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Abstract
Cellulose nanofibers (CNFs) are potential candidates as environmentally friendly reinforcing fibers, and their compatibilization
with plastics has attracted widespread interest. In this study, we developed a simple method to prepare a cellulose acetate (CA)
composite reinforced by nanofibrillated bacterial cellulose (NFBC) directly from an aqueous sol. The key steps of our method
were the utilization of a water/organic mixed solvent to maintain a good dispersion of the NFBC and good dissolution of CA,
along with the evaporation of this mixed solvent without significant aggregation of the NFBC. This simple technique improved
the dispersibility of the NFBC in the composite film and significantly enhanced its mechanical strength.

Introduction

Cellulose nanofibers (CNFs) are expected to be among the next
generation of reinforcing fibers [1] because of their unique
characteristics, such as carbon neutrality, biodegradability in
nature, high mechanical performance [2], low weight, chemical
modification capability, high net electrical dipole moment [3],
and recyclability. Their easy chemical modification facilitates
compatibilization with various types of resin. To enhance
reinforcement, CNFs can be aligned in one direction by an
electric and/or magnetic field, owing to their high net electrical
dipole moment [4]. Moreover, fiber breakage during kneading
can be minimized under optimized conditions [5], leading to
negligible performance degradation during repeated use.

CNFs can be classified into two categories based on their
production processes: top-down [6] and bottom-up [7].

Mechanically and/or chemically defibrated plant-based pulp
(crystal-type Iβ) can be used to produce CNFs. CNFs are
generally obtained as an aqueous dispersion (sol), and their
morphology, fiber length and width, and physicochemical
properties vary depending on the defibration method. Once
water is evaporated by heating or freeze-drying, severe
aggregation of CNFs occurs. Generally, redispersion is dif-
ficult because of the multiple hydrogen bonds between the
CNF surfaces; consequently, the interfacial shear stress
between the matrix resin and CNF surface becomes
uncontrollable. It is necessary to develop a technology to
prevent CNF agglomeration during the synthesis of fiber-
reinforced plastics (FRPs). TEMPO-oxidized CNFs were
developed by Isogai et al. to maintain high dispersibility in
water. Electrostatic repulsion is very effective in producing
completely nanodispersed transparent CNF sols [8, 9]. Such
a CNF sol is highly compatible with water-soluble polymers,
such as PVA [10], and nanocomposites with hydrophobic
polymers can also be produced via emulsion polymerization.
Yano et al. reported that the esterification of hydroxyl
groups with fatty acyl chains aided the dispersion of CNFs
in high-density polyethylene (HDPE), resulting in approxi-
mately twice the tensile strength of the base resin [11].

CNFs can also be produced via fermentation by microbes,
such as gluconacetobacter. Such CNFs are hereafter referred to
as bacterial cellulose nanofibers (BCNFs) in this study. The
cellulose purity is high, as hemicellulose and lignin are not
produced; thus, the crystallinity of BCNFs is sufficiently higher
(~96%) than that of pulp-derived CNFs [12]. Furthermore,
BCNFs have type Iα crystals and are as strong as pulp-derived
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fibers [13, 14]. However, BCNFs are generally produced as
hydrogel mats on the surface of fermentation media [15];
therefore, dispersion in water or an organic solvent is essential
for their utilization as reinforcing fibers. In 2017, Tajima et al.
reported that well-dispersed BCNFs in the medium were
obtained when several types of water-soluble cellulosic poly-
mers were added to the culture medium [16]. These are referred
to as nanofibrillated bacterial cellulose (NFBC) to distinguish it
from mat-shaped BCNFs. The NFBC fibers are extremely
long. Therefore, they can be expected to become entangled
with each other in the polymer matrix, thereby strengthening
the composite material, even at a low loading percentage. The
NFBCs could also be dispersed in several types of water-
miscible organic solvents; consequently, a better compatibility
with the resin matrix can be expected compared to other CNFs.
Although the fabrication of transparent composite films com-
prising NFBCs and polymethyl methacrylate (PMMA) was
successful, the mechanical strength enhancement was insuffi-
cient [16]. An aminopropylsilylated NFBC (AP-NFBC) was
recently developed, and PMMA was strengthened by more
than two times by adding only 1wt% AP-NFBC [17].

Recently, microplastic pollution in oceans caused by
nonbiodegradable petroleum plastics has emerged as a ser-
ious concern. The replacement of these plastics with bio-
degradable and biomass-derived alternatives is being
actively pursued. Hence, bioplastics will become a particu-
larly important matrix resin for FRPs in the near future.
Currently, ~2.5 million tons of biomass plastics are pro-
duced annually, with cellulose acetate (CA) accounting for
the largest proportion (0.8 million tons). Cellulosic resin is
expected to become the most versatile resin in the near
future, as cellulose is the most abundant carbon source
polymer on earth. Furthermore, the ester and glycosidic
bonds in cellulose ester resin can be enzymatically or che-
mically digested to generate a monomeric unit, glucose.
Because of the (bio)chemical recyclability of both cellulose
esters and CNFs, CNF-reinforced cellulose ester resin,
which is an all-cellulosic composite, is a promising green
material. Based on these social and technological back-
grounds, this study focuses on cellulosic composites. In this
study, two processes, one dry and one wet, were investigated
for compositing CA and NFBCs. We found that the wet
process worked notably well to avoid NFBC aggregation in
the CA matrix, providing a robust composite material.

