickness
and the OTR for three TOCN-COONa/PET films and one self-standing TOCN-COONa
film at 0% R.H. The standard deviations of the thicknesses of TOCN-COONa layers
coated on the PET film were within £ 1.4%, whereas that of the self-standing
TOCN-COONa films was + 7%. Thus, the TOCN-COONa/PET films had more uniform
thicknesses. From the slope of the line in Figure 3.1, the normalized OTR of
TOCN-COONa films with thickness of 1 pm was estimated to be ~0.0008 mL m? day*
kPa at 0% R.H. This Po, value is much lower than those of ethylene vinyl alcohol

copolymer (EVOH) films (0.01 to 0.1 mL pm m 2 day * kPa ) at 0% R.H.>
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Figure 3.1. Oxygen transmission rates of wood TOCN-COONa films with various
thicknesses. One self-standing film and three PET films coated with
TOCN-COONa were measured at 0% R.H.

3.3.2 Oxygen permeabilities of various films
The Po, values of various TOCN-related and reference films were measured at either
0% or 50% R.H. (Figure 3.2). The wood TOCN-COONa film heated at 150 °C for 0.5 h

had a similar Po, value to unheated films, indicating that the pore structure of the films
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is largely unchanged by the heat treatment. The lower Pg, value of wood
TOCN-COONa films relative to that of wood TOCN-COOH films has been reported in
an earlier study.™ The anionically charged wood TOCN-COONa elements dispersed in
water probably results in close packing of the nanoelements during film formation by
drying.*>® Because cellouronic acid-COONa films have much higher Pg, values than the
wood TOCN-COONa films, crystalline TOCN-COONa elements may contribute

significantly to the oxygen-barrier properties of the films.

At0% R.H. T —T— T ——Tr T —T—TT T —T— T ———Trrrr
Wood
TOCN-COONa

Wood

TOCN-COONa
heated at 150°C 0.0009 =+ 0.00004

for0.5 h

Wood
TOCN-COOH

0.0008

0.00606 =+ 0.00008

Il i
ggd?gggllsja 0.2805 *+0.0005

Commercial
cellophane
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Microfibrillated

cellulose =L
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PET 15.03 = 0.03

At50% R.H.
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+
TOCN-COONa 0.17+0.07
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Figure 3.2. Oxygen permeabilities determined at 0% and 50% R.H. of wood
TOCN-COONa film dried at 40 °C, a wood TOCN-COONa film heated
at 150 °C for 0.5 h, a wood TOCN-COOH film,*® a cellouronic
acid-COONa film, a commercial ceIIophane,19 a microfibrillated
cellulose film, a tunicate TOCN-COONa, and a PET film.
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Cellophane has a low crystallinity of cellulose Il different from highly crystalline
cellulose I structures of the TOCN films. Commercial cellophane containing glycerol as
a plasticizer had a Pg, value of ~0.049 mL um m 2 day * kPa*; the Po, value decreased
to ~0.010 mL pm m? day* kPa* after glycerol had been removed. Thus, the glycerol
in cellophane increases the Po, value at 0% R.H. The increase in oxygen permeability
with the addition of glycerol was already observed for cellulosic films, and considered
that it was attributed to enhanced oxygen solubility by plasticization. **

Microfibrillated cellulose (MFC) and tunicate TOCN-COONa self-standing and
coated films exhibited almost no oxygen-barrier property. The MFC consists of not only
cellulose nanofibrils but also fibril bundles and unfibrillated fibers with widths of
10-100 nm. Many researchers have reported Po, values of MFCs. Rodionova et al. and
Syverud et al. reported that the Po, values were 1.74 and 3.52-5.03 mL pm m 2 day*
kPa™ at 0% and 50% R.H., respectively.***” Belbekhouche et al. reported the greater
values of 58.3 mL pm m2 day* kPa* for MFC films.® The MFC film used in this
study may have lower dense structure than TOCN film and contain many pores between

MFC fibrils.

Figure 3.3. AFM images of surfaces of TOCN-COONa films prepared from wood and
tunicate celluloses (observed in vacuum).

Figure 3.3 shows AFM images of wood and tunicate TOCN-COONa film surfaces at

0% R.H. Because the tunicate TOCN-COONa film consists of stiff cellulose nanofibrils

with high aspect ratios,>* there may be though holes from the top to bottom of the films,
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resulting in almost no oxygen-barrier properties. Instead, the wood TOCN-COONa film
surfaces had denser structures consisting of nanofibril elements with smaller widths and
smaller aspect ratios. A previous study found that the cross sections of the wood
TOCN-COONa films consisted of domains of uniaxially aligned TOCN-COONa
elements with different orientation angles, which formed layers nearly parallel to the
TOCN-COONa film surface.® Thus, the films have a plywood-like structure, which
probably causes exceptionally high oxygen-barrier properties. Self-aligned structures of
wood TOCN-COONa elements were not observed on the film surface (Figure 3.3),
although a similar random fibril orientation to that in self-assembled cellulose
microfibrils in plant cell walls was observed.*®

The extremely low Po; values of wood TOCN-COONa films at 0% R.H. increased to
~0.17 mL um m 2 day * kPa* at 50% R.H., demonstrating that the hydrophilic nature of
TOCN-COONa reduces the oxygen-barrier properties of the films. The wood
TOCN-COONa films at 50% R.H. have comparable or higher Po, values to those of
ethylene vinyl alcohol copolymer and poly(vinylidene chloride) films at 50% R.H.>*
Moreover, almost no water-vapor barrier property was observed for the TOCN-COONa
films at 90% R.H. It is thus essential to significantly improve both the oxygen and
water-vapor barrier properties of TOCN-COONa films at high R.H. before wood
TOCN-COONa films can be used as high gas-barrier packaging films. AFM images of
wood TOCN-COONa film surfaces obtained at 0% and 50% R.H. were almost the same,
indicating that there is no significant difference in the TOCN widths of the films at these

two R.H. values.

3.3.3 PALS analysis of TOCN-COONa films

PALS analysis was applied to wood and tunicate TOCN-COONa self-standing films
in vacuum at 0% R.H. Reliable data could not be obtained for the films at 50% R.H. All
the lifetime spectra obtained in vacuum were best resolved into three components after
subtracting the background and correcting for the positron source. The longest-lived

component (t3) is due to the pick-off annihilation of o-Ps in the free volume sites. The

38



Chapter 3 Pore size determination of TEMPO-oxidized cellulose nanofibril films by positron
annihilation lifetime spectroscopy

0-Ps lifetime (t3) is @ measure of the pore size in polymers (a larger t3 indicates larger
pores). The corresponding intensity (I3) is indicative of the pore density in polymer (a
higher 15 indicates a higher pore density),>”® although this is not straightforward since
complicated Ps formation processes determine the o-Ps intensity.

Figure 3.4 shows the dependence of the average pore size and corresponding 0-Ps
lifetime (t3) on the mean depth from top or bottom surface of the self-standing wood
TOCN-COONa film determined by PALS in vacuum. The average pore size was
approximately 0.47 nm and the pore size was almost constant from the film surface to
depths up to ~2 um from the film surface. This mean pore size is almost the same as
those of EVOH films at 0% R.H.,°** and slightly larger than kinetic diameter of O,
molecules (0.346 nm). In addition, the PALS analysis revealed that no connected pore
existed in the cross section of the film. Hence, the high oxygen-barrier property of the
wood TOCN-COONa films is due to the crystalline structure of TOCNs and the small

pore sizes in the films which are probably result of close packing of TOCNS.
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Figure 3.4. Dependence of pore size or 0-Ps lifetime t; on the mean depth from the
top or bottom surface of a self-standing wood TOCN-COONa film
determined by PALS in vacuum.

PALS analysis revealed that the mean pore size and its dependence on the mean

depth from the film surface did not change when the film was heated to 150 °C for 0.5 h.

