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Abstract

Cellulose nanofiber (CNF) is a crystalline fiber composed of a bundle of cellulose molecular chains and is expected to be
used as a new biomass-derived nanomaterial. The CNF has a unique morphology: a few to tens of nanometer width and a
submicrometer to micrometer length. Its application to various materials, in particular its utilization as a polymer reinforcing
material, has been anticipated due to its excellent mechanical properties. However, CNFs and plastics are generally hard to
mix, and thus, it is difficult to combine them at the nanolevel. In this review, we describe the CNF/polymer nanocompositing
process from Pickering emulsion. We use ~3 nm-wide wood-derived CNFs and report on the preparation of CNF/polymer
homogenous composite films. We also introduce a new type of CNF/polymer composite, a core-shell microparticle, using

this Pickering emulsion as a template.

Introduction

Plastics are used for multiple purposes as parts of auto-
mobiles, home electrical appliances, food packaging mate-
rials, and medical equipment and thus constitute essential
materials in our lives. Reinforcing materials are often added
to these plastics to improve their mechanical properties.
Common reinforcing materials include glass and carbon
fibers; hence, composite materials acquire the strength and
thermal dimensional stability that plastics cannot attain on
their own. However, as the energy demand for the pro-
duction and discarding of these reinforcing materials is
high, plastic reinforcement using environmentally friendly
materials has become a priority toward the implementation
of a low-carbon society.

In recent years, cellulose nanofibers (CNFs) have been
used as a natural carbon-neutral reinforcing material. In
particular, wood-derived CNFs have a characteristic shape
and are ~3 nm in width and several micrometers in length.
They have been demonstrated to have excellent mechanical

P4 Shuji Fujisawa
afujisawa@mail.ecc.u-tokyo.ac.jp

Department of Biomaterials Sciences, Graduate School of
Agricultural and Life Sciences, The University of Tokyo,
Tokyo 113-8657, Japan

and thermomechanical properties, with high strength (2-6
GPa) [1, 2], high elastic moduli (130-150 GPa) [3-5], and
low thermal expansion coefficients (4-6 ppm K1) [6, 7].
Taking advantage of these characteristics of CNFs, ongoing
research has been extensively focused on utilizing them as a
reinforcing material for plastics since the mid-1990s [8—10].
To fully elicit the reinforcing effect of CNFs, CNFs must be
homogenously dispersed in a composite material. However,
obtaining a homogenous composition of CNFs and com-
modity plastics has been difficult due to the high interfacial
energy. Therefore, the composition difficulty poses the
biggest challenge for the production of such materials.

To date, we have sought to develop homogeneously
mixed CNF/polymer composites using a CNF prepared
through chemical pretreatment termed 2,2,6,6-tetra-
methylpiperidinyl-1-oxyl (TEMPO)-mediated oxidation
[11, 12]. TEMPO-mediated oxidation is a chemical reaction
that enables selective conversion of primary hydroxy
groups into carboxylate groups in water. The oxidation
selectively introduces carboxylate groups onto the surface
of cellulose microfibrils. The increased osmotic pressure
between the fibrils and mild mechanical treatment in water
allow the preparation of CNFs with nanosized widths and
good colloidal stability in water. Moreover, tailoring the
chemical structure of the carboxy groups effectively enables
the dispersion of CNFs in various organic solvents [13—15].
Homogeneous CNF/polymer composites can be prepared
by drying a mixture of a plastic and CNF dispersions in
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Fig. 1 Schematic illustration of the synthesis of a CNF/PS composite
film. a Monomer-in-water emulsion stabilized by CNFs, b dispersion
of CNFs and PS nanoparticles in water, ¢ CNF/PS nanoparticle

composite sheet, and d CNF/PS composite film. Copyright 2017,
American Chemical Society

Fig. 2 a Photograph, b—e SEM images, and f schematic illustration of a PS/CNF composite with 12% w/w CNFs before melt pressing. b, ¢ Film
surface, d edge, and e side surface. Copyright 2017, American Chemical Society

organic solvents [14, 16, 17]. However, such a process is
highly time and energy consuming.

