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NaClO-oxidized cellulose nanofiber/chitosan
composite films with improved water resistance
and high mechanical strength
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Cellulose nanofibers (CNFs) are increasingly recognized as sustainable alternatives to petroleum-derived
plastics. However, their intrinsic hydrophilicity results in poor water resistance, which severely restricts
applications in humid or aqueous environments. Therefore, improving water durability while maintaining
mechanical performance remains a key challenge. In this study, we fabricated water-resistant composite
films by combining oxidized CNFs (OCNFs), obtained via a simple sodium hypochlorite (NaClO) oxidation
introducing carboxyl groups, with chitosan (CS). The OCNF/CS films exhibited markedly enhanced
tensile strength (~50 MPa vs. =20 MPa for pristine OCNF) and retained their integrity in water for 24 h,
with a swelling ratio of ~200% compared to =900% for OCNF alone. These improvements are attributed
to strong ionic interactions between anionic carboxylate groups of OCNFs and cationic ammonium
groups of CS, as well as hydrogen bonding within the polymer matrix. Furthermore, post-treatment with
sodium hydroxide reinforced the network structure, raising tensile stress to ~80 MPa. The incorporation
of glycerol as a plasticizer significantly improved wet-mechanical strength, with toughness increasing
nearly threefold, as a result of suppressed hydration of polysaccharides. This fabrication method, with
modifications, provided the ability to produce flexible, large-scale films. Overall, this work demonstrates
that exploiting ionic interactions, hydrogen bonding, and simple post-treatments yields fully bio-based
composite films with outstanding mechanical robustness, large scalability, and water resistance. These
findings highlight the strong potential of OCNF/CS films as eco-friendly packaging materials for

rsc.li/rsc-advances moisture-sensitive applications.

Introduction

Biomass-based materials represent a promising solution to the
environmental challenges posed by plastic pollution. As plastic
consumption continues to rise globally, particularly in pack-
aging, which accounts for approximately 32% of total use,
plastic accumulates in large quantities on land and in the
oceans. Alarmingly, most packaging waste is mismanaged,
leading to significant environmental problems.* Moreover, the
rapid pace of plastic production accelerates the depletion of
petroleum resources.>* The recycling of plastic is also costly due
to its non-biodegradable nature. This highlights the urgent
need to develop sustainable and effective alternatives across
various applications.*® Bio-based materials, derived from

naturally renewable sources, are biodegradable and
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compostable, offering a distinct advantage in terms of miti-
gating carbon footprints and greenhouse gas emissions.” Poly-
saccharides are potential substitutes for petrochemical
polymers in biomass-based material production because of
their biodegradability and renewability. Additionally, materials
made from polysaccharides demonstrate acceptable mechan-
ical strength and gas barrier properties.®

Notably, cellulose is an ideal starting material for eco-
friendly and sustainable plastic alternatives due to its renew-
able, biocompatible, and abundant nature. Cellulose nano-
fibers (CNFs) are especially attractive for their exceptional
mechanical properties, derived from their crystalline structure
and strong hydrogen bonds, making them suitable for appli-
cation in a wide range of functional materials.®"> CNFs are
produced through both physical and chemical methods.
Although physical methods are advantageous in preserving the
chemical structure of cellulose, they are often limited by high
energy consumption and the need for sophisticated equipment.
Chemical methods, in contrast, modify cellulose by introducing
charged groups that promote fiber separation through electro-
static repulsion. A widely used approach is 2,2,6,6-tetramethyl-
1-piperidinyloxy =~ (TEMPO)-mediated  oxidation,  which
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introduces carboxylic groups at the C6 position.*® By contrast,
sodium periodate cleaves the C2-C3 vicinal diol to give 2,3-di-
aldehyde cellulose. Sodium chlorite then oxidizes the aldehydes
to carboxyl groups, increasing the carboxyl content but
requiring two steps.'*'* Recently, Isogai et al.*® developed a one-
pot oxidation method using aqueous NaClO-5H,0. This tech-
nique also targets the C2-C3 glycol bond, yielding more
carboxylic acids with lower chemical and energy requirements
compared to traditional multi-step processes, making it
a promising and efficient alternative.