This is consistent with the similar Po, values for the heated and unheated films shown in
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Figure 3.2. The pore sizes and structures formed in the wood TOCN-COONa films by
drying at 40 °C probably do not change greatly on heating to 150 °C under dry
conditions. On the other hand, heating or thermal drying wet TOCN-COONa films or
gels at high temperatures may alter the pore size and structure. PALS analysis of the
tunicate TOCN-COONa film gave average long-lived components (t3) long as 22-23 ns
from the film surface to its interior, whereas that for the wood TOCN-COONa film was
approximately 1.5 ns (Figure 3.4). The PALS data indicates the presence of through
holes in the tunicate TOCN-COONa film so that the pore size calculation is inadequate
in this case; shielding or capping of the surface with, for example, a SiO, or aluminum
layer, is required to obtain accurate pore sizes for a closed-pore sample.®*®! Regardless,
the relatively high Po, value of the tunicate TOCN-COONa film in Figure 3.2 is caused

by the presence of through holes and large pores.
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Figure 3.5. Dependence of intensity of the positron state 3 (I3) on the mean depth
from top or bottom surface of a self-standing wood TOCN-COONa film
determined by PALS in vacuum.

Figure 3.5 shows the dependence of the intensity of the longest-lived component (13)
on the mean depth of the self-standing wood TOCN-COONa film determined by PALS
in vacuum. The o-Ps intensity varied slightly between 17 and 19% with the mean depth
from the film surface, which indicates that the pores have an almost uniform

distribution with depth. The wood TOCN-COONa film heated at 150 °C for 0.5 h also
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had Is—mean depth profiles that were almost identical to those of the unheated film
shown in Figure 3.5. Therefore, the key factors responsible for the extremely high
oxygen-barrier properties of the wood TOCN-COONa films at 0% R.H. are the
crystalline structure of TOCNSs, relatively small and uniform pore sizes of ~0.47 nm
from the film surface to the interior, and probably the homogeneous pore distribution in

the film.

3.3.4 Oxygen-barrier property of wood TOCN-COONa films

Table 3.1 shows P, values of wood TOCN-COONa compared with literature values
for nano-sized celluloses prepared from wood. Interestingly, Po, of MFCs is strongly
influenced by surface pretreatment. The carboxymethylated MFC has comparable
gas-barrier property to TOCN. The lower Po, values of surface charged MFCs are often
explained by the smaller fibril width, which may cause more packing structure in films,

than untreated MFCs.1>%3

Table 3.1. Oxygen permeability values of cellulose nanofibril and nanowhisker films.
Oxygen permeability values in units of mL um m™ day™ kPa™ were
calculated based on data in the cited references.

) I, S Test Oxygen permeability
Materials Fibril width Fibril length condition (mL pm m2 day-kPal) Reference
TEMPO-oxidized 3-4nm ca. 600 nm 23°C, 0%RH 0.0008 This study
cellulose nanofibrils
(Wood TOCN-COONa) 239C,50%RH  0.17 This study
Microfibrillated cellulose >10 nm - 23°C, 50%RH 3.52-5.03 [11] Syverud et al. 2009
(untreated)
- - 0%RH 1.74 [16] Rodionova et al. 2011
37-67 nm - 25°C 58.3 [15] Belbekhouche et al. 2011
Microfibrillated cellulose 17-30 nm Range of pm 35°C, 0%RH 0.0051 [13] Minelli et al. 2010
(enzymatic pretreated)
Microfibrillated cellulose 5-15 nm Range of ym 35°C, 0%RH 0.012 [13] Minelli et al. 2010
(carboxymethylated)
5-10 nm Several ym 23°C, 0%RH 0.0006 [12] Aulin et al. 2010
23°C,50%RH  0.85 [12] Aulin et al. 2010
min 3-5 nm, Several ym 23°C, 50%RH 0.365-0.493 [17] Siro’ et al. 2011
max 25-30 pm
Microfibrillated cellulose - - 0%RH 2.66-4.60 [16] Rodionova et al. 2011
(acetylated)
Cellulose nanowhisker 3.5-6.5nm 148-282 nm 25°C 90700 [15] Belbekhouche et al. 2011
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The surface of cellulose nanowhisker (CNW) is slightly charged as presence of
~0S0; groups.®> The fibril width of CNW is almost the same as TOCN and
carboxymethylated MFC. However, CNW film has almost no oxygen-barrier property.
Belbekhouche et al. speculated that the lower aspect ratio and the lower packing of the
CNW increased porosity in films than MFC which is composed of entangled fibrils with
high aspect ratio.”® In order to consider the oxygen-barrier of self-assembled nano-sized

celluloses, size and surface chemistry of nano-sized celluloses are important factors.

Wood TOCN-COONa film Disorderedsurface ofwood-TOCN
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Figure 3.6. Schematic model of pores between wood-TOCN nanofibrils. The crystal
width of wood-TOCN was cited from the reference.®

It is well known that the crystalline regions of a polymer film are impermeable. As
for TOCN film, diffusion path of oxygen molecules is pores between nanofibrils. Okita
et al. suggested that for higher plant celluloses; not only cellulose crystal surfaces but
also amorphous or disordered regions were oxidized by TEMPO oxidation, and some of
such oxidized parts may be retained in the solid celluloses without dissolving out in
water.>* Thus, the wood TOCNs may have some disordered structure on the nanofibril
surface, as observed in crystal surface of plant cellulose.®® Based on these previous
findings, a speculative model of pore structure of the TOCN film was illustrated in
Figure 3.6. The mobility of molecular chains in the disordered regions is restricted by

surrounding crystal parts of the nanofibrils. In addition, the molecular chains in the
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disordered regions may interconnect each other by hydrogen bonding at dry condition,
and thus, the pore size detected by PALS analysis resulted in as small as that for EVOH
film. At 50% R.H., however, the mobility may increase by moisture. Muramatsu et al.
confirmed good correlations between Po, and free volume hole size of EVOH at
different temperatures and humidities.>® Although the surface structure of the TOCN
film observed by AFM were unchanged between 0% and 50% R.H, the pore sizes of the

TOCN film might be increased with increasing R.H. because Po, values were increased.

3.4 Conclusion

Coated and self-standing wood TOCN-COONa films have extremely low Po, values
of 0.0008 mL pm m 2 day * kPa* at 0% R.H. over a wide range of thickness. This was
the lowest Po, value obtained for wood TOCN-COOH, tunicate TOCN-COONa, and
other tested films. However, the Po, value of the wood TOCN-COONa film increased to
017 mL um m? day! kPa'! at 50% R.H. due to the hydrophilic nature of
TOCN-COONa. PALS analysis revealed that the wood TOCN-COONa film had a
constant pore size of ~0.47 nm from the film surface to the interior and that the pore
distribution was probably homogeneous in the film at 0% R.H. The small pore size of
the film and the crystalline structures of TOCN are probably responsible for the high
oxygen-barrier properties of wood TOCN-COONa films at 0% R.H.
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CHAPTER 4

Thermal stabilization of TEMPO-oxidized cellulose

4.1 Introduction

TEMPO-oxidized cellulose nanofibrils (TOCN) film had characteristic properties
such as high transparency, high strength, low-thermal expansion and extremely low
oxygen-permeability. Hence, TOCN have attracted attention as new bio-based
nanofibers for highly functional packaging films, biodegradable composite materials,
flat panel display films, etc. However, the presence of sodium carboxylate groups in
TEMPO-oxidized cellulose nanofibrils (TOCN) decreased the thermal decomposition
temperature (Tq) to 222 °C from approximately 275 °C for the original cellulose (See
section 2.3.3). Improvement of thermal stability of TOCN is necessary for various
applications, because most commercial films are produced as composites with other
polymers, which are thermally plasticized in molding process. The objective of this
chapter involves examinations of the impact of carboxylate groups present in
TEMPO-oxidized cellulose (TOC) and TOC nanofibrils, methylation of carboxyl
groups of TOC with trimethylsilyl diazomethane (TMSCHN,),"> and metal
ion-exchange treatments® on thermal degradation behavior of TOC and its related
materials.

Because Tq4 points of cellulose acetates have been reported to be in the range of
240-360 °C depending on degrees of substitution,” esterification of carboxyl groups is
expected to improve thermal stability of TOC. The effects of alkali, alkaline-earth and
other metal salts mixed with cellulose and cellulose derivatives on their thermal
degradation behavior have been investigated primarily for evaluation of thermal stability,
improvement of flame retardancy and obtaining valuable low-molecular-weight
compounds by catalytic thermal degradation.'®® The addition of alkali and
alkaline-earth metal salts to cellulose decreased T4 points of cellulose,*® and sodium and

potassium ions rather than calcium ion enhanced catalytic thermal degradation of
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cellulose.”"** When metal ions were introduced to wood pulps and cellulose derivatives
as counter ions of carboxyl or phosphate groups by ion-exchange treatments, thermal
degradation behavior was influenced, depending on the metal ions introduced.*” > T4
points of these anionic groups-containing celluloses with sodium ions increased by

ion-exchange treatment with calcium ions,?

and decreased by replacing them with
aluminum or iron ions.**® Thus, thermal stability of TOC is anticipated to be

influenced by metal ions and their quantities introduced by the ion-exchange treatments.