In this review, we sought to develop a homogenous
composite of CNFs and a hydrophobic plastic using an
aqueous solution process, which does not require organic
solvents or melt blending procedures. CNFs are known to
serve as an excellent emulsifier and form stable Pickering
emulsions [18-20]. Pickering emulsions are emulsions
stabilized by solid particles. Compared to surfactant mole-
cules, the solid particles more strongly adsorb at liquid/
liquid interfaces. Therefore, Pickering emulsions generally
show better stability than emulsions stabilized by surfac-
tants. In the present study, a CNF-stabilized monomer-in-
water emulsion was used as a starting point to design a
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CNF/polymer composite structure [21]. Several studies on
polymer composite preparation through Pickering emul-
sions have been reported, where nanocelluloses [22, 23],
microfibrillated lignocellulose [24], or chitin nanofibrils
[25-27] were used as stabilizers. Furthermore, we report the
synthesis of core-shell microparticles using this Pickering
emulsion as a template [28].

CNF/polymer nanocomposite film

In this study, polystyrene (PS) was used as a matrix. First,
an aqueous dispersion of CNFs was mixed with styrene
monomers, into which an initiator was dissolved. This
mixture then underwent ultrasound treatment, which
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Fig. 3 Properties of a PS/CNF composite film with 12% w/w CNFs after melt pressing. a UV—vis transmittance spectra, b stress—strain curves, and
¢ thermal expansion behavior of the PS/CNF composite and PS films. Copyright 2017, American Chemical Society

resulted in the formation of a CNF-stabilized styrene-in-
water emulsion (Fig. la). As the interfacial free energy
between styrene and water is high, usually, styrene and
water ultimately undergo phase separation without being
homogenously mixed. In contrast, in the present system,
CNFs were adsorbed onto the water/styrene interface,
metastabilizing the system. The emulsion using solid par-
ticles as a dispersion stabilizer is generally termed a Pick-
ering emulsion. The Pickering emulsion in this work was
quite stable, even when it was kept at room temperature for
more than a week. The monomer droplets were stably dis-
persed in water, retaining the size distribution. The repul-
sive force between the droplets is mainly caused by the
osmotic pressure due to the carboxylate groups on the
surface of TEMPO-oxidized CNFs.

The obtained emulsion was heated at 70 °C to poly-
merize the monomer. As a result, in the polymerization
process, the structure of the microemulsion broke down,
and a structure in which PS nanoparticles were homo-
genously dispersed in an aqueous dispersion of CNFs
(Fig. 1b) was formed. This polymerization mechanism
resembles the method termed dispersion polymerization
[29-31], where polymerization occurs in poor solvents.
Scanning electron microscopy showed that during the
course of polymerization, PS nanoparticles were squeezed
out from monomer droplets and deposited in the CNF
aqueous dispersion.

Via filtration of the dispersion through membrane filters,
CNF/PS nanoparticle composite sheets can be prepared
(Fig. 1c). The PS yield was 84%, and the CNF volume
fraction within the sheet calculated from the yield was 7%.
Observation of the sheets using electron microscopy
revealed the formation of composites of CNFs and PS
nanoparticles with diameters of ~150 nm (Fig. 2). The PS
nanoparticles were observed to homogeneously form com-
posites with CNFs both on the surfaces and in the interior of
the sheets. Importantly, nanocompositing of PS and CNFs
was achieved using an aqueous solution process. As noted

above, fabricating homogeneous CNF/polymer composites
is time and energy consuming. In contrast, the nano-
composite sheets obtained with the present method can be
easily formed by homogenously depositing PS nano-
particles in a CNF network in water, followed by their
collection through filtration. Measurement based on a size
exclusion chromatography-multiangle laser-light scattering
detector revealed that the polymerized PS was composed of
straight chains, with an average molecular weight of 1 560
000 (polydispersity index of 1.6), indicating an extremely
high degree of polymerization.

