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All-cellulose nanocomposite films containing crystalline TEMPO-oxidized cellulose nanofibril (TOCN)
of 0—1 wt % were fabricated by mixing aqueous TOCN dispersions with alkali/urea/cellulose (AUC)
solutions at room temperature. The mixtures were cast on glass plates, soaked in an acid solution, and the
regenerated gel-like films were washed with water then dried. The TOCN did not form agglomerates in
the composites, and had structures of TOCN-COOH, forming hydrogen bonds with the hydroxyl groups
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of the regenerated cellulose molecules. X-ray diffraction analysis revealed that the matrix cellulose
molecules increased the cellulose II crystal size upon incorporation of TOCN. As a result, the
TOCN/AUC composite films had high Young’s modulus, tensile strength, thermal stability and oxygen-
barrier properties. The TOCN/AUC composite films are promising all-cellulose nanocomposites for

versatile applications as new bio-based materials.

Introduction

Plant celluloses are advantageous for use as bio-based,
reproducible and carbon-neutral materials, which are required for
a sustainable society. Celluloses used so far are classified into
two groups. One includes fibrous native celluloses, mostly
consisting of crystalline microfibrils as the smallest elements next
to cellulose molecules; and the other involves regenerated or
man-made celluloses, prepared by dissolution of native celluloses
in a solvent followed by spinning or extrusion into a regeneration
bath and drying. Fibrous native celluloses generally have high
elastic moduli, tensile strengths and thermal dimensional
stabilities, primarily owing to highly crystalline cellulose
microfibrils, but have heterogeneous morphologies and limited
sizes. Regenerated celluloses, on the other hand, have uniform
fibrous and film-like morphologies with almost infinite lengths.
Thus, regenerated cellulose fibers and films have been produced
on large scales at the industrial level, and widely used as high-
tech and ordinary materials.

Among the many cellulose solvent systems reported, the
aqueous alkali/urea system is one of the most promising systems
in terms of environmental considerations,' and thus may be able
to partly replace the conventional viscose (i.e., aqueous
NaOH/CS,) system.>’ The preparation and characterization of
various regenerated celluloses and related composites have been
reported using the alkali/urea/cellulose (AUC) solutions, and
some have exhibited unique and excellent properties.*”
Nanocelluloses have recently attracted attention as nano-sized
and bio-based materials prepared from abundant biomass
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recourses. Nanocelluloses are roughly categorized as cellulose
nanofibrils (CNFs) and cellulose nanocrystals (CNCs) with high
and low aspect ratios, respectively.®”

The preparation and characterization of all-cellulose
composites consisting of plant cellulose fibers, CNFs or CNCs as
fillers and regenerated celluloses or cellulose derivatives as
matrices have been reported.'®™'® AUC solutions have been used
to prepare all-cellulose composites consisting of regenerated
cellulose as a matrix.”'”" The mechanical properties and
thermal stability of regenerated cellulose films were improved in
most cases by forming a composite with a cellulose
reinforcement. However, when cotton CNCs were used as fillers
in regenerated cellulose films prepared from AUC solutions, the
CNC contents of more than 10 wt % (based on the whole CNC
and cellulose weight) were needed to achieve a Young’s modulus
double that of the original AUC films.'”'® When fibrous native or
regenerated cellulose was used as a filler, the films were opaque
and their mechanical properties improved as
efficiently,*'** owing to their heterogeneous morphologies and
low aspect ratios.

