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Cellulose nanofibre (CNF)-reinforced plastics were prepared by
direct kneading of polycaprolactone (PCL) and a new type of pulp
with thermo-softening nature. This thermo-softening pulp fully
disintegrated into CNFs within a melted PCL through kneading,
resulting in an increase in the strength and thermal stability of PCL
while preserving its toughness.

“ Department of Biomaterial Sciences, Graduate School of Agricultural and Life
Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.
E-mail: saitot@g.ecc.u-tokyo.ac.jp

b SANKEN (The Institute of Scientific and Industrial Research), The University of
Osaka, 8-1 Mihogaoka, Ibaraki, Osaka, 567-0047, Japan.

E-mail: s.ishioka@eco.sanken.osaka-u.ac.jp

¢ Biogeochemistry Research Center, Research Institute for Marine Resources Utilization
(MRU), Japan Agency for Marine-Earth Science and Technology (JAMSTEC),

2-15 Natsushima-cho, Yokosuka, Kanagawa 237-0061, Japan

4 Institute for Extra-cutting-edge Science and Technology Avant-garde Research (X-star),
Japan Agency for Marine-Earth Science and Technology (JAMSTEC),

2-15 Natsushima-cho, Yokosuka, Kanagawa 237-0061, Japan

¢ Sustainable Materials R&D Group, Corporate R&D Department, Kyoto Central R&D
Duwvision, DKS Co. Ltd., 5 Ogawara-cho, Kisshoin, Minami-ku, Kyoto 601-8391, Japan

It is my great pleasure to offer my
congratulations on the 10th anni-
versary of Nanoscience Horizons.
We are pleased to have the
opportunity to contribute to this
memorial  collection with this
article, along with our new
research direction. Our first paper
in Nanoscale Horizons was
published in 2018. Following this,
we were pleased to have the
opportunity to publish two more
articles in which we presented the
latest findings from our research on
nanocellulose. We are committed to making further contributions to
this esteemed journal of nanoscale understanding in the next decade.

Tsuguyuki Saito

This journal is © The Royal Society of Chemistry 2025
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New concepts

Direct kneading of wood pulp with melted polymers is an industrially
feasible route for the production of cellulose nanofibre (CNF)-reinforced
polymer composites. However, the resulting composites are often brittle
due to the difficulty in disintegrating wood pulp into CNFs within a
melted polymer matrix by kneading only. Herein, we report a new strategy
for the fabrication of tough CNF-reinforced polymer composites via the
energy- and time-efficient direct kneading of wood pulp. The novelty of
our strategy lies in the fact that the pulp was chemically modified in
advance to thermally soften at 100 °C or above. Polycaprolactone (PCL),
which has a melting temperature lower than 100 °C, was selected as the
polymer matrix. The thermo-softening pulp fully disintegrated into fine
CNFs within the melted PCL matrix by kneading, resulting in a significant
increase in the mechanical strength and thermal dimensional stability of
PCL while preserving its high toughness. To be specific about the
modification, anionic carboxy groups were formed at the interfaces of
bundled CNFs within the pulp, followed by pairing these anions with
organic cations dissociable below 100 °C. This modified pulp softens at
100 °C or above through self-diffusion of the dissociated cations at the
inter-CNF interfaces.

Introduction

Nanoscale particles with high aspect ratios, such as cellulose
nanofibres (CNFs),"* carbon nanotubes®® and clay nano-
platelets,®® are often employed as reinforcing fillers for polymers.
The compounding of these particles into a polymer matrix,
typically at a content of 10% w/w or less, can significantly enhance
the mechanical and thermal properties of the polymer.” These
polymer nanocomposites are characterized by high specific
moduli, specific strengths and thermal dimensional stabilities
and are thus expected to be suitable for use in automobiles,*®
electrical devices'! and building materials.'?