The resulting CNF/PS nanoparticle sheets had a highly
porous structure and therefore low transparency. None-
theless, they formed transparent CNF/PS composite films
following a 30 s hot press process at 160 °C (Fig. 1d). After
this, the PS nanoparticles formed films due to the glass
transition (Fig. 2e, ). The light transmittance rate at 600 nm
was observed to be 88%; composites were formed without
serious loss of transparency of the PS film (90% at 600 nm)
(Fig. 3a). Although a transparent film can be obtained here,
a heating process is necessary after the polymerization. In
future work, development of a process without heating may
be needed for commercial use. Tensile testing of the films
demonstrated that the addition of CNFs increased the
Young’s modulus and strength (Fig. 3b). However, the
elongation at break was noted to be reduced with the
addition of CNFs. In simple terms, although the material
became stiff and strong, it also became quite brittle. We
assumed that this was due to the poor interactions at the
CNEF-PS interface. This is known to be a common property
of CNF-based polymer composites, and to reduce their
brittleness, the interfacial interactions must be improved
through modification of the surface chemical structures of
CNFs [14, 17]. Furthermore, the thermal dimensional sta-
bility was shown to be improved by the formation of a
network of CNFs in the PS matrix (Fig. 3c). This
improvement was particularly striking at temperatures
greater than 100 °C, which corresponds to the glass
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Fig. 4 Schematic illustration of the synthesis of CNF-shelled micro-
particles at a 10:90 ratio (o/w). CNF-stabilized Pickering monomer-in-
water emulsion (center), CNF-shelled microparticle dispersion in

Fig. 5 a Illustration and b—d
SEM images of CNF-shelled
microparticles and surface
(bottom right). e Illustration and
f, g SEM images of the cross
section of microparticles
embedded in acrylic resin. Black
arrows indicate the CNF shell.
Copyright 2019, The Royal
Society of Chemistry

transition region of PS; the disadvantage of the propensity
of PS to stretch when heated was successfully compensated
by the addition of CNFs. These tensile and thermo-
mechanical properties were shown to be almost comparable
to those of CNF/PS composites [16] prepared from organic
solvents, indicating that the use of the aqueous solution
process in the present study almost achieved the ideal CNF
dispersion in PS.

Cellulose nanofiber-shelled polymer microparticles

Using the aforementioned CNF/monomer Pickering
emulsion and controlling the polymerization conditions,
CNF/polymer microparticles that preserved the droplet
shape of the emulsion (Fig. 4) were successfully prepared.
Goi et al. reported that the interfacial tension between oil
and water plays a significant role in stabilizing CNF-based
Pickering emulsions [32]. In preparing CNF/polymer
composites through emulsion templating, the interfacial
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water, and size distribution of CNF/polymer microparticles determined
by dynamic light scattering analysis showing a median diameter of 3.0
um (right). Copyright 2019, The Royal Society of Chemistry

tension between the monomer liquid and water is also an
important factor in controlling the composite structure. In
the present study, we used divinylbenzene as a monomer
in place of styrene. The average diameter of the obtained
microparticles was ~3 um, showing that the initial droplet
size in the emulsion was maintained. Furthermore, as the
surfaces of these microparticles were densely covered
with TEMPO-oxidized CNFs, which have carboxylate
groups on the surfaces, the zeta potential of the micro-
particles was shown to be ~—50mV. Therefore, the
microparticles exhibited good dispersibility in water.
Observation of the surfaces of microparticles using
scanning electron microscopy revealed that the surfaces
were densely covered with the CNFs (Fig. 5b—d). Further
observation of cross sections revealed no voids in the
interior of the particles, with the interior being uniformly
filled with polymers. Based on the scanning electron
microscopy results, the thickness of the CNFs on the
surface of the particles was estimated to be ~8 nm (Fig. 5f



Material design of nanocellulose/polymer composites via Pickering emulsion templating

107

a) b) 1.4 — 0) ——————
1.2 i 30 i
JPH7.0 o1 = y =6.89x+4.59
N I ° > R? =0.985
H3C o s g 08 1 g% o |
N S N E R P
| cr | o 0.6 ) B \D_ ‘,//
CH3 CHs3 R 04 PH25 | 9 0! oo |
' o* i
0.2 e0°®” | °
0.0 N N 0 1 1 1 1
6 8 10 00 05 1.0 15 20 25
Ceq (mg/L) Ceq (mglL)
d) e) o)
100 T T T T T T T T T T T
g 80 0.8 | Desorbed at @ pH7.0 -
g 60 3 ® pH25
g 40 5 I ]
E 20 g 0.6
£ o ' c
& 400 600 800 .2 o4l |
f) Wavelength (nm) % :
o
2
e < 02 i
0.0 1 1 1 1 1 1 1 1

h)