Cellulose microfibrils present in plant cellulose fibers are
firmly bound to each other through numerous hydrogen bonds; it
has been difficult to convert plant cellulose fibers to individual
nanocelluloses. Catalytic oxidation under aqueous conditions
with  2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) convert
plant cellulose fibers to individual TEMPO-oxidized cellulose
nanofibrils (TOCNs) with homogeneous widths of ~3 nm after
gentle mechanical disintegration of TEMPO-oxidized cellulose
(TOC) fibers in water.*'** Almost all of the C6-primary hydroxyl
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groups exposed on the crystalline cellulose microfibril surfaces
can be position-selectively converted to C6-carboxylate groups,
when the TEMPO-mediated oxidation is applied to plant
celluloses under suitable conditions.”* 2 Electric repulsions and
osmotic forces effectively work between the surface-carboxylate
cellulose microfibrils present in TOCs with carboxylate contents
> 1 mmol g™ in water, resulting in TOCNs with ~3 nm widths
and high aspect ratios (> 100). TOCNs thus obtained have high
elastic moduli of ~134 GPa®® and high tensile strengths of ~3
GPa.”” The TOCN aerogels have large specific surface areas of
~800 m” ¢!, and the TOCN cast films have high oxygen-barrier
properties and coefficients of thermal expansion of 0-6 ppm K~
! 2830 Thus, the TOCNSs are promising bio-based nanomaterials
for use as nanofillers in polymer matrices.'

In this study, we fabricated transparent all-cellulose
nanocomposite films consisting of TOCN (< 1 wt %) and
regenerated cellulose as the reinforcement and matrix
components, respectively. Aqueous TOCN dispersions and AUC
solutions were used to prepare the TOCN/AUC composite films.
The TOCN nano-reinforcing effects were evaluated by measuring
optical, mechanical, thermal and oxygen-barrier properties of the
composite films.

Experimental

Materials

A highly purified cotton linters pulp (filter paper pulp; Advantec
Co. Ltd., Tokyo, Japan) was used as cellulose to prepare AUC
solutions. A never-dried softwood bleached kraft pulp (SBKP)
(Nippon Paper Ind. Co., Tokyo, Japan), which contained ~90% o-
cellulose and ~10% hemicelluloses, was used to prepare TOC and
TOCN dispersions. All reagents and solvents were of laboratory
grade and used as received from Wako Pure Chemicals, Tokyo,
Japan.

Preparation of AUC solution and aqueous TOCN dispersion
A NaOH/urea/H,O solution with a weight ratio of 7:12:81 was
precooled to —12 °C.> The cotton linters cellulose was dispersed
in the solvent, and the mixture was immediately stirred at 1,300
rpm for 2 min at the same temperature to obtain a transparent
AUC solution with a 4 wt % cellulose concentration. A fibrous
TOC was prepared from SBKP by the TEMPO/NaBr/NaClO
system with 3.8 mmol NaClO per gram of SBKP in water at pH
10, according to a previously reported method.?** The fibrous
TOC was further treated with 1 w/v % NaClO, in water at pH 4.8
and room temperature for 2 days to oxidize the TOC C6-
aldehydes to C6-carboxyls.*®> This NaClO,-treated TOC had a
carboxylate content of 1.21 mmol g ', as determined by the
conductivity titration method.”"*** A 0.1 w/v % NaClO,-treated
TOC/water slurry was mechanically disintegrated to prepare a
transparent and highly viscous TOCN dispersion, according to a
previously reported method.”*

Preparation of TOCN-COONa and TOCN-COOH films

The TOCN film with sodium carboxylate groups (TOCN-
COONa) was prepared by casting the TOCN dispersion on a petri
dish and drying in an oven at 40 °C for 3 days.”®** The TOCN
film with protonated carboxyl groups (TOCN-COOH) was
prepared from the aqueous TOCN dispersion by addition of a
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dilute HCI solution and successive disintegration treatments,
according to a previously reported method.*?