Experimental procedure

General

NFBC sols modified with water-soluble cellulose ethers,
such as carboxymethyl, hydroxypropyl, and hydroxyethyl
cellulose (abbreviated as CM-, HP-, and HE-NFBC,

respectively), were procured from Kusano Sakko Co.
(Hokkaido, Japan). CA was donated by DSP Gokyo Food
and Chemical Co. (Osaka, Japan) in the form of pellets. CA
was soluble in acetone and was thus classified as cellulose
diacetate. The compatibilization of CA and the three NFBCs
was performed using two methods: dry and wet processes.

Dry process for preparing the NFBC/CA composite

The NFBC sol was freeze-dried to obtain a dry NFBC solid.
Predetermined weights of the dry NFBC were crushed by
hand to be smaller than the injection port (∅: 0.8 mm) of an
extruder. This crushed NFBC and CA were kneaded in the
extruder at 190 °C with a screw speed of 60 rpm for up to
20 min to produce composite pellets.

Wet process for preparing the NFBC/CA composite

The NFBC concentration in the hydrosol was adjusted to a
predetermined value, such that the weight ratio of the dry
NFBC to dry CA (NFBC/CA) ranged from 1/99 to 10/90.
Acetone (250 mL) was added to the NFBC sol (50 g), and
the mixture was stirred for at least 1 h until the NFBCs were
uniformly dispersed. CA pellets (4.5 g) were added to the
mixture and dissolved completely. Ultraviolet–visible
(UV–vis) absorption spectra were measured with a V-630
(JASCO, Tokyo, Japan) to confirm negligible aggregation
of NFBCs. The resulting mixture was poured into a
stainless-steel bat, and the solvent was evaporated at room
temperature (air-conditioned at 25 °C) under ambient pres-
sure. The resulting cast film was cut into small pieces and
dried under reduced pressure. The raw film was kneaded at
190 °C with a screw speed of 60 rpm for 5 min to obtain the
composite pellets.

Preparation of the specimen for the mechanical test

The composite material was kneaded and pelletized to
obtain a uniform FRP. The kneaded composite pellet was
preheated at 190 °C for 5 min and then hot-pressed at 40 kN
(1.56 MPa) for 3 min to form a film. The dumbbell-shaped
specimen was prepared in accordance with the JIS K7139
method. The tensile test was conducted using an EZ-SX
(Shimadzu Co, Kyoto, Japan), and the mechanical proper-
ties were analyzed using Trapezium X software.

Results and discussion

NFBC/CA composite prepared by the dry process

When the dry CM-NFBC was kneaded directly with CA,
there was no change in the elastic modulus. The tensile
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strength gradually decreased as the weight fraction of CM-
NFBC increased to 5 wt% (Fig. 1A, stress–strain curves in
Fig. S1). There was no significant difference in strength
between the 5 and 10 wt% CM-NFBC fractions. Even with
a sufficiently long kneading time of up to 20 min, CM-
NFBC aggregates with a maximum diameter of ~500 μm
were observed (Fig. 1B, C). The size of the aggregates
could be reduced to approximately 100 μm by repeated
kneading; however, the mechanical strength could not be
improved. Thus, even if the NFBC surface was modified
with carboxymethyl cellulose for improved hydrophobicity
and electrorepulsion, once the nanofibers were agglomer-
ated during drying, it was impossible to redisperse the
nanofibers finely into the resin by kneading. Air bubbles,
which may have been present in the NFBC aggregates
initially, were also observed in the composite films. These
bubbles could not be removed by thorough kneading, and
the resulting voids were one of the reasons for the decrease
in the mechanical strength.

NFBC/CA composite prepared by the wet process

CM-NFBC was well dispersed even when the CM-NFBC
aqueous sol was diluted with a five times larger volume of
acetone. CA was dissolved in this acetone-rich aqueous
solution. The NFBC dispersion was examined by UV–vis
absorption spectroscopy, and the absorbance did not
obviously increase (Fig. S2). The mixture was slowly dried
under ambient conditions to obtain a cloudy-white com-
posite film. This film was kneaded and pelletized, and the
pellets were hot-pressed. A visually agglomerate-free film
was obtained even at a high weight fraction of CM-NFBC
(Fig. 2B). Microscopic observation revealed small NFBC
aggregates (Fig. 2C), but their sizes were apparently
reduced compared to those in the dry process. Composite