In recent years, CNFs have attracted attention as sustainable
reinforcing fillers with high stiffness (130-150 GPa), high strength
(2-3 GPa) and low thermal expansivity (6 ppm K™ '), contributing
to a considerable reduction in the use of petroleum-based
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plastics.’*™" The lightweight nature of CNFs (1.6 g cm™>) is also
of advantage over other reinforcing fillers such as glass fibres
(2.5 g cm™?), carbon fibres (1.8 g cm™*) and calcium carbonate
(2.7 g em™3).’® CNFs are produced via disintegration of wood
pulp into the fine crystallite units of cellulose, which are histo-
logically defined as microfibrils."” A successful process to homo-
geneously disperse CNFs in a polymer matrix for reinforcement is
the solvent casting route.>'*° However, this method requires a
high energy input to produce CNFs in advance and is a time-
consuming process to evaporate a large amount of organic
solvent.”" In addition, the resulting composites are typically pro-
duced in the form of thin films, which limits their applications.

Direct kneading is an industrially feasible route for the
production of CNF-reinforced plastics. In this method, a pulp
is directly added in the melt-kneading process of plastics using
a twin-screw extruder, where the pulp is fibrillated into CNFs
within the kneaded polymer matrix.>>">® This process elimi-
nates CNF production in advance and requires no solvents,
thus reducing the time, energy and cost of manufacturing for
CNF-reinforced plastics.>* However, a high degree of fibrilla-
tion of a given pulp into fine CNFs is difficult to achieve in this
kneading process because of strong interactions between cel-
lulose crystallites in the pulp, leading to embrittlement of the
resulting coarse CNF/polymer composites.
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Softwood bleached kraft pulp

TEMPO-oxidation
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Neutralization
with P8888(OH)

TOP-P8888
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-

( \ ( L)
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Fig. 1 Schematic illustration for preparation procedure of the CNF-
P8888/PCL and CNF/PCL composites.
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In this study, we developed a strategy to fabricate tough
CNF-reinforced plastics via direct kneading through the use of
thermo-softening pulp. Thermo-softening pulp was formed via
the introduction of anionic functional groups on the surfaces of
cellulose crystallites in the pulp, followed by pairing these anions
with organic cations dissociable below 100 °C.>”*® The thermo-
softening property of the intercrystallite interfaces within the
pulp enhanced the degree of fibrillation of CNFs within a melt-
kneaded polymer, contributing to remarkable improvements in
the mechanical and thermal properties of the polymer without
reducing its toughness. Polycaprolactone (PCL) was chosen in
this study as the polymer matrix. PCL is a biodegradable plastic,
but its application is limited because of its low mechanical
strength and low thermal dimensional stability.*

Results and discussion

In this study, thermo-softening pulp was utilized in the production
of CNF-reinforced PCL through direct kneading (Fig. 1). Thermo-
softening pulp was prepared from a 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-oxidized softwood bleached pulp.** The sodium
carboxylate groups in the TEMPO-oxidized pulp (TOP) were proto-
nated using hydrochloric acid, followed by neutralization of the
acid-type carboxy groups with tetraoctylphosphonium (P8888")
hydroxide (refer to the SI for details). The resulting TOP-P8888
exhibits a thermo-softening nature (see Fig. $1).>” The conver-
sion ratio of acid-type carboxy groups to tetraoctylphosphonium

C
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Fig. 2 CNF-P8888/PCL composite. Appearance of the (a) pristine PCL
and (b) CNF-P8888/PCL composite at a 2% w/w CNF content. (c) Typical
stress—strain curves of the pristine PCL and CNF-P8888/PCL composites
with different CNF contents ranging from 2-10% w/w.

This journal is © The Royal Society of Chemistry 2025
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carboxylates was approximately 91%, as determined by Fourier
transform infrared spectroscopy (FT-IR) (Fig. S2). The TOP-
P8888 was then subjected to direct kneading with PCL using a
twin-screw extruder, resulting in the production of CNF-P8888/
PCL composites. PCL composites reinforced with pristine CNFs
(CNF/PCL) were also prepared as a reference by directly knead-
ing PCL and starting kraft pulp. Note that there existed no
significant difference in fibre morphology between the starting
kraft pulp, TOP and TOP-P8888 before kneading (Fig. S3), as
illustrated as the CNF bundles in Fig. 1.