4.2 Experimental section
4.2.1 Materials

2 M TMSCHN; in diethylether was a commercial product (Sigma-Aldrich, USA).
TEMPO, sodium bromide, 13% sodium hypochlorite solution, sodium chlorite,
cellulose triacetate and other chemicals were of laboratory grade (Wako Pure Chemicals,
Co. Ltd, Japan), and used as received.

Never-dried softwood bleached kraft pulp with carboxyl content of 0.03 mmol g™
was used as the cellulose sample. TEMPO-mediated oxidation was applied to the
cellulose according to the method written in Experimental section 2.2.2. The
TEMPO-oxidized cellulose thus obtained had sodium carboxylate and aldehyde
contents of 1.53 and 0.15 mmol g™, respectively. To avoid unexpected reactions due to
the aldehyde groups, the TEMPO-oxidized cellulose (1 g) was further subjected to
oxidation with sodium chlorite (1.8 g) in 0.5 M acetate buffer (90 ml) at pH 4-5 and
room temperature for 24 h. Carboxyl content of the TEMPO-oxidized cellulose
increased to 1.68 mmol g™ by this NaClO, oxidation. This fibrous TEMPO-oxidized
cellulose (TOC) with no aldehyde groups was washed thoroughly with water by
filtration, and stored in never dried state before further treatment. The TOC with free
carboxyl groups (TOC-COOH) was prepared from TOC-COONa by soaking in 0.1 M
HCI at room temperature for 2 h followed by filtration and washing thoroughly with

water. A cast and dried film of the TOC nanofibrils with sodium carboxylate groups was
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prepared from a TOC/water dispersion according to the Experimental section 2.2.3.

4.2.2 Alkali treatment of TEMPO-oxidized cellulose

Cellulose molecules containing anhydroglucuronate units in the TOC were tried to
be removed as much as possible by repeated alkali treatments.* The fibrous TOC (1 g)
was suspended in 1 M NaOH (100 ml), and the mixture was stirred at 100 °C for 1.5 h
followed by washing thoroughly with water using filtration. This alkali treatment was
repeated four times. The alkali-treated TOC had carboxyl content of 0.23 mmol g*, and
its sodium carboxylate groups were converted to free carboxyl groups by soaking in 0.1
M HCI at room temperature for 2 h followed by washing thoroughly with water using
filtration. The weight recovery ratio of the alkali-treated TOC as a solid mass was

approximately 60%.

4.2.3 Methylation of TEMPO-oxidized cellulose with TMSCHN,

The never-dried TOC with free carboxyl groups (0.5 g) was successively subjected to
solvent-exchange with ethanol and acetone, and then vacuum-dried to remove adsorbed
water completely. The solvent-exchanged and then dried TOC with free carboxyl groups
was stirred in a mixture of dehydrated dimethylsulfoxide (DMSO, 40 ml) and methanol
(8 ml) in nitrogen flow. 2 M TMSCHN, (1.5 ml)* was added dropwise to the slurry,
and the mixture was stirred at room temperature for 1 h. The methylation was stopped
by adding 2 M acetic acid (1.5 ml) to the mixture. The fibrous fraction was washed
successively with DMSO, ethanol and acetone by filtration. The methylated product

thus obtained was dried in air, and then vacuum-dried.

4.2.4 Counter ion-exchange treatments

The TOC-COONa (0.3 g) was added to an aqueous solution (40 ml) containing 0.25
M metal salt, which corresponded to approximately 20 times as much as the mole of
sodium carboxylate groups of the TOC in the slurry.® The pH values of the slurries were

measured. After being stirred at room temperature for 2 h, the fibrous fraction of the
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slurry was filtered and washed thoroughly with water. The TEMPO-oxidized celluloses
having various metal carboxylate groups were then freeze-dried. The following metal
salts were used for the ion-exchange treatments: potassium chloride, potassium iodide,
magnesium chloride, calcium chloride, calcium acetate, calcium nitrate, calcium iodide,
strontium chloride, strontium acetate, silver nitrate, nickel chloride, iron (111) chloride,

aluminum chloride, and lanthanum chloride.

4.2.5 Analysis

Thermogravimetric (TG) analyses of the cellulosic samples were conducted by
means of a Thermoplus TG8120 (Rigaku, Japan) with nitrogen flow and heating rates of
500 ml min™ and 4 °C min™, respectively. Approximately 1 mg of the sample was set in
a platinum pan for the TG analysis. In this study, thermal decomposition (Tg)
temperatures were defined as those at the 5% weight decrease in TG curves, and peak
temperatures of derivative TG (DTGpea) Were obtained from the DTG curves by the
conventional method. %

Carboxyl contents of cellulosic samples were calculated by conductivity titration
according to the reported method.?®

TEMPO-oxidized celluloses before and after methylation were converted into pellets
by pressing at ~750 MPa for 1 min, and subjected to FT-IR analysis (FT/IR-6100,
JASCO, Japan) by the ATR method and wide-angle X-ray diffraction measurement
(RINT 2000, Rigaku, Japan) by the reflection method with a monochromator-treated
CuK, radiation at 40 kV and 40 mA. Crystallinity index and crystal size of the (2 0 0)
plane of cellulose | were calculated from the X-ray diffraction patterns according to the
reported method.?®?

TEMPO-oxidized celluloses having metal carboxylate groups were subjected to
X-ray fluorescence analysis (MESA-500, HORIBA, Japan) for determination of

metal-ion contents.®
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4.3 Results and discussion
4.3.1 Thermal degradation behavior of TEMPO-oxidized cellulose

Figure 4.1 shows TG and the corresponding DTG curves of the original cellulose,
TEMPO-oxidized cellulose (TOC) with sodium carboxylate groups, and TOC nanofibril
film with sodium carboxylate groups. The data is shown from 100 °C to neglect the loss
of water. The original cellulose (softwood bleached kraft pulp) exhibited the two-stage
process of degradation as observed for literatures.?>* The first step of mass loss is a fast
degradation starts at 275 °C, and the second one is a slow degradation from 322 °C.
About 75% weight decreases during the first step. Although cellulose pyrolysis is a
complicated process and the kinetics and chemistry of cellulose pyrolysis are still
debated, it is generally accepted that the first step in the cellulose pyrolysis is mainly
due to the depolymerization of solid cellulose to form levoglucosan (1,6-anhydro-b-D-
glucose).>?’

Thermal decomposition (Tg4) point of the TOC with sodium carboxylate groups
(TOC-COONa) of 1.68 mmol g™ was approximately 222 °C, which was clearly lower
than that of the original cellulose (275 °C). Moreover, the cast and dried film of TOC
nanofibrils also had T4 of 211 °C. Both TOC-COONa and TOC-COONa nanofibrils had
much slower degradation in the first step of mass loss than for original cellulose, and
approximately 50% weight decreased during the first step. The second step of mass loss
starts at 305 °C and 301 °C for TOC-COONa and TOC-COONa nanofibrils, respectively.
Generally, uronic acids such as glucuronic and galacturonic acid have lower thermal
stability than non-uronide sugers.** Britto et al. reported that carboxymethyl
celluloses degraded at lower temperatures than cellulose due to decarboxylation of the
sodium carboxyl groups.?? Jakab et al. reported that partially carboxymethylated
cellulose promoted decomposition of the carbohydrate chains leading to levoglucosan
evolution at lower temperature.® Perlin reported that decarboxylation of uronic acid
was observed at around 255 °C, and almost theoretical quantities of carbon dioxide was
detected at the same temperature.®® Similar decarboxylation mechanism is likely to be
applied also to the T4 of the TOC fibers and TOC nanofibril films.
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The DTG curves of the fibrous TOC-COONa and the TOC-COONa nanofibril film