Despite the advantage, the abundance of hydrophilic
hydroxyl groups in the cellulose backbone renders cellulose-
based materials highly sensitive to moisture, significantly
reducing their wet mechanical strength and overall durability.
This poses challenges in various applications.'”** Conventional
approaches to enhancing the moisture resistance predomi-
nantly involve the incorporation of hydrophobic polymers or
extensive chemical modifications of the cellulose backbone.*>*
Although these methods can effectively improve wet stability,
they often compromise the intrinsic role of cellulose by
reducing its content and utilizing it primarily as a filler, which
in turn lowers the overall biomass content. To enhance water
resistance without sacrificing sustainability, bio-based
complementary additives that are structurally and functionally
compatible with cellulose are preferred.”® In this context,
chitosan (CS) has emerged as a promising cationic additive due
to its natural origin, biodegradability, and strong affinity for
cellulose.?”?® CS is the deacetylated form of chitin, a naturally
abundant polymer found in terrestrial arthropods, marine
mollusks, and microorganisms.*>* In addition, CS is biode-
gradable, nontoxic, biocompatible, chemically stable, soluble in
acidic aqueous media, and exhibits good film-forming proper-
ties. Through the formation of polyelectrolyte complexes with
anionic CNFs, CS contributes to a marked improvement in the
water stability of cellulose-based materials.**~*

In this study, we explore the fabrication of water-durable
films through the electrostatic complexation of anionic CNFs,
produced via one-pot NaClO oxidation (OCNFs), with cationic
CS (Fig. 1). This oxidation approach not only introduces
carboxylic groups but also facilitates efficient cellulose fibrilla-
tion under mild conditions. The combination of OCNFs and CS
forms polyelectrolyte complexes through ionic interactions
between the carboxylate of OCNFs and ammonium groups of
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OCNFs lonic interaction

A €S

Fig. 1 Illustration of oxidation of cellulose using NaClO and the ionic
interactions between OCNF and CS in the CNF/CS composite film.
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CS. The formation of such complexes, along with strong inter-
and intra-molecular hydrogen bonding among the poly-
saccharides, is anticipated to contribute to a dense, inter-
connected network structure with improved water resistance
and mechanical robustness. Furthermore, additional process-
ing strategies, such as mild base treatment and the incorpora-
tion of glycerol plasticizer, are employed to reduce the
hydration of the materials, thereby enhancing water resistance
while tailoring flexibility and mechanical performance. By
leveraging fully bio-based and structurally compatible compo-
nents via optimizing physical interactions, this approach pres-
ents a promising strategy for developing high-performance,
biodegradable packaging materials with enhanced wet-state
functionality.

Materials and methods
Materials

Microcrystalline cellulose (Avicel PH101) was purchased from
Sigma-Aldrich Japan Co. (Tokyo, Japan). CS, acetic acid, NaOH,
HC], sodium chloride, and glycerol were purchased from Wako
Chemicals (Osaka, Japan). NaClO-5H,0 was purchased from
Tokyo Chemical Industry (Tokyo, Japan). All solutions were
prepared using deionized (DI) water as the solvent.

Preparation of oxidized cellulose nanofibers (OCNFs)
dispersion

The oxidation was conducted according to the method of Isogai
et al.,** with modifications. First, NaClO-5H,0 (70 g) was di-
ssolved in DI water to prepare an 18% (w/w) solution. The pH of
the solution was adjusted to 10 by adding a concentrated HCI
solution dropwise. Then, cellulose powder (4.9 g) was added to
start the reaction. The reaction was performed at 30 °C with
gentle stirring. An 8 mol per L NaOH solution was added to the
reaction medium in intervals to maintain 10 pH. The reaction
was performed for 60 min. Afterwards; the reaction sample was
filtered through a 0.45 um pore-sized PTFE membrane filter and
washed with water to remove unreacted NaClO and byproducts.
The solid residue was mixed with DI water and fibrillated using
a laboratory blender (WARNING, Osaka Chem., Japan). The
quantity of carboxylate groups was measured by conducto-
metric titration according to the method of Isogai et al.*® The
freeze-dried samples were then characterized by Fourier trans-
form infrared (FTIR) spectroscopy (Thermo Scientific Nicolet iS
5, USA). Scanning electron microscopy (SEM) (Hitachi SU3500,
Japan) was used to observe the morphology of the samples. The
freeze-dried samples were sputtered with gold-palladium using
an MSP-1S magnetron sputter (Vacuum Device Inc., Japan) and
then observed under high vacuum at an acceleration voltage of
15.0 kV. Transmission electron microscopy (TEM) was used to
observe the aqueous suspension of OCNF fibers and the
composite films using (TEM-2100IM JEOL Ltd. Japan), and
Image] software was used to calculate lengths and diameters of
the fibers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fabrication of OCNFs and chitosan (OCNF/CS) composite film
and characterisation