Preparation of TOCN/AUC composite films

The scheme to fabricate TOCN/AUC composite films is provided
in Figure 1. A designed amount of the TOCN dispersion was
slowly added to the AUC solution at room temperature with
continuous stirring, and the mixture was stirred for 30 min. The
TOCN-containing AUC solution was then cast on a glass plate
and soaked in 5 wt % aqueous H,SO, for 5 min. The regenerated
TOCN/AUC composite gel was washed thoroughly with water,
and air-dried at 23 °C and 50% relative humidity (RH) for more
than 1 day to obtain TOCN/AUC composite films. The soaking,
washing and drying conditions to prepare TOCN/AUC films were
the same as those for the preparation of AUC films.> The TOCN
contents in the composite films were controlled to 0.2, 0.4, 0.6,
0.8, and 1.0 wt %, and these films were named as TOCN-
0.2/AUC, TOCN-0.4/AUC, TOCN-0.6/AUC, TOCN-0.8/AUC
and TOCN-1.0/AUC, respectively.

Analyses

The surface morphology of the TOCN films was observed by
atomic force microscopy (AFM) using a Nanoscope Illa
controller (Veeco Instruments Inc., USA) operated in tapping
mode with a silicon nitride cantilever tip. The TOCN dispersion
was diluted to 0.002 w/v % with water, dropped onto a mica plate,
and oven-dried before AFM observation. Fourier transform
infrared (FTIR) spectra of the films were recorded using a Jasco
FT/IR-6100 spectrometer under transmission mode from 400 to
4000 cm™ with a 4 cm™ resolution. X-ray diffraction (XRD)
patterns of the films were acquired in reflection mode using a
RINT 2000 diffractometer (Rigaku, Tokyo, Japan) with
monochromator-filtered Cu Ka radiation (4=0.15418 nm) at 40
kV and 40 mA. The crystal size of cellulose II was calculated
from the full-width-at-half-height of the (1 —1 0) diffraction peak
using the Scherrer equation.*® The surface and cross-section
(fracture surface) of the films were coated with osmium using a
Meiwafosis Neo osmium coater at 10 mA for 10 s, and observed
with a Hitachi S4800 field-emission-type scanning electron
microscope (SEM) at 2 kV. The optical transmittance of the films
was measured from 200 to 800 nm with a Shimadzu UV-1700
UV-Vis spectrophotometer. Tensile tests were performed using a
Shimadzu EZ-TEST instrument equipped with a 500 N load cell.
Rectangular strips with dimensions of 2x30 mm?* were cut from
the composite films and tested with a span length of 10 mm at a
rate of 1.0 mm min~'. The thermal expansivity of the films, which
were preheated at 120 °C for 10 min, was determined using a
0.03 N load cell in a nitrogen atmosphere from 28 to 100 °C at
5 °C min"' with a Shimadzu TMA-60 instrument. The film
thickness was measured with a micrometer and each value was
expressed as an average of five measurements. Statistical errors
in thickness of each film were within +3%. The oxygen
transmission rate of the composite films was determined at 23 °C
using a Mocon Ox-Tran Model 2/21MH (Modern Controls Inc.,
USA) wunder standard conditions (ASTM 3985). Each
measurement was continued until the O, transmission rate
reached a stable value. The oxygen permeability was determined

115 from the oxygen transmission rate and the film thickness.
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Results and discussion of good TOCN nano-dispersibility in the AUC matrix.’® The

0 slight decrease of light transmittance for the TOCN/AUC
composite films is probably caused by light scattering at the
TOCN/AUC interfaces.

The SEM images of surfaces and cross-sections of AUC and
TOCN-1.0/AUC films are shown in Figure S2 in the
Supplementary Information. These films had homogenous and
similar surfaces, and the TOCN-1.0/AUC film showed no
obvious TOCN agglomerates. The film cross-sections showed
laminated structures. We infer that these result from the in-plane
orientation of the crystalline regenerated cellulose molecules and

70 TOCN during the TOCN/AUC film dying process. The results
Softwood bieached Filter paper pulp shown in Figures 2 and S1 indicate that TOCNs are present