films were prepared by varying the CM-NFBC loading ratio
up to 10 wt%, and a mechanical test was conducted
(Fig. 2A). The tensile strength and elastic modulus of the
base resin CA were 26MPa and 1.8 GPa, respectively,
which were then increased to 42MPa and 2.4 GPa,
respectively, with only 1 wt% NFBC reinforcement. A
composite with 5 wt% NFBC resulted in a maximum
strength and modulus of 54MPa and 3 GPa, respectively.
These are 2.1 and 1.7 times higher than those of the base
resin, respectively. No significant difference in the
mechanical properties was observed between the 5 and 10
wt% compositions. Optical microscopy images of the
composite films are shown in Fig. S3. As the NFBC con-
centration increases, the number of small aggregates tends
to increase, which may be one of the reasons why the
mechanical properties did not continue to further improve at
high NFBC loading. It is important to ensure that the
NFBCs are well dispersed and CA is well dissolved in the
water/organic mixed solvent and that the evaporation of this
mixed solvent occurs without significant NFBC aggrega-
tion. The glass transition temperature of the CA matrix was
the same regardless of the presence of NFBCs (Fig. S4). We
investigated different drying methods: drying under reduced
pressure, drying at a high temperature, and slow evapora-
tion by covering with a top. All these drying methods could
enhance the mechanical strength. We also evaluated dif-
ferent water-miscible solvents, such as dimethylformamide,
N-methyl pyrrolidone, tetrahydrofuran, and dioxane, for the
wet process. All these solvents were found to be effective in
enhancing the mechanical properties of the composites.

The stress–strain curves of the CM-NFBC-reinforced CA
composite films are shown in Fig. 3. As the CM-NFBC
content increased, the tensile strength and modulus
increased, although the strain decreased. The samples with
10 wt% CM-NFBC fractured in the lowest strain region.

Fig. 1 (A) Tensile strength and
Young’s modulus of the CM-
NFBC/CA composite material
prepared by the dry process.
(B) Appearance and (C) optical
micrograph of the hot-pressed
film consisting of 5 wt%
CM-NFBC
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The energy required to break the specimen, i.e., the strain
energy per unit volume, decreased as the CM-NFBC con-
tent increased up to 5 wt%. However, these are typical
behaviors often observed in FRPs.

Applying the wet process to other NFBCs

NFBCs modified with different water-soluble cellulose
ethers, such as HP- and HE-NFBC, were also compatibi-
lized with CA via the wet process described above. The
tensile strength and elastic modulus of each composite were
much higher than those of the base resin but slightly lower
than those of the CM-NFBC composite (Fig. 4, stress–strain

curves in Fig. S5). This result can be attributed to the dif-
ference in the interfacial shear strength between the CA
matrix and the NFBC. Both CM-NFBC and CA have
hydrogen bond donors and acceptors (namely, hydroxyl and
carbonyl groups, respectively) in a single molecule, whereas
HP- and HE-NFBC have only a hydrogen bond donor (i.e.,
a hydroxyl group). Therefore, CM-NFBC can be expected
to have stronger interactions with the CA matrix than HP-
or HE-NFBC. However, different reasons can also be
speculated. Tajima et al. reported that the amount of cel-
lulose ether adsorbed on the NFBC surface increased in the
order of CM-NFBC < HE-NFBC < HP-NFBC [16]. This
result indicates that the weight ratio of the native CNFs

Fig. 2 (A) Tensile strength and
Young’s modulus of the CM-
NFBC/CA composite material
prepared by the wet process.
(B) Appearance and (C) optical
micrograph of the hot-pressed
film consisting of 5 wt% CM-
NFBC

Fig. 3 (A) Stress–strain curve and (B) strain energy density of the CM-NFBC/CA composite specimen
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decreased in the order of CM-NFBC > HE-NFBC > HP-
NFBC, which is the same as that observed for the tensile
strength of the CA/NFBC materials. Thus, the actual con-
tent of the reinforcing nanofibers can also be attributed to
the mechanical strength.

Conclusions

In this study, two processes, dry and wet, were investigated
for compositing CA and NFBCs. We evaluated the dis-
persibility of NFBCs and mechanical properties of the
composite films. Once the NFBCs aggregated during water
evaporation, it was impossible to redisperse the nanofibers
finely into the CA matrix, even by repeated kneading. In
contrast, the NFBCs were highly dispersible in a mixture of
water and acetone. After dissolving CA into this NFBC
organic/water sol, solvent evaporation could maintain the
dispersibility of NFBCs in the CA matrix. By adding only 5
wt% NFBCs, the mechanical strength of the prepared
composites became twice that of CA. The method employed
herein can be regarded as a straightforward and perhaps
energy-saving method for fabricating robust composites, as
it does not involve any chemical modification typically
required for the synthesis of wood-derived cellulose nano-
fiber composites. Mechanical, chemical, and biochemical
recycling of the all-cellulosic composites obtained in this
study will be investigated in the near future.
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