were broad, and seemed to consist of mainly two peaks around 233 °C and 282 °C. The

former is probably due to the degradation of sodium anhydroglucuronate units, because

cellouronic acid [sodium (1,4)-B-D-polyglucuronate] has DTGpek at the same

temperature (The data is not shown here). The latter DTGpeax is clearly lower than that

of the original cellulose (313 °C), indicating that cellulose chains in the crystal core
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degrades around the DTGpex points by the effect of thermally more unstable
anhydroglucuronate units present in the crystal surface. In addition, the cast film of
TOC-COONa nanofibrils start to degrade slightly earlier than TOC-COONa and have
small DTGpeax around 205 °C. It may be attributed to the efficient heat transfer of
TOC-COONa nanofibrils, which have increased surface area by disintegration from

fibrils to nanofibrils.
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Figure 4.2. Thermogravimetric (upper) and the corresponding derivative

thermogravimetric (DTG) (lower) curves of the original cellulose,
TEMPO-oxidized cellulose (TOC) with free carboxyl groups of 1.68
mmol g* and alkali-treated TOC with free carboxyl groups of 0.23

mmol g™.
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The influence of anhydroglucuronic acid units in the TOC on Ty values was further
studied by the alkali treatment. The oxidized cellulose chains having the
anhydroglucuronic acid units were tried to be removed from the fibrous TOC as much
as possible by the repeated treatments of degradation and extraction with 1 M NaOH at
100 °C for 1.5 h, whereas the crystalline cellulose regions present inside each TOC
microfibril remained as solids.?* As described in the Experimental section 4.2.2,
carboxyl content was decreased from 1.68 mmol g* to 0.23 mmol g* by the alkali
treatment; approximately 86% of the carboxyl groups were removed while maintaining
the fibrous morphology. Crystal size of cellulose was decreased from 4.05 nm to 3.68
nm by the alkali treatment. In this section, Ty temperatures were determined for the
samples with free carboxyl groups instead of sodium carboxylate groups. Figure 4.2
shows the TG and the corresponding DTG curves of TOC with free carboxyl groups
(TOC-COOH), alkali-treated TOC-COOH, and together with those of the original
cellulose. T4 point of TOC-COOH was 226 °C, which was close to that of TOC-COONa
(222 °C, Figure 4.1). The structural difference between the sodium carboxylate and free
carboxyl groups in the TOC had little influence on the T4 points. On the other hand, the
DTGpeak 0f TOC-COOH was 292 °C, which was slightly shifted to higher temperature
compared with those of TOC-COONa. The DTGpek at around 233 °C observed in
TOC-COONa (probably the degradation of the sodium anhydroglucuronate units) was
ambiguous in the DTG curve of TOC-COOH. In addition, weight which decreased in
the first step of weight loss were 65% and 50% for TOC-COOH and TOC-COONa,
respectively. The difference in weight of remaining was due to the mass difference of
hydrogen and sodium. The 86% removal of the carboxyl groups in the fibrous TOC by
the alkali treatment followed by conversion of the residual sodium carboxylate groups
to free carboxyl groups resulted in an increase in Ty point to 264 °C. Alkali-treated
TOC-COOH had DTGpeak at 312 °C, which was higher than that of TOC-COOH.
Therefore, the anhydroglucuronate and/or anhydroglucuronic acid units present in the
crystal surface of TOC have strong influence on T4 even unoxidized cellulose chains

present in the crystal core. The difference between the sodium carboxylate and free

56



Chapter 4 Thermal stabilization of TEMPO-oxidized cellulose

carboxyl groups gives little influence on the initial T4 temperature. Because Ty
behaviors of TOC and TOC nanofibril film were roughly the same (Figure 4.1), TOC

was used as the original sample in the subsequent sections.

4.3.2 The effect of methylation

Methylation of carboxyl groups in the fibrous TOC with TMSCHN, was studied to
improve thermal stability, because cellulose triacetates had Ty and DTGpeax 0f 292 °C
and 337 °C, respectively, as described later, and were much higher than those of the
fibrous TOC-COONa. Decarboxylation was, thus, expected to be retarded to some
extent by converting the carboxyl groups to methyl ester groups. TMSCHN, is a stable
methylation reagent substitute for diazomethane. Methylation of carboxyl groups by
TMSCHN can proceed at room temperature in high yields, which is suitable for use in
gas-chromatographic analyses of carboxyl groups-containing compounds.’™ It is well
known that methylation takes place not only carboxyl groups but also some hydroxyl
groups of cellulose, when methylation is carried out with diazomethane in, for example,
diethylether containing even a small amount of water.>® Thus, in this study, the presence
of water in the methylation media was avoided as much as possible using dry samples
and dehydrated solvents. Tot et al. recently applied the TMSCHN, methylation to
cellulosic pulps, and revealed that no depolymerization occurred during methylation.’
Moreover, only carboxyl groups present as uronic acid moieties in hemicelluloses were
selectively methylated in high ratios.> The weight recovery ratio after the methylation
was 96% in this study, and no clear morphological changes of the fibrous TOC were
observed before and after the methylation.

X-ray diffraction patterns of the original cellulose, the alkali-treated TOC with free
carboxyl groups and the carboxyl groups-methylated TOC are depicted in Figure 4.3. In
both the alkali and methylation treatments, the original cellulose I crystal structure was
maintained. Crystallinity index was slightly decreased from 0.45 to 0.44 and 0.41 by the
alkali and methylation treatments, respectively. Probably, DMSO swelled a part of

cellulose and TEMPO-oxidized cellulose molecules during the methylation treatment.
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Crystal width of the (2 0 0) plane were also somewhat decreased from 3.8 nm to 3.6 nm
by these treatments. However, as a whole, the methylation with TMSCHN had nearly
no influence on the original crystal structure of the fibrous TOC, and the alkali
treatment removed 86% of the anhydroglucuronate units present on the TOC microfibril
surfaces, without any significant changes in the crystalline cellulose regions present

inside TOC nanofibrils.

T T T

—— TEMPO-oxidized cellulose (TOC)-COONa

Alkali-treated TOC-COOH
—— TOC-COOCH,

C.1.0.44
C.W. 3.6 nm
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Diffraction angle 26 ( °)

Figure 4.3. X-ray diffraction patterns of TEMPO-oxidized cellulose (TOC) with sodium
carboxylate groups of 1.68 mmol g™, alkali-treated TOC with free carboxyl
groups of 0.23 mmol g* and TOC with methyl ester groups. C.l.=
crystallinity index; C.W.= crystal width of (2 0 0) plane.

Figure 4.4 shows FT-IR spectra of the fibrous TOC-COONa, alkali-treated
TOC-COOH and carboxyl groups-methylated TOC. The absorption peak at 1603 cm™
due to C=0 stretching vibration of sodium carboxylate groups of the TOC mostly
disappeared by the alkali treatment, and a small absorption peak due to residual free
carboxyl groups was observed at 1732 cm™. The small and broad peak around 1640
cm™ is due to bending vibration of residual water in the product. This FT-IR result was

consistent with that of carboxylate contents before and after the alkali treatment; 86% of
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the carboxylate groups present in the fibrous TOC was removed by the alkali treatment.
On the other hand, the absorption peak at 1603 cm™ due to sodium carboxylate groups
of the TOC completely disappeared by the methylation, and that due to methyl esters
appeared in turn at 1738 cm™. In the FT-IR study, the methylated TOC was soaked in
aqueous NaCl solution under neutral conditions to convert the residual free carboxyl
groups, if present, to sodium carboxylate groups. Because pK, values of C6 carboxyl

groups of polyuronic acids are approximately 3.6,

some free carboxyl groups in the
methylated TOC, if present, should be converted to sodium carboxylate groups.
However, the FT-IR spectra revealed that almost all carboxyl groups of the fibrous TOC
were converted to methyl esters by the TMSCHN, treatment. No other significant

differences in FT-IR patterns were observed before and after these treatments.