H3C\N O

|
CH3

Fig. 6 Adsorption behavior of methylene blue (MB) on CNF-shelled
microparticles. a Chemical structure of MB. b Equilibrium adsorption
isotherm. ¢ Langmuir isotherms of MB on microparticles at 23 °C,
where the dotted lines are obtained by fitting the Langmuir model. d
Demonstration of MB adsorption before (left), during (center), and
after (right) filtration, where 100 mg of CNF-shelled microparticles are
retained in the 0.2 um PTFE membrane filter. e Light transmittance

and g). Similar experiments were conducted using other
CNFs, such as microfibrillated cellulose, for the prepara-
tion of microparticles. However, the particles had a
broader size distribution with low dispersibility in water.
When water-soluble carboxymethyl cellulose was used,
the resulting emulsion had poor structural stability, par-
tially breaking down in the course of polymerization.
Therefore, TEMPO-oxidized CNFs have been found to be
suitable for preparing microparticles with good dis-
persibility and a narrow size distribution.

172345678910
Adsorption/desoprtion cycle

spectrum and f photograph of the MB solution before and after fil-
tration. g Repeated adsorption/desorption behavior at pH 7.0 and 2.5
through filtration. h Chemical structure of acridine orange hydro-
chloride. i Confocal laser scanning microscopy image of CNF-shelled
microparticles, where surfaces are stained with acridine orange.
Copyright 2019, The Royal Society of Chemistry

The molecular adsorption behavior of CNFs on the sur-
faces of particles was investigated using methylene blue
(MB) as a cationic dye (Fig. 6a—c). At pH 7.0, the CNFs
were shown to have a higher MB adsorption than at pH 2.5.
This was assumed to occur because the TEMPO-oxidized
CNFs present on the particle surfaces had a large number of
carboxylate groups: At pH 2.5, the carboxylate groups on
the surfaces of the CNFs could not form an ionic bond with
MB, and therefore, physical adsorption was thought to be
the only adsorption mechanism at work. On the other hand,
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at pH 7.0, these groups could interact with MB through not
only physical adsorption but also ionic bonding. Thus, the
obtained CNF-shelled microparticle results indicated that
the equilibrium adsorption isotherm was dependent on the
pH conditions. Furthermore, the experimental data at pH 2.5
were fitted with the Langmuir model, revealing good cor-
respondence at low concentrations (Fig. 6¢). In other words,
our results suggested that theoretically estimated single-
layer adsorption occurred at low concentrations.

To take advantage of this adsorption characteristic, fil-
tration was used to perform MB adsorption experiments
(Fig. 6d). MB adsorption on the particle surfaces occurred
very quickly: ~99% of MB was adsorbed when the MB
solution (5 mgL~!) was passed through at ~100 mL min "
and pH 7.0 (Fig. 6e, f). Moreover, MB was washed with
phosphate buffer (pH 2.5) once adsorbed and was almost
entirely removed, which allowed us to repeatedly perform
adsorption experiments (Fig. 6g).

To visualize this molecular adsorption behavior, a con-
focal laser microscopic observation was carried out. Acri-
dine orange (Fig. 6h) was used as the fluorescence dye. Our
observations revealed that acridine orange did not exist in
the interior of the particles and was selectively adsorbed
only on the surfaces of the particles (Fig. 61). The acridine
orange layer appeared thicker than the CNF layer observed
in SEM. This was assumed to be due to the resolution
capability of the confocal laser microscope being ~200 nm
and its scanning depth being ~0.7 pm.

Summary

By taking advantage of the high potential of CNFs as an
emulsifier, we successfully produced homogenous compo-
site films of CNFs and a water-insoluble plastic. As these
preparation processes do not require organic solvents or
high-heat processing, they are considered to be highly
environmentally friendly and could also be achieved at a
lower cost than the generation of conventional CNF-based
composites. We expect the CNF/polymer nanocomposite
film to be utilized as a transparent material with excellent
mechanical properties and low thermal expansion coeffi-
cients. Moreover, core-shell microparticles, whose shell and
core are CNFs and a polymer, respectively, can be prepared
from the Pickering emulsion. As the microparticles are
covered with plant-based CNFs, they are expected to be
utilized as functional microparticles. The biocompatibility
of the CNF shells could open up new possibilities for bio-
medical or cosmetic applications. Moreover, the particles
could be used for environmental applications by utilizing
the carboxy groups of the CNFs.
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