CS was dissolved in 1.0% (w/w) acetic acid aqueous solution.
OCNF dispersions of 2.0% (w/w) were mixed with 1.0% (w/w) CS
solution in a predetermined ratio (denoted OCNF/CS-x, where x
represents the weight ratio of CS solution to CNF dispersion).
The mixtures were sufficiently stirred, and films were obtained
by solution casting and drying overnight at 25 °C. X-ray
Diffraction (XRD) analysis of the fabricated film was per-
formed using a Multipurpose diffractometer (SmartLab, Rigaku
Corporation, Japan). Then, thermogravimetric analysis (TGA)
for the film was performed using the thermal analysis system
(STA200RV, HITACHI, Japan).

Base treatment of composite film

The dried OCNF/CS-x films were immersed in 0.1 mol per L
NaOH aqueous solution for 15 min, followed by repeated
rinsing with DI water until the pH value of the washings became
neutral. After draining the excess water, the films were left to dry
by evaporation at 25 °C. The obtained films were denoted as b-
OCNF/CS-x.

Fabrication of OCNF, CS, and glycerol (Gly)(OCNF/CS/Gly)
film

The procedure for OCNF/CS-1 film preparation was modified
with Gly treatment to produce OCNF/CS/Gly films. First, a 25%
(w/w) glycerol solution was prepared using DI water. Then, the
glycerol solution was added to the OCNF/CS-1 mixture in 10, 20,
30, 40, and 50% (w/w) OCNF. Films were obtained by solution
casting, as previously described.

Water resistance characterization

The water resistance of OCNF/CS was tested by evaluating the
film swelling ratio. After measuring the dry weight, the films
were immersed in DI water. Wet weights were measured within
predetermined time intervals until the swelling became
constant. The calculation was performed using eqn (1), where
SR is the swelling ratio, wy is the weight of the swollen film, and
wy is the weight of the dry film.

SR = (wg —wg)lwg x 100 (1)

Mechanical property characterization

The films were cut into strips with a length of 40 mm and
a width of 5 mm. They were stretched using a universal testing
machine (UTM, Shimadzu EZ graph, Japan) with a stretching
speed of 5.0 mm min~" at room temperature. The mechanical
properties (maximum stress, strain at break, Young's modulus,
and toughness) of the films were calculated using stress-strain
curves. Three replicates were used for each measurement, and
the average values were calculated. The wet strengths of the
films were determined by immersing the films in DI water for
24 h. Measurements were performed similarly to dry films.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Oxidation of cellulose

Oxidation of cellulose was conducted using highly concentrated
NacClO. Following oxidation, the cellulose was fibrillated using
a standard laboratory blender, without the need for specialized
equipment. FT-IR spectroscopy was used to confirm the intro-
duction of carboxylate groups into the cellulose. All character-
istic peaks associated with the native cellulose spectrum were
also observed in the oxidized cellulose spectrum. However, after
oxidation, a strong peak at 1612 cm ™" appeared corresponding
to the asymmetric carboxylate stretching vibration (Fig. 2a). The
resulting cellulose fiber aqueous suspension was well-dispersed
and exhibited long-term stability (Fig. 2c). A fine separation of
fibres was also observed in SEM images (Fig. 2d). According to
TEM images, the length of the nanofibers is approximately 127
=+ 32 nm, the diameter of the nanofibers is around 4.2 + 2.1 nm,
with an aspect ratio of 31 &+ 17 (Fig. 2e and S1). The CNFs' zeta
potential value of —34.9 mV further confirms the successful
production of negatively charged carboxylate groups by oxida-
tion. Oxidation conditions were optimized by varying several
parameters, including pH, NaClO concentration, and oxidation
time (Table S1 and Fig. S2). The optimal conditions were
selected based on the final yield, carboxylate content, and the
dispersibility of the final product. Under these optimized
conditions, the carboxylate content of the CNF dispersion
reached 0.69 mmol g, as determined by conductometric
titration. This oxidation was predicted to be selective on the
vicinal alcohols at the C2 and C3 positions, introducing two
carboxylate groups® (Fig. 2b). The observed stability of the
OCNFs suspension is attributed to electrostatic repulsion
between the introduced carboxylate groups. The retention of the
native cellulose special features, alongside the emergence of
carboxylate peaks, confirms successful functionalization
without compromising the cellulose backbone. The one-pot
oxidation method enabled effective fibrillation of cellulose
and offered an industrially and environmentally favourable
approach. The process was demonstrated to operate at near-
room temperature and atmospheric pressure, making it suit-
able for scalable and sustainable applications.