Fabrication of TOCN/AUC composite films

To ensure that the TOCNs were fully nano-dispersed in the AUC
solution without dissolution, the mixture was stirred at room
temperature for 30 min (Figure 1). No further changes in the
mechanical and optical properties of the composite films were
observed when the mixture was stirred for 1 h. Thus, we infer that
the TOCNs were stable in the alkaline AUC solution at room
temperature and the original cellulose I crystal structure was also
10 maintained, as discussed later.
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kraft pulp (SBKP) (cotton linters cellulose)
TEMPONSEINACO oltaton jaq‘ NaOHuren individually without agglomeration, and that the TOCN and
atp 10 e regenerated cellulose molecules have good compatibility in both
o P s oy Akatfssoahicas aqueous TOCN/AUC mixtures and dried TOCN/AUC composite
Post odaton with NaCiO; (4% cellulose concentration) 75 films. The orientation of cellulose II crystallites in the TOCN—
0.1% NACIO,-oxicied TOC ater stumy Standing ot oo 1.0/AUC film was further studied for the film cross-section by
Mechanical disintegration two-dimensional X-ray diffraction analysis (Figure S3 in the
| Freperstenatd0°e atroom temperatre Supplementary Information). The strong arc diffractions due to (1
B T Genateion ——> TOCNIAUG mixture —10), (1 1 0) and (0 2 0) planes were observed, showing that the
A 2L room terprature s0 longitudinal direction of cellulose II crystallites were highly
J castngon giass pte oriented parallel to the film surface. The Herman’s orientation
li?a;ﬂ:‘gnm 5% H,50, parameter (f)°’ of the cellulose II crystallites was calculated to be
N R — — coTn(\);ﬁ;Ns/i:\eUfim 0.85 from the X-ray diffraction pattern of this film.
with water for 1 day
Fig. 1 Fabrication scheme of TOCN/AUC composite films from N 100 ' ' '
aqueous TEMPO-oxidized wood cellulose nanofibril (TOCN) %—
dispersion and cotton linters cellulose/alkali/urea solution. = 80 - 7
30 é
Figure S1 in the Supplementary Information shows an AFM " § 60 - .
image of the TOCN, which shows mostly individual TOCNs. The £
number-average TOCN length, measured and calculated from 50 E 40 | .
TOCNSs, and was 1158 + 421 nm. The number-average TOCN 2 —_ ?(L)jngozlAUC
3s width was determined from AFM height profiles of 50 TOCN 20 —— TOGN-04/AUC -
according to a previously reported method,?” and was 2.7 = 0.3 s S— ;‘;g::?-g;ﬁﬂg
nm. Thus, the TOCN exhibits a high average aspect ratio of ~430. 0 L L !
The small widths and high aspect ratios of the TOCNs are 400 500 600 700 800
expected to contribute to enhanced nano-reinforcing effects for Wavelength (nm)
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composites, as long as TOCNs disperse in the matrix without
agglomeration.® It is unknown at present whether the TOCN
bending points in Figure S1 exist in the aqueous dispersion state
or form during the drying process of the TOCN dispersion on the
mica plate for AFM observation.

Fig. 2 Light transmittance spectra of TOCN/AUC composite
films with thickness of 30 um and a photograph of the TOCN-
1.0/AUC film.
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Interactions between TOCN and regenerated cellulose
molecules in composite films
10s FTIR measurements were performed on the films to study the
interactions between TOCN and regenerated cellulose molecules
(Figure 3). The large absorption band at 30003600 cm™ in the
AUC film is due to the hydroxyl groups from cellulose and water
adsorbed on the film. The band at ~1640 cm™ is assigned to
water molecules.”> The TOCN—COONa film had an absorption
band at ~1607 cm™' owing to C=O stretching of carboxylate
groups.”® The TOCN-COOH film had an absorption band at
~1724 cm™" due to C=0 stretching of protonated carboxyl groups,
forming hydrogen bonds between two carboxyl groups.® It has
115 been reported that isolated carboxyl groups without forming any
138~

hydrogen bonds exhibit a C=0 stretching band at ~1740 cm ™.