CNF-P8888/PCL composites with different CNF contents
ranging from 2-10% w/w were prepared by direct kneading at
100 °C for 40 min (refer to Fig. S4 for the influence of the
kneading time on the composite properties). After kneading,
the pristine PCL and CNF-P8888/PCL composites were sub-
jected to hot pressing at 2.5 MPa and 100 °C for 2 min to obtain
flat sheets with a thickness of approximately 0.2 mm. The CNF-
P8888/PCL composites showed no discolouration after knead-
ing and were similar in appearance to pristine PCL (Fig. 2a and
b). Discolouration is often observed during melt-kneading of
plastics with CNFs due to their thermal degradation.?” In this
study, the melt-kneading was carried out at 100 °C, which is
lower than the temperature at which TEMPO-oxidized CNFs
start to discolor (~150 °C).

Fig. 2c shows typical stress-strain curves of the pristine PCL
and CNF-P8888/PCL composites. Both PCL and its CNF-P8888

View Article Online
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composites exhibited ductile tensile behaviour. At low strains, a
linear elastic region followed by yielding was observed across
all the samples. In the plateau region of plastic deformation,
necking of the samples was initiated, and further elongation
led to strain hardening.

The addition of 2% CNF-P8888 to PCL increased Young’s
modulus from 0.30 to 0.37 GPa, the yield strength from 12.5 to
13.4 MPa, the elongation at break from 503% to 542%, the
strength at break from 18.7 to 22.1 MPa, and the toughness
from 65 to 80 MJ m > (Table 1). Young’s modulus and the yield
strength further increased with increasing CNF content. The
addition of 10% CNF-P8888 increased the modulus and yield
strength to 0.51 GPa and 15.3 MPa, respectively, corresponding
to enhancements of approximately 170% and 120%, respec-
tively, compared with those of pristine PCL. The elongation and
strength at break slightly decreased to 396% and 15.8 MPa,
respectively. The toughness of the composites was accordingly
preserved at 60 MJ m~?, similar to the toughness of PCL.

Fig. 3a shows a comparison of the reinforcing functions of
CNF-P8888 and pristine CNF for reference. Unlike those of PCL
and CNF-P8888/PCL, no plateau region during plastic deforma-
tion was observed for the pristine CNF/PCL composites. The
addition of pristine CNF to PCL increased Young’s modulus,
yield strength and strength at break to 0.52 GPa, 16.9 MPa, and
20.4 MPa, respectively (Table 1). The enhanced Young’s mod-
ulus of the CNF/PCL composite was equivalent to the modulus

Table 1 Tensile properties of the pristine PCL and CNF-P8888/PCL composites

CNF content Young’s Yield strength Elongation at Strength at Toughness
Sample (% wiw) modulus (GPa) (MPa) break (%) break (MPa) (MJ m™3)
PCL 0 0.30 £ 0.11 12.5 £ 0.2 503 £ 78 18.7 £ 2.6 65 + 14
CNF-P8888/PCL 2 0.37 £ 0.11 13.4 £ 0.3 542 £ 25 22.1 £ 1.2 80 £ 6
5 0.41 + 0.02 14.5 + 0.3 493 + 22 19.3 + 0.8 73 £5
10 0.51 £ 0.04 15.3 £ 0.6 396 + 16 15.8 £ 0.6 60 £+ 2
CNF/PCL 10 0.52 £ 0.01 16.9 + 0.2 247 £ 35 20.4 £ 0.8 47 £5
a b
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Fig. 3 Comparison of the reinforcing function between CNF-P8888 and pristine CNF. (a) Typical stress—strain curves and (b) thermal expansion curves

of pristine PCL, CNF-P8888/PCL, and CNF/PCL at a 10% w/w CNF content.

This journal is © The Royal Society of Chemistry 2025
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of the CNF-P8888/PCL composite under the same content.
However, the elongation at break of the CNF/PCL composite
significantly decreased to 247%, resulting in a reduction in the
toughness to 47 MJ m™ > (Table 1). Compared with matrix
polymers, this embrittlement of composites is often observed
for CNF-reinforced plastics produced via melt kneading.**™* It
is thus significant that the toughness of surface-modified CNF-
P8888/PCL was maintained while the modulus and strength
increased.