1 1 1 1 1 1 :: 1 1 1 1 1
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Figure 4.4. FT-IR spectra of TEMPO-oxidized cellulose (TOC) with sodium
carboxylate groups of 1.68 mmol g*, alkali-treated TOC with free
carboxyl groups of 0.23 mmol g* and TOC with methyl ester groups.
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TG and the corresponding DTG curves of the methylated TOC together with those of

the original cellulose and cellulose triacetate are drawn in upper and lower graphs,

respectively, in Figure 4.5. Methyl esterification of the fibrous TOC-COONa improved

its thermal stability from Ty points of 222 °C to 249 °C, although this T4 point was still

lower than that of the original cellulose (275 °C). The DTGpea Of the methylated TOC

was 313 °C, which was almost equal to that of the original cellulose (314 °C). Thus,

thermal stability of the TOC was significantly improved by methylation of carboxyl
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groups, although the methylated TOC had a much broader peak pattern than that of the
original cellulose. The thermal stabilization of TOC by methyl esterification may caused
by a similar function of thermally-stable cellulose acetate.® However, the methylated
TOC was not thermally stable as the original cellulose (Figure 4.5). Conceivably,
unhomogeneous chemical structure of TOC and/or methylated TOC may influence on

their T4 behavior.

4.3.3 The effect of counter ion-exchange treatments

As shown in the previous sections, carboxyl groups of the fibrous TOC strongly
influenced its T4 behavior, and methylation of carboxyl groups was effective to improve
thermal stability. In this section, thermal degradation behavior of the fibrous TOC was
further studied by exchanging sodium ions of carboxylate groups to other metal ions.
Decarboxylation of sodium carboxylate groups of the fibrous TOC during heating
process was expectedly suppressed to some extent by blocking carboxyl groups with
other metal ions*” % in analogy with the methyl ester blocking described in the previous
section.

As depicted in the upper graph of Figure 4.6, potassium, magnesium, calcium,
strontium, silver, iron, aluminum and lanthanum ions were introduced to the fibrous
TOC as counter ions of carboxylate groups. The metal contents of the counter
ion-exchanged TOC samples and pH values of the cellulose slurries varied depending
on the metals salts used. The metal contents were relatively high when pH of the
cellulose slurries was neutral or weak alkali. The potassium and calcium contents were
almost equal to the carboxylate content of the fibrous TOC, when KCI and Ca(OAc);
solutions were used in the soaking treatments. Thus, the TOC-COOK and
TOC-COOCaCI structures were formed in these cases by the ion-exchanging treatments.
On the other hand, when KI, CaCl,, Ca(NO3),, Cal, and AgNO3 solutions were used,
the metal ion contents were approximately 2/3 of the carboxylate content of the TOC.
When the pH of the cellulose slurry was lower or more acidic, more amounts of free

carboxyl groups might be formed in the ion-exchanged TOC sample.
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Figure 4.6. Thermal decomposition (T4) and derivative thermogravimetric peak
(DTGpea) temperatures of the original cellulose, TEMPO-oxidized
cellulose (TOC)-COOH, TOC-COONa, TOC with methyl ester groups
and the TOC samples with various metal carboxylate groups prepared
by soaking in salt solutions (lower graph). The upper graph shows the
corresponding counter ion contents in the TOC samples and pH values
of the cellulose slurries.

Divalent or trivalent metal ions can form the salt structure like cross-linking with
two or three carboxyl groups of TOC, resulting in the lower counter ion contents. In fact,
FeCls, AICI; and LaCls in the soaking solutions were prone to give the metal ion

contents relatively lower than those for monovalent and divalent metal ions.
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Furthermore, some metal ion contents obtained in this study for TEMPO-oxidized
softwood kraft pulps were somewhat different from those reported in the previous paper
for TEMPO-oxidized cotton linters with carboxylate content of 0.48 mmol g*, even
when the same metal salts were used.® Probably, difference in carboxyl contents and/or
slight differences in the ion-exchange treatment conditions such as stirring rates, solid
contents, washing procedures with water and others between the present and previous
studies might delicately influence the resultant metal ion contents.

The Ty and DTGpeax temperatures of the counter ion-exchanged TOC samples as well
as the original cellulose, TOC-COOH, TOC-COONa and TOC-COOCHg3 are displayed
in the lower graph in Figure 4.6. These results show that formation of some metal
carboxylate groups can improve thermal stability of the fibrous TOC to some extent,
depending on the metal ions introduced. When thermal stability was evaluated as Tgq
points, the ion-exchange treatments with Ca(OAc),, Cal,, Ca(NOs3),, LaCl; and CaCl,
solutions gave 242-231 °C, which were higher than the T4 point of the fibrous
TOC-COONa (222 °C). However, the improved levels were lower than for the methyl
esterification. On the other hand, the AgNO3 and FeCl; solutions gave T4 points lower
than that of the TOC-COONa. The effect of these metal ions on T4 behavior of
cellulosic materials were reported elsewhere.**?? Detailed mechanisms for the positive
or negative improvement of thermal stability for the TOC by the counter ion-exchange
treatments are unknown at present. This is because the differences in T4 points between
the samples were not so remarkable, and the moles of metal ions introduced varied.
However, it was prone that introduction of calcium counter ions in place of sodium ions
into the fibrous TOC improved thermal stability to some extent.

On the other hand, when thermal stability was evaluated by DTGpea, the MgCl,,
CaCl,, Ca(OAc),, Ca(NO3), and Cal, solutions gave the peak temperatures of 312—-301
°C, which were close to those of the original cellulose and methylated TOC (313 °C).
Thus, these divalent metal ions are effective to improve thermal stability of the fibrous
TOC. However, again the detailed mechanisms for these results have not been

explainable. It was not necessarily the case that the greater the ionic radius of the metal
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ion introduced, the higher the DTGpex temperature.” Hence, the ion-exchange
treatments with some salt solutions can improve thermal stability of the TOC to some
extent, although the improved levels are lower than methyl esterification of carboxyl

groups.

4.3.4 Modifications of carboxyl groups to improve thermal stability

As described in the above sections, thermal stability of the TOC can be improved to
some extent by methyl esterification or counter ion-exchange treatments of carboxyl
groups in the TOC. However, these methylated and counter ion-exchanged TOC fibers
are unlikely to maintain the original nanofibrillation behavior of the TOC-COONa
fibers, when disintegrated in water. Thus, these modifications of carboxyl groups may
be applicable to TOC fibers for improvement of their thermal stability. Moreover, it is
also plausible that the modifications of carboxyl groups are applied to once-cast TOC
nanofibril films for improvement of their thermal stability. However, in the next stage, it
should be made clear whether or not the characteristic properties of the TOC-nanofibril
films with sodium carboxylate structures such as extremely low oxygen-permeability
values, high light-transparencies, low thermal expansion coefficients and high strengths
are observed at similar levels also for the carboxyl groups-modified TOC nanofibril

films with higher thermal stability.

4.4 Conclusions

A partially C6-carboxylated cellulose with carboxylate content of 1.68 mmol g* was
prepared by 2,2,6,6-tetramethylpiperidinyl-1-oxyl radical (TEMPQO)-mediated oxidation
of softwood bleached kraft pulps. Thermogravimetric analyses of the TEMPO-oxidized
cellulose (TOC) and its related materials were studied to improve thermal stability of
the TOC. Thermal decomposition (T4) points of the TOC with sodium carboxylate
groups, alkali-treated TOC with free carboxyl groups of 0.23 mmol g* and the original

cellulose were 222 °C, 264 °C and 275 °C, respectively. Thus, the anhydroglucuronic
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acid units formed by TEMPO-mediated oxidation of the native wood cellulose and
present in the TOC cause the decrease in Tq4 by decarboxylation during heating process.
When carboxyl groups in the TOC were methylated with trimethylsilyl diazomethane
(TMSCHNs), the T4 point increased from 222 °C to 249 °C, and the peak temperature in
its derivative thermogravimetric (DTG) curve increased from 273 °C to 313 °C, which
was almost equal to that of the original cellulose. Thus, the methyl esterification of
carboxyl groups in the TOC is effective in improving thermal stability. When sodium
ions present in the TOC as counter ions of carboxylate groups were exchanged to some
other metal ions, thermal stability was improved to some extent. Especially, when CaCl,,
Ca(OAc),, Ca(NOg3), and Cal, solutions were used in the ion-exchange treatments, the
peak temperatures in the DTG curves increased to approximately 300 °C. MgCl,, NiCl,,
SrCl, and Sr(OAc); solutions were also effective to some extent in increasing the peak
temperatures of DTG curves. Thus, thermal stability of the fibrous TOC can be
improved to some extent by methyl esterification of the sodium carboxylate groups
present in the original TOC with TMSCHN, or ion-exchange treatments with some

metal salt solutions.
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CHAPTER 5