45
Optical properties and SEM observations of TOCN/AUC
composite films
Figure 2 shows the light transmittance spectra of the composite
films and a photograph of the TOCN-1.0/AUC film. All of the

so TOCN/AUC films were transparent and flexible. The light
transmittances of the TOCN/AUC films were higher than 88% at
600 nm, which is sufficient for application as film materials such
as display panels, electronic devices, and high performance
packaging films for foods and medicines. These light

ss transparencies were higher than those (< 80%) of the other all-
cellulose composite films containing native or regenerated
cellulose fibres as fillers, when compared with the same film
thickness of 30 pm.*'? The high light transparency was indicative

11
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*! The TOCN/AUC films had a C=O stretching band at ~1732
em!, showing that the carboxyl groups in the film had protonated
structures. Thus, the sodium carboxylate structures of TOCN-
COONa changed to protonated TOCN—COOH structures in the
TOCN/AUC films during the regeneration process of the
TOCN/AUC mixtures by soaking in 5 wt % H,SO,.

T
1607
‘OCN-COONa

1724
-

TOCN-COOH

'OCN-1.0/AUC

TOCN-0.6/AUC

Absorbance (arbitrary unit)
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N
T
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3500 3000 2500 1600

Wavenumber (cm’w)
Fig. 3 FTIR spectra of AUC, TOCN-COONa, TOCN-COOH
and TOCN/AUC composite films.

4000 1200 1800 1700 1600

Wavenumber (cm™)

150¢

The C=0 stretching bands with and without hydrogen bonds
between two carboxyl groups appear at 1724 and 1740 cm',
respectively.**#! The C=0 stretching band of the TOCN/AUC
films appeared at ~1732 cm™', which is intermediate between
1724 and 1740 cm'. We infer that each TOCN protonated
carboxyl group forms a hydrogen bond with one or two hydroxyl
groups of the regenerated cellulose molecules in the TOCN/AUC
composite films without forming TOCN/TOCN hydrogen bonds.
The formation of hydrogen bonds between carboxyl groups of
TOCN-COOH and hydroxyl groups of the AUC matrix have a
positive influence on enhancing the mechanical properties of the
composite films, as discussed later.

(200)

Cellulose |
(110)

(1-10)

TOCN-COOH

TOCN-1.0/AUC

TOCN-0.6/AUC

10
020)
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30 40
Diffraction angle 26 ( °)

Fig. 4 XRD patterns of AUC, TOCN-COOH and TOCN/AUC
composite films.
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The XRD patterns of AUC, TOCN and TOCN/AUC
composite films are shown in Figure 4. The AUC film showed a
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cellulose II crystal pattern with clear orientation of the (1 —1 0)
plane parallel to the film surface.” In contrast, the TOCN film
showed a cellulose I crystal pattern, maintaining the original
crystal structure of native wood cellulose. The TOCN/AUC
composite films showed clear diffraction peaks of cellulose II as
a dominant component of crystalline regenerated cellulose
molecules. Small diffraction peaks of (1 1 0) and (2 0 0) of
cellulose I originating from the TOCN were detected in the XRD
pattern of the TOCN-1.0/AUC film.

It is noteworthy that the relative crystal size of cellulose II
calculated from the (1 —1 0) peak slightly increased from 3.4 nm
to 3.7 nm by incorporation of 1 wt % TOCN. These results
indicate that AUC molecules in the films increased in the amount
of ordered structures by incorporation of crystalline TOCNs with
high aspect ratios. The hydrogen bond formation between TOCN
and regenerated cellulose molecules (cf. Figure 3) may have
resulted in the increase in crystal size of cellulose II of cellulose
molecules in the composite films. Similar results were observed
for highly drawn TOCN/poly(vinyl alcohol) composite fibers.**
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Fig. § Stress-strain curves (a) and effects of the TOCN content on
Young’s modulus (b), tensile strength (c), and yield strength (d)
of the AUC-only and TOCN/AUC composite films.