Fig. 3b shows the thermal expansion behaviour of these
composites. The coefficients of thermal expansion (CTEs) of
PCL, CNF-P8888/PCL and CNF/PCL within the temperature
range of 30-55 °C before the melting point of approximately
60 °C were 511, 268, and 264 ppm K, respectively. The CTE
values of the composites with CNF-P8888 and pristine CNF
were nearly equivalent and were reduced by approximately half
compared with the value of the PCL matrix alone.

A series of results demonstrated that CNF-P8888 is an
excellent reinforcing filler for PCL that enhances the modulus
and strength while preserving the toughness and, in addition,
reduces the CTE.

Fig. 4a shows X-ray diffraction (XRD) profiles of pristine
PCL, CNF/PCL and CNF-P8888/PCL at a 10% CNF content in the
PCL matrix. These profiles were collected by the reflection
mode (see Experimental method in SI). Sharp peaks at 260 =
values of 21.2° and 23.6° were observed for all the samples,
corresponding to the (1 1 0) and (2 0 0) planes of orthorhombic
PCL crystals.**> No peaks due to crystalline CNFs were observed
in either the CNF/PCL or CNF-P8888/PCL composites, probably
because of the low CNF content. Moreover, compounding
pristine CNF or CNF-P8888 with PCL significantly decreased
the peak intensity of the (1 1 0) plane and slightly increased the
peak intensity of the (2 0 0) plane compared with those of
pristine PCL. The crystallite sizes along the directions perpendi-
cular to the (1 0 0) and (2 0 0) planes calculated from the
profiles using the Scherrer equation®® are summarized in
Table 2. The crystallite sizes of both the (1 1 0) and (2 0 0)
planes slightly increased through the compounding of CNF and
CNF-P8888, and the increase in the (2 0 0) plane was relatively
significant compared with the (1 1 0) plane. Additionally,
compared with CNF-P8888, the compounding of CNFs was
more effective at increasing the crystallite sizes.

Fig. 4b shows differential scanning calorimetry (DSC) curves of
the same samples. Endothermic reactions of PCL were observed
within the temperature range of 35-55 °C, and the melting points
of PCL, CNF/PCL, and CNF-P8888/PCL were 54.2 °C, 54.5 °C, and
53.2 °C, respectively, without significant differences among the
samples. The degree of crystallinity (X.) was calculated as follows:**

AHy,
—x1 1
w X AHf x 100 ( )

X(%) =
where AH,,, AH; and o are the melting enthalpy determined
by DSC analysis, the melting enthalpy of a perfect PCL crystal
(139.5 J ¢ ),*® and the weight fraction of PCL in the sample,
respectively. The X, values of PCL, CNF/PCL, and CNF-P8888/PCL
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Fig. 4 Crystallinity analyses. (a) XRD profiles and (b) DSC curves of pristine
PCL, CNF-P8888/PCL, and CNF/PCL at 10% w/w CNF content.

were approximately 45%, 45%, and 44%, respectively (Table 2),
and were almost equivalent.

Crystallinity analysis revealed that combining CNF-P8888
with PCL did not significantly affect the crystallite size or
degree of crystallinity of PCL, indicating that the enhancement
in the mechanical properties of the CNF-P8888/PCL composites
was due to the reinforcing effect of CNF-P8888. Moreover,
considering the obvious decrease in the XRD intensity of the

Table 2 Structural properties of the pristine PCL, CNF-P8888/PCL, and
CNF/PCL

CNF Crystallite size (nm) Degree of
content Density crystallinity
Sample (% wiw) (gem™) 110 200 (%)
PCL 0 1.14 22.2 17.2 45
CNF-P8888/PCL 10 1.19 22.4 18.2 45
CNF/PCL 10 1.19 22.8 20.1 44

This journal is © The Royal Society of Chemistry 2025
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(1 1 0) plane, the planar orientation of the PCL crystallites
facing the (1 1 0) plane parallel to the sheet surface of the
pristine PCL was disturbed by the addition of CNFs.