Fabrication and characterization of the OCNF/CS film

Composite films of OCNFs and CS were fabricated by a solution
casting method. Films were evaluated for their morphology and
the mechanical properties. TEM images of the film reveal
nanometer-scale fibers aligned in a common direction, sup-
porting the bundling of OCNF fibers within the film matrix
(Fig. 3a—c). The XRD pattern of the OCNF/CS composite film
exhibited a sharp diffraction peak corresponding to the (2 0 0)
crystallographic plane of cellulose (Fig. S3b). Additionally, the
TGA results showed that the composite film decomposed at
around 300 °C, which was comparable to the thermal degra-
dation behavior of the individual CS and OCNF samples (Fig. S4
and Table S2). In addition, the FTIR spectrum of the OCNF/CS
composite exhibited characteristic absorption bands derived
from both OCNFs and CS (Fig. S3a). In the dry state, OCNF films

RSC Adv, 2026, 16, 9621-9630 | 9623


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00188b

Open Access Article. Published on 17 February 2026. Downloaded on 3/14/2026 3:55:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

RSC Advances Paper
(a) (b) (c)
— OCNF
,:_:, — Cellulose 1::: + Na+
o = OH Na_ o s
o ox O 0O
s o \ﬁ\
£ (@] (0]
S HO (@) m
[72]
o OHN
< OH

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-)

Fig. 2 (a) FT-IR spectra of cellulose and OCNFs. (b) Chemical structure of the OCNFs. (c) Photograph of OCNF aqueous dispersion. (d) SEM
image of OCNFs. (e) TEM images of the OCNFs at different magnifications.

(d) (e) )
80 80 1000
——OCNF/CS-0.5 —— OCNF/CS-0.5 —e— OCNF/CS-0.5
—60 | ——OCNF 60 | ——OCNF/CS-1.0 [ = 000 | —eo— OCNF
S S ——OCNFICS-15| ©
o -
= s ——OCNFICS-20| &
w 40 | % 40 o 200
»n »n £
£ : 3
® 20 @ 2 L 2 100
o 1 1 0 /11 1 0 1 1 1
0 2 4 6 8 0 2 4 6 8 0 60 120 180 240
Strain [%] Strain [%] Time [min]

Fig. 3 (a—c) TEM images of OCNF/CS composite film at different magnifications. (d) Stress—strain curves of OCNFs and OCNFs/CS films in the
dry state. (e) Stress—strain curves OCNF/CS films with different OCNF dispersion to CS solution weight ratios, in the dry state. (f) Swelling ratio of
OCNF and OCNF/CS-0.5 films.

exhibited a maximum stress of =20 MPa, and the strain at break at break of ~2%, mainly due to the inherent brittleness of
was ~1% (Fig. 3d). In contrast, OCNF/CS-1 films demonstrated cellulose nanofibers. As the CS concentration increased, the
a markedly enhanced tensile strength of ~50 MPa and a strain  films exhibited greater flexibility and strain (Fig. 3e). This

9624 | RSC Adv, 2026, 16, 9621-9630 © 2026 The Author(s). Published by the Royal Society of Chemistry
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improvement is attributed to strong physical interactions such
as hydrogen bonding and ionic interactions between the
carboxylate groups of OCNFs and the ammonium groups of CS,
which reduced brittleness and enhanced flexibility. Also, the
mechanical strength of the present film was comparable to that
of poly(lactic acid) (PLA) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) (Table S3). Furthermore, larger square-
shaped films (22 x 22 cm) were successfully fabricated,
demonstrating the scalability of the material (Fig. S5).

The water resistance of the films was determined by
immersing dry samples in DI water. OCNF film showed
a swelling ratio of =900% within just 15 min of immersion,
ultimately disintegrating and losing its original shape (Fig. 3f).
In contrast, the OCNF/CS-1 film displayed a significantly lower
swelling ratio, of ~200%, and maintained its shape even after
24 h of immersion (Fig. S6a). This indicates that the strong
interactions between OCNF and CS effectively suppressed
swelling and significantly enhanced the water durability of
OCNF/CS films.

Moreover, biodegradability of the dried OCNF/CS film was
primarily assessed using a soil burial test conducted under
natural forest soil conditions. A film specimen (2 cm X 2 cm)
was buried under natural weather conditions for two weeks. The
film gradually showed visible signs of degradation over time
(Fig. Seéb), confirming that the fabricated material is biode-
gradable and capable of self-decomposition, making it poten-
tially