Mechanical properties of TOCN/AUC composite films

The stress-strain curves and the effects of TOCN content on
Young’s modulus, tensile strength and yield strength of the
TOCN/AUC composite films are shown in Figure 5. The stress-
strain curve of the AUC film consisted of two phases: the initial
elastic region followed by a large plastic region. The TOCN/AUC
composite films also exhibited curves consisting of two phases,
but the ratio of elastic region increased with increasing the TOCN
content, owing to the high elastic modulus of TOCN.

The Young’s modulus, tensile strength and yield strength
clearly increased with incorporation of small amounts of TOCN
into the AUC films. As the TOCN content increased from 0 to 1
wt %, Young’s modulus increased from 3.2 to 6.2 GPa, the
tensile strength increased from 111 to 167 MPa, and the yield
strength increased from 94 to 150 MPa. The elongation at break
slightly decreased from 12% to 10%, and the work of fracture
increased slightly from 11 to 13 MJ m™. The increase in Young’s
modulus and tensile strength or the efficient increases in the
mechanical properties were achieved by incorporation of high
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aspect ratio TOCN without agglomeration in the AUC matrix.

Several prediction methods of mechanical properties for
fiber/matrix composites have been proposed on the basis of
theoretical models to evaluate the validity of the fiber
reinforcement.*® Figure 6 shows the experimentally obtained and
calculated Young’s moduli (top) and tensile strengths (bottom) of
the TOCN/AUC composite films. When the Young’s modulus
and tensile strength of 3.2 GPa and 111 MPa, respectively,
experimentally obtained for the neat AUC film were used as
constant values for the AUC matrix, the experimentally obtained
Young’s modulus and tensile strength of the TOCN/AUC
composite films were always higher than those calculated using
the Halpin-Tsai model (see Supplementary Information).*
However, when the Young’s moduli of the AUC matrix (cf. Fig.
S4) were assumed to increase to 3.7, 4.2, 4.8, 5.3 and 5.8 GPa in
the TOCN-0.2/AUC, TOCN-0.4/AUC, TOCN-0.6/AUC,
TOCN-0.8/AUC and TOCN-1.0/AUC composites, respectively,
the experimentally obtained Young’s moduli of the
nanocomposite films were well consistent with those calculated
using the modified model.
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Fig. 6 Effects of volume fractions of TOCNs on experimentally
obtained and calculated Young’s modulus (top) and tensile
strength (bottom) of the TOCN/AUC composite films (see
Supplementary Information).

Similar results were obtained also for the relationship
between the experimentally obtained tensile strengths and those
calculated using the modified model, although this is a rough and
empirical estimate. When the tensile strength of the AUC matrix
were assumed to increase to 118, 123, 128, 134 and 139 MPa in
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the TOCN-0.2/AUC, TOCN-0.4/AUC, TOCN-0.6/AUC,
TOCN-0.8/AUC and TOCN-1.0/AUC composites, respectively,
the experimental data were consistent with those calculated using
the modified models. The efficiency to improve tensile strength
of AUC films by compositing TOCNs shown in the present work
was much higher than those for the previously reported
CNC/AUC composite films, when compared at the same
nanocellulose volume fraction.'”!® Thus, the incorporation of
TOCNs in AUC molecules caused the increases in Young’s
modulus and tensile strength of the AUC matrix, resulting in the
high mechanical properties of the TOCN/AUC composites.

In the previous section, it was shown from the XRD data in
Figure 4 that the regenerated cellulose molecules increased in the
cellulose II crystal size with the incorporation of crystalline
TOCNs with high aspect ratios into the AUC film. The
regenerated cellulose molecules next to each TOCN are likely to
form favourable morphologies with molecular orientation along
the TOCN, which might be regarded as a unique nucleation effect.
Thus, the increase in the cellulose II crystal size of the AUC
matrix molecules with increasing the TOCN content is associated
with the increased crystalline order and high mechanical
properties of TOCN, resulting in the efficient increases in the
Young’s modulus and tensile strength of the composite films.