The CNF-P8888 and pristine CNF fractions disintegrated in
the kneading process were extracted from both the CNF-P8888/
PCL and CNF/PCL composites, respectively, by dissolution of
the PCL matrix in tetrahydrofuran. Fig. 5a-c show the fibre
morphologies of TOP-P8888 before direct kneading, CNF-
P8888, and pristine CNFs, respectively, as observed by scanning
electron microscopy (SEM). After kneading, most of the coarse
fibres of TOP-P8888 pulp disintegrated into CNF-P8888 with
widths smaller than 1 pm (Fig. 5a and b). The pristine CNF
fraction extracted from the CNF/PCL composites also exhibited
widths smaller than 1 um according to the SEM observations
(Fig. 5¢). However, a distinct difference in fibre morphology
between the cellulose fractions within the CNF-P8888/PCL and
CNF/PCL composites was detected via X-ray computed tomography
(CT) analysis (Fig. 5d and e). The resolution of X-ray CT analysis in

View Article Online
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this study was 1 um, and PCL exhibits a lower coefficient of X-ray
absorption than cellulose does. Thus, the coloured parts in panels
d and e in Fig. 5 represent the fibrous cellulose fractions with
widths greater than 1 pm. In CNF-P8888/PCL (Fig. 5d), fibres were
almost undetectable, indicating that the majority of the coarse
fibres disintegrated into submicron-sized fibrils in the PCL matrix.
In contrast, undisintegrated coarse fibres or aggregated fibrils were
clearly observed in the CNF/PCL composites (Fig. 5e). This undi-
sintegrated nature of the starting kraft pulp, without modifications
via TEMPO-oxidation and P8888 bearing, explains the embrittle-
ment of the CNF/PCL composite (Fig. 3). Notably, in the mechanics
of composites, coarse foreign objects in a continuous phase induce
stress concentrations during deformation.>®

These results demonstrate that the thermo-softening nature
of TOP-P8888 enhances the degree of fibrillation and dispersi-
bility of CNFs in a polymer matrix through the process of direct
kneading, which avoids stress concentration, resulting in the
high toughness of the CNF-P8888/PCL composites.

~

‘

I.
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Fig. 5 Fibre morphology. SEM images of (a) TOP-P8888, (b) CNF-P8888, and (c) pristine CNF. X-ray CT images of (d) CNF-P8888/PCL and (e) CNF/PCL

composites at 10% w/w CNF content.

This journal is © The Royal Society of Chemistry 2025
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Conclusions

We fabricated tough CNF-reinforced PCL composites via the
direct kneading of thermo-softening pulp. Thermo-softening
pulp was prepared by introducing P8888" as the carboxylate
counterion in TOP and then disintegrated into CNF-P8888 in a
PCL matrix.

The compounding of CNF-P8888 with a 2% CNF content
increased all the tensile properties of PCL or its Young’s
modulus, yield strength, elongation at break, and toughness
(mechanical energy required until break). Young’s modulus and
the yield strength of the CNF-P8888/PCL composites increased
with increasing CNF content. At a 10% CNF content, these two
properties were enhanced by 70% and 20%, respectively, com-
pared with the original PCL properties, while the toughness was
preserved. In contrast, the elongation at break of the unmodi-
fied CNF/PCL composite at a 10% CNF content significantly
decreased, resulting in a reduction in toughness. The CTE
values of the CNF-P8888/PCL and unmodified CNF/PCL compo-
sites at a 10% CNF content were nearly equivalent and
decreased by approximately half of the CTE of the pristine
PCL. The addition of CNF-P8888 to PCL did not significantly
affect the crystallite sizes and the degree of crystallinity of PCL.
SEM and X-ray CT analyses of the composites revealed that most
of the coarse fibres of TOP-P8888 pulp disintegrated into CNF-
P8888 with nanoscale widths and were uniformly dispersed in
the PCL matrix, which should have contributed to the high
toughness of the CNF-P8888/PCL composites.

This study demonstrated that the mechanical strength and
thermal dimensional stability of PCL can be enhanced while
maintaining toughness via energy- and time-saving direct
kneading of thermo-softening pulp with PCL. This strategy is
industrially feasible because of its low cost and environmental
friendliness. Additionally, this strategy can be applied to other
polymers, expanding the use of sustainable wood-derived CNFs.
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