Influence of nanofibril length on film properties of
TEMPO-oxidized cellulose nanofibril

5.1 Introduction

The self-standing TOCN films and TOCN-coated films have been studied in terms of
optical, mechanical, thermal and gas-barrier properties in the previous chapters. It has
been reported that optical and mechanical properties of nano-sized cellulose sheets are
influenced by degrees of polymerization (DP), crystallinities and chemical compositions
of celluloses used.’ In the case of TOCNSs, their fibril lengths (and fibril length
distributions as well) should have somewhat influences on optical, mechanical and
gas-barrier properties. Even though TOCNs prepared from wood celluloses have almost
homogeneous widths of 3—4 nm, their lengths and length distributions vary, depending
on the preparation conditions of TOCNs. However, the influence of TOCN lengths on
the film properties has not been studied in detail. The fibril lengths of TOCNs are
controllable by controlling the pH of the TEMPO-mediated oxidation system? or the
amount of NaClO added in the TEMPO-mediated oxidation in water at pH 10).> In
these cases, however, remarkable changes in carboxylate contents of TOCNSs are
unavoidable, and thus the influence of TOCN fibril length alone on TOCN film
properties cannot be extracted from the obtained results.

In this chapter, therefore, we first prepared a TEMPO-oxidized wood cellulose with a
carboxylate content of 1.5 mmol g™, and various mechanical disintegration conditions
were applied to the TEMPO-oxidized cellulose in water to prepare TOCNs with
different nanofibril lengths. Self-standing TOCN films and TOCN-coated plastic films
were prepared, and their optical, mechanical and gas-barrier properties were evaluated

in terms of the nanofibril length.
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5.2 Experimental section
5.2.1 Materials

A never-dried softwood bleached kraft pulp was used as the cellulose source for
TEMPO-mediated oxidation. The pulp had a viscosity average DP (DP,) of 1200, when
0.5M copper ethylene diamine (cuen) was used as the solvent.* The pulp contained
approximately 90% cellulose and 10% hemicelluloses. Laboratory grade TEMPO,
sodium bromide, and 13% sodium hypochlorite solution (Wako Pure Chemicals, Co.
Ltd., Japan) were used as received. TEMPO-oxidized cellulose was prepared from the
softwood cellulose using the TEMPO/NaBr/NaClO system at pH 10 according to the
procedure written in experimental section 2.2.1. The TEMPO-oxidized cellulose thus
prepared had a DP, of 550 and a sodium carboxylate content of 1.5 mmol g™
Commercial poly(ethylene terephthalate) (PET) films (Teijin DuPont Films, Japan), and
poly(lactic acid) (PLA) films (Mitsui Chemical Tohcello, Inc., Japan) were used as

coating substrates.

5.2.2 Preparation of TOCN water dispersions

An aqueous 0.15% slurry of the TEMPO-oxidized cellulose was subjected to
blender-type homogenization at 15000 rpm (Excel Auto ED-4, Nissei, Japan) for 5 or 10
min, and subsequently sonicated at 19.5 kHz and 300 W output power (26 mm probe tip
diameter, US-300T, Nissei, Japan) for 2, 4 or 20 min (Table 5.1). Three transparent
aqueous dispersions (TOCN-a, -b, and -c) were obtained after centrifugation of the
dispersions at 12000 g for 10 min to remove unfibrillated and partly fibrillated fractions.

The yields of TOCNSs after centrifugation are described in Table 5.1.

Table 5.1. Preparation conditions and properties of TOCNSs.

Homogenization Sonicationtime  Nanofibrilyield  Average nanofibril

time (min) (min) (%) length (nm) DPv#
TOCN-a 10 20 ca. 100 200 250
TOCN-b 10 4 98 680 350
TOCN-c 5 2 85 1100 400

aViscosity-average degree of polymerization determined using 0.5M cuen as the solvent.
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5.2.3 Preparation of TOCN films

Self-standing wood TOCN films ~10 um in thickness were prepared by pouring the
TOCN dispersions in poly(styrene) petri dishes and drying at 40 °C for 3 days. The
TOCN films were easily detached from the dish after drying. TOCN-coated films ~1.5
um in TOCN thickness were prepared as follows. The PET films (thickness 50 um; area
9 x 9 cm?) and PLA films (thickness 25 um; area 9 x 9 cm?) were surface-hydrophilized
by plasma exposure at 5 mA for 5 min in vacuum using a soft-etching device
(DSDE-AF, Meiwafosis Co., Ltd., Japan). The 0.15% TOCN/water dispersion (10 ml)
was uniformly cast onto the hydrophilized surface of the base film and allowed to

natural drying at room temperature for 3 days.

5.2.4 Analysis

DP values of TOCNs were measured by the following method. Freeze-dried TOCNs
(0.5 g) were reacted with sodium chlorite (0.1 mmol) in an acetate buffer (50 mL) at pH
45 and room temperature for 2 day to selectively oxidize small amounts of
C6-aldehydes to C6-carboxylates.> After all carboxyl groups were converted to sodium
carboxylate groups with a diluted NaOH solution, the NaClO,-oxidized TOCNs were
purified and isolated by dialysis against water and subsequent freeze-drying. The
freeze-dried samples thus obtained (0.04 g) were dissolved in 0.5 M cuen, and their
viscosities were measured using a capillary viscometer. The DP, values of the
NaClO,-oxidized TOCNs were calculated from their intrinsic viscosities.*

Samples for TEM observation were prepared as follows. A 10 ul aliquot of 0.015%
(w/v) TOCN dispersions was mounted on a glow-discharged carbon-coated electron
microscopy grid, and the excess liquid was absorbed by a filter paper. One drop of 1%
uranyl acetate negative stain was added before drying, and the excess solution was also
wiped with a filter paper. The stained TOCN dispersions were allowed to natural
evaporation until drying. The sample grids were observed at 200 kV using a JEOL
electron microscope (JEM 2000-EX).

The self-standing TOCN films were conditioned in desiccators at designed relative
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humidities for at least 48 h, and measured their weights at a resolution of + 2 pg. Dry
weights of the films were measured after drying the films at 105 °C for 3 h followed by
storing them in desiccators with P,Os for 3 h. Water contents of the self-standing TOCN
films at various relative humidities under equilibrium conditions were gravimetrically
calculated from the conditioned and dried weights.

Fourier transform infrared (FT-IR) spectra of the self-standing TOCN films were
recorded using a Jasco FT/IR-6100 spectrometer under transmission mode from 400 to
4000 cm™ with 4 cm™ resolution. Crystallinity indices of cellulose I for the TOCN films
were calculated from the IR spectra by the absorption ratios, Acrys: at 1372 cm ™Y A at
2900 cm™.%”

Light transmittance spectra of the TOCN/water dispersions and dried TOCN films
were measured from 200 to 1000 nm with a Shimadzu UV-vis-NIR spectrophotometer
(Jasco, V-670, Japan). Film thicknesses of self-standing TOCN films and TOCN layers
on the coated films were calculated by using the JASCO’s analysis program from the
interference pattern which appeared in transmittance and/or reflectance spectra
according to a reported method.? In order to measure film thickness, refractive index of
the target substance must be given. The refractive indices 1.55, 1.65, and 1.49 were used
for TOCN, PET and PLA, respectively.®°

Tensile tests of self-standing TOCN films with ~15 pm thickness were carried out at
23 °C and 50% relative humidity (R.H.) using a Shimadzu EZ-TEST tensile tester
equipped with a 500 N load cell. Specimens with at least 20 mm length and 2 mm width
were measured at 1.0 mm min™ and 10 mm span length, and at least 5 specimens were
measured for each sample.