Thermal stability and oxygen barrier property of
TOCN/AUC composite films

N
o

-
[$)]
T
1

-
o
T
1

[$)]
T
1

o

Coefficient of thermal expansion (ppm K'1)

0.0

0.2 0.4 0.6 0.8
TOCN content (wt %)

Fig. 7 Effect of TOCN content on the coefficient of thermal
expansion of TOCN/AUC composite films.

The coefficients of thermal expansion (CTEs) of the
TOCN/AUC composite films were determined to evaluate their
dimensional stability (Figure 7). As the TOCN content was
increased from 0 to 1.0 wt %, the CTE value decreased from 18.5
to 6.8 ppm K. This CTE value of the TOCN-1.0/AUC film is
similar to that of iron (~11.8 ppm K™), and much lower than
those of most plastics (> 50 ppm K').** Therefore, the
TOCN/AUC composite films possessed excellent thermal-
dimensional stability, owing to 1) the incorporation of crystalline
TOCN, 2) the hydrogen bonds between the TOCN and
regenerated cellulose molecules, and 3) the increase in cellulose
II crystal size of regenerated cellulose molecules in the composite
films. Note that such low CTEs were observed only for once-
dried TOCN/AUC composite films. When the films containing
adsorbed water prepared under conditions at 50% RH were tested,
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the films shrank upon heating and drying.

High oxygen-barrier properties are required for films used in
display panels, electronic devices and high-performance
packaging materials. The bulk TOCN-COONa films and
nanoclay-containing TOCN-COONa films had oxygen
transmittance rates lower than the detection limit of the standard
instrument under dry conditions.** However, these values
increased with increasing RH, owing to the hydrophilic nature of
TOCN—COONa. In the case of the AUC-only and TOCN/AUC
films, high oxygen barrier properties at 0% RH were observed,
but the values increased with increasing RH, owing to the
hydrophilic nature of regenerated cellulose molecules and TOCN
in the composite films (Figure 8). The TOCN-1.0/AUC
composite film clearly showed a lower oxygen permeability than
that of the AUC-only film at the same RH. Compared with
commercial polymer high oxygen-barrier films,*® the oxygen
permeabilities of the AUC-only and TOCN/AUC composite films
at 50% RH were much lower than that of high-density
poly(ethylene) or poly(ethylene terephthalate) films, and slightly
lower than those of poly(vinylidene chloride) and poly(vinyl
alcohol) films.
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Fig. 8 Oxygen permeability of AUC-only and TOCN/AUC
composite films at 0-90% RH.
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Conclusions

The cellulose nanofibril/regenerated cellulose composite films,
that is, all-cellulose nanocomposites, were fabricated from
aqueous TOCN dispersion and aqueous AUC solution by mixing
them at room temperature. The original structure of TOCN-
COONa is converted to TOCN-COOH in the composite films
during regeneration process of cellulose in acidic water,
maintaining the original cellulose I crystal structure of wood
cellulose. Hydrogen bond formation occurs between the TOCN
and regenerated cellulose molecules, and the cellulose II crystal
size of regenerated cellulose molecules increases in the composite
films. This increase in the cellulose II crystal size, and associated
effects when cellulose II is solidified in the presence of TOCNS,
have resulted in a remarkable increase in effective Young's
modulus and tensile strength of the AUC matrix in the composite
film. As a result, the high mechanical performances of the
crystalline TOCN and the TOCN-induced increases in crystal
sizes of AUC matrix molecules resulted in the high Young’s
moduli and tensile strengths, and high oxygen-barrier properties
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and low CTEs at 0% RH for the TOCN/AUC composite films.
These nanocomposite effects appear on the TOCN/AUC
composite films, even though the TOCN contents are as low as
only 1%.

Notes
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