The PET and PLA films coated with TOCNSs were subjected to oxygen permeability
rate (OTR) determination at 23 °C and various relative humidities using an oxygen
permeability testing apparatus (Mocon OX-TRAN 2/21, Modern Controls Inc., U.S.A.)
according to a standard method (ASTM 3985). Each sample was conditioned in a
desiccator at a designed R.H. for at least 12 h before the measurement. The test areas

were 50 cm? and 5 cm? for films with low and high OTRs, respectively. Each sample
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was conditioned in a chamber of the OTR system for 3 h, and the OTR was measured
for more than 1 day until it reached a stable value. Water vapor transmission rates
(WVTR) of the films were measured using a Mocon PERMATRAN-W 1/50 according
to a standard method (ASTM 398). The cell in detector side was set at 10% R.H., and
the other side was varied from 40 to 100% R.H. The WVTR value was measured for

more than 1 h until it reached a stable value.

5.3 Results and discussion
5.3.1 Nanofibril lengths and length distributions of TOCNSs

The 0.15% w/v TOCN/water dispersions were visually transparent, and the apparent
viscosities were in the order of TOCN-c >TOCN-b >TOCN-a. TEM images of the
TOCNSs showed that the nanofibrils were clearly different in length depending on the
mechanical disintegration conditions, while they had almost uniform widths of 4 nm
(Figure 5.1). More than 200 nanofibrils for each TOCN sample were used to measure
lengths and length distributions using an image-J software. Even if some kinks were
present in each nanofibril, they were ignored for the length calculation. The length
distribution histograms were asymmetrical, and extended toward the longer part in a
similar manner for cellulose nanowhiskers.* The length-weighted average lengths were
200 nm, 680 nm and 1100 nm for TOCN-a, -b, and -c, respectively. Thus, the length of
TOCN is controllable by selecting the mechanical disintegration conditions of the
TOCN/water slurry, keeping the same fibril widths. The TOCN-a had lengths ranging
from 50 to 750 nm, while TOCN-b had those from 120 to 2100 nm. TOCN-c had a
much wide length distribution from 110 to 3600 nm. Sharp blades of the blender-type
homogenizer would mechanically cut the nanofibrils in various ranges.

Mechanical disintegration times and properties of three TOCNSs are listed in Table
5.1. Because almost complete individualization was achieved for TOCN-a, the
nanofibril yield was almost 100%. In the case of TOCN-c, the nanofibril yield decreased

to 85%, because it contained a larger amount of unfibrillated and partly fibrillated
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fraction due to short disintegration times. The DP, values of TOCNs also decreased
with decreasing the average nanofibril length, showing that TOCN lengths are
correlated to their DP, values; the TOCN lengths become shorter in association with

depolymerization.
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Figure 5.1. TEM images of TOCN-a, TOCN-b, and TOCN-c, and their length
distributions measured on the corresponding TEM images.

5.3.2 Optical and mechanical properties of TOCN films

Light transmittances of self-standing TOCN films 10 um in thickness are shown in
Figure 5.2. All TOCN films had light transmittances of >80% at 600 nm, which are in
good agreement with those in the section 2.3.2 (Figure 2.2). The interference at the
near-infrared region indicates high smoothness of the film surfaces and uniformity of
the film thickness in large surface areas.”> The films prepared from TOCN-a had a
slightly higher light transmittance than the others. Short nanofilbrils of TOCN-a

prepared by long mechanical disintegration times may have, in turn, led to high
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dispersibility in water, resulting in low light scattering behavior than for TOCN-b or
TOCN-c with longer nanofibrils (Figure 5.3). Thus, the light transmittance or

dispersibility of TOCN in water, shown in Figure 5.3, reflects the transparency of the
self-sanding TOCN films in Figure 5.2.
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Figure 5.2. UV-vis light transmittance spectra of self-standing TOCN films with 10 pm
thickness.
100 T . T .
g
(5]
o ]
c
8
£ |
(2]
C
o
= —— TOCN-a (200 nm)
20 —— TOCN-b (680 nm)
TOCN-c (1100 nm)
0 1 1 1 1
200 300 400 500 600 700
Wavelength (nm)
Figure 5.3. UV-vis light transmittance spectra of 0.15% TOCN/water dispersions.
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Typical stress-strain curves of the self-standing TOCN films are shown in Figure 5.4.
In particular, the tensile strength increased with increasing nanofibril length from
TOCN-a to TOCN-c in association with the increased elongation at break. The film
densities, water contents at 23 °C and 50% R.H., elastic moduli, tensile strengths,
elongation at breaks, and crystallinity indices of the three TOCN films are listed in
Table 2. These three TOCN films had quite similar densities of about 1.4 g cm and
water contents of ~12%, showing that the TOCN films have similar hygroscopic and
dense structures. Meanwhile, the TOCN films had higher tensile strength and greater
elongation at break as the average nanofibril length and DP, were increased; these

properties are strongly influenced by the nanofibril length and length distributions.

300 T T T T T T
250 [ .
~—~~ 200 - -
]
o
=
~ 150 .
)]
g
D 100 F .
—— TOCN-a (200 nm)
50 |/ —— TOCN-b (680 nm) ]
TOCN-c (1100 nm)
0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Strain (%)
Figure 5.4. Stress-strain curves of TOCN films during tensile test.

Table 5.2. Properties of self-standing TOCN films. Density and water content of the
films were measured at 23 °C and 50% R.H.

Density Water Elastic Tensile Elongation at Crystallinity

(g/cm3)  content(%) modulus (GPa) strength (MPa) break (%) index?
TOCN-a (200 nm) 1.40 12.2 88t 14 224 = 25 8.9 +0.9 0.56
TOCN-b (680 nm) 142 12.3 9.4 + 0.7 257 = 22 9.0+13 0.59
TOCN-c (1100 nm) 1.43 11.6 9.8 £0.8 266 + 10 99+ 16 0.64

a Calculated from each IR spectrum by the absorption ratio, A;375 cm-1/A2900 cm-1-8
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The higher elastic moduli of the TOCN-b and TOCN-c films may be sensitively
reflected by the slightly higher film densities (Table 5.2).%** Elastic moduli of the
TOCN films may also be correlated to their crystallinity indices.**'* IR crystallinity
indices of cellulose | for the self-standing TOCN films (Table 5.2) were determined
from FT-IR spectra according to the reported method (Figure 5.5).° The IR crystallinity
index increased with increasing the nanofibril length, indicating that the higher elastic
modulus and density and lower water content of the TOCN-c films are probably due to
higher crystallinity index of cellulose I. The amount of disordered both edge parts of
nanofibrils may increase with decreasing the nanofibril length by longer times of
mechanical disintegration of the TEMPO-oxidized cellulose in water. Tensile strength
and elongation at break of TOCN films substantially increased with the nanofibril
length. It was reported that increased DP caused higher elongation at breaks associated

with higher tensile strengths.

Absorbance

3400 3200 3000 2800 2600 1500 1400 1300 1200 1100
Wavenumber (cm™)  Wavenumber (cm™)

TOCN-a (200 nm)

Absorbance

TOCN-b (680 nm)

TOCN-c (1100 nm)

4000 3000 2000 1000

Wavenumber (cm™)

Figure 5.5. FT-IR spectra of self-standing TOCN films. The inserts show the
expanded FT-IR spectra of self-standing TEMPO-oxidized cellulose
nanofibril (TOCN) films for calculation of their crystallinity indices of
cellulose I. Each crystallinity index is calculated from the absorption ratio,
Acryst at 1372 cm™ /A at 2900 cm™.°
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5.3.3 Oxygen and water vapor permeability of TOCN films

Oxygen transmission rates (OTRs) of the TOCN-coated PET and PLA films under
various R.H. values are depicted in Figure 5.6. OTRs of the base films were almost
unchanged in the whole R.H. range due to their hydrophobic nature; PET and PLA base
films had high OTRs of ~30 and ~900 mL m™ day™ kPa™, respectively. To the contrary,
oxygen permeability of hydrophilic TOCN-coated films was strongly influenced by R.H.
OTRs of TOCN-coated PET and PLA films were extremely low at 0% R.H., while they
exponentially increased with increasing R.H. The OTR values at 35% R.H. increased
approximately two orders of magnitude of that at 0% R.H., and they became close to the
OTRs of the base films at 75% R.H. In the three TOCNs, TOCN-c showed the highest
oxygen-barrier properties in the 0-50% R.H. range. The difference between the three
TOCNSs clearly appeared at 0% R.H., and became less at 75% R.H. Because the
self-standing TOCN-c film had the highest crystallinity index, the high crystallinity of
cellulose 1 in the TOCN-c-coated films may have caused the high oxygen-barrier
properties. In addition, the pore sizes in the TOCN layers may have become smaller as
the nanofibril length becomes longer (and length distribution becomes wider as well). A
similar result was reported, when oxygen permeability was compared between
microfibrillated cellulose and cellulose nanowhisker films with longer and shorter
nanocellulose lengths, respectively.™

On the contrary, the nanofibril length had almost no influence on the water vapor
transmission rates (WVTRs) of the TOCN-coated films (Figure 5.7). The WVTR
increased linearly with increasing R.H. The increasing patterns of WVTRs with R.H.
were similar to that of the base film, but the WVTR values of the TOCN-coated films
were lower than that of the base film at the same R.H. This is probably due to increased
thickness of the TOCN-coated films. Figure 5.8 shows relationships between R.H. and
water content of the self-standing TOCN films under equilibrium conditions. No
significant differences in water content at each R.H. were observed between the three

TOCN films, showing that the amounts of adsorbed water in the TOCN films at each
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R.H. are quite similar regardless of the nanofibril length. Although the self-standing

TOCN films had high water vapor permeability of approximately 70 g um m™ day™

kPa™® at 30% R.H and this value exponentially increased with increasing R.H. (See

Figure 2.7 in Chapter 2), the WVTRs could be suppressed to low values in the whole

R.H. range

films; the

as shown in Figure 5.7 by coating TOCNs on hydrophobic PET or PLA
hydrophilic nature of TOCNs is controllable by coating TOCNs on

hydrophobic base polymer films to have low OTRs and WVTRs even under high R.H.

conditions.
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Figure 5.6. Oxygen transmission rates of TOCN-coated PET (left) and PLA (right)
films. Thicknesses of the PET and PLA base films were 50 ym and 25 ym,
respectively. TOCN layers with approximately 1.5 um thickness were
coated on the base films.
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Figure 5.7. Water vapor transmission rates of TOCN-coated PET (left) and PLA (right)

films. See Figure 5.6 for details of the base films and coating layers.
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Figure 5.8. Water contents of TOCN films at 23 °C and various relative humidities
under equilibrium conditions.

5.4 Conclusion

The influence of TOCN length on optical, mechanical, and gas-barrier properties of
TOCN films was investigated using TOCNs with three different nanofibril lengths. The
shorter the average TOCN length, the lower the DP, of TOCN and the higher the light
transmittances of both the TOCN/water dispersion and the TOCN film. The differences
in density and water content at 23 °C and 50% R.H. were small between the three
self-standing TOCN films prepared from TOCNs with three different nanofibril lengths.
On the contrary, the longer the average TOCN length, the higher the tensile strength and
elongation at break of the TOCN films. Oxygen-barrier properties between the three
TOCN-coated films were different particularly at low R.H.; the longer the nanofibril
length, the higher the oxygen-barrier properties. On the contrary, nanofibril length of
TOCNs had almost no influence on water vapor barrier properties, which were
primarily influenced by the water vapor transmission rates of the hydrophobic base

films.
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CHAPTER 6

Summary

6.1 Preparation and structure of TEMPO-oxidized cellulose
nanofibril film

TEMPO-mediated oxidation and subsequent mechanical homogenization were
applied to mainly softwood bleached kraft pulp to prepare TEMPO-oxidized cellulose
nanofibrils (TOCNSs). The prepared TOCNs had almost uniform width of 3-4 nm and
length over 200 nm. The nanofibril length can vary by mechanical homogenization
conditions. When the average TOCN length is shorter, the degree of polymerization of
TOCN becomes lower as well. Self-standing film was prepared by filtration of TOCN
aqueous dispersions using a membrane with 0.1 pum pore size or casting the dispersion
on a petri dish. In both cases, the ambient drying temperature was about 40 °C.
TOCN-coated film was obtained by casting a TOCN aqueous dispersion on plastic films,
such as polyethylene terephthalate (PET) and polylactic acid (PLA), and drying them at
room temperature. Before coating treatment, the base films had to be hydrophilized
beforehand.

Microscopic observations of the TOCN films with sodium carboxylate groups
(TOCN-COONa) revealed that the film consists of densely accumulated nanofibril
layers in the cross-section, while random orientation of TOCNs were observed for the
film surfaces. The dense structure of nanofibrils in the TOCN films resulted in a
constant pore size of about 0.47 nm and homogeneous pore distribution from surface to
interior of the TOCN film, when measured by positron annihilation lifetime
spectroscopy (PALS). The pore size and pore distribution were unchanged by heating
treatment at 150 °C for 0.5 h. The densities and moisture contents of the TOCN films

were rather similar to those of commercial cellophane.
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6.2 Properties of TEMPO-oxidized cellulose nanofibril film

TOCN films with sodium carboxylate groups (TOCN-COONa) showed properties as
follows; (1) high visible-light transparency, (2) thermal stability up to 200 °C, (3)
thermal dimensional stability, (4) flexibility & high tensile strength, (5) high oxygen-
barrier properties, (6) high water-vapor permeability, and (7) surface hydrophilicity. In
addition, reinforcing effect was observed in the composite film of polyvinyl alcohol
with TOCNSs. The details about each property of TOCN films are listed below.

(1) The transparency was slightly different between softwood and hardwood TOCN
films, and between TOCN films with various nanofibril lengths. It was likely to be

affected by dispersibility of nanofibrils in water dispersions.

(2) The thermal decomposition temperature of TOCN films significantly decreased from
that of the original cellulose probably owing to decarboxylation of
anhydroglucuronate units, which were formed by TEMPO-mediated oxidation and
presented in TOCNs. When carboxyl groups of the TEMPO-oxidized cellulose were
converted to methyl esters with trimethylsilyl diazomethane (TMSCHN,), the
thermal decomposition temperatures were clearly increased by about 50 °C.
Additionally, when the sodium carboxylate groups were converted to calcium
carboxylate groups by ion-exchange treatments using calcium chloride, calcium
acetate, calcium nitrate, and calcium iodide, improvements in thermal stability were
also observed to some extent. Therefore, thermal stability of the TOCN films can be
improved by methyl esterification or some ion-exchange treatments of the sodium

carboxylate groups present in TOCN surfaces.

(3) The thermal expansion coefficient of TOCN films was much lower than that of glass.
It was possibly caused by the high crystallinity of the nanofibrils and also rigid

network structures comprising the TOCN film.

(4) The tensile properties of TOCN films were slightly different between softwood and

hardwood TOCN films, and between TOCN films with varous nanofibril lengths.
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The values of elastic modulus, the tensile strength, and the elongation at break of
TOCN films do correlate with nanofibril lengths and length distributions. The
longer nanofibrils with large length distribution resulted in higher values of the three
mechanical parameters. Tensile properties of the TOCN films may be more related

to their densities than dispersibility of nanofibrils in water.

(5) The oxygen-barrier property of TOCN films was extremely high at dry condition
because of the small pore size of the film and the crystalline structures of TOCN.
However, this property degraded with increasing relative humidity of the
measurement atmosphere owing to hydrophilic nature of TOCNs. This drawback
may be overcome by coating TOCN on hydrophobic substrates. Nanofibril length
and length distribution were significantly influenced on this property. The longer
nanofibrils with large length distribution resulted in better oxygen-barrier property

when measured even at high relative humidity.

(6) The water-vapor permeability of TOCN films was affected by not only hydrophilic
nature of cellulose, but also sodium carboxylate groups present on the TOCN
surface. TOCN film with sodium carboxylate groups (TOCN-COONa) adsorbed
much water than for the TOCN film with free carboxyl groups (TOCN-COOH).
Water-vapor transmission rates of TOCN-coated films were as much as those of
hydrophobic base films (PET and PLA). The hydrophilic nature of TOCN can be

controllable by some hybridization with hydrophobic films.

(7) The surface hydrophilicity of TOCN films was observed as low contact angles of
water on the TOCN film. It was as low as that of cellophane, and decreased with
time. This affected by both hydrophilic nature of cellulose and sodium carboxylate
groups on the TOCN surface. Surface hydrophobization was achieved by a simple
soaking treatment in an alkylketene dimer (AKD) dispersion or addition of small
amount of AKD into a TOCN aqueous dispersion. The water-contact angle of
TOCN film treated with AKD was around 100°, and no penetration of water was

observed at least for 10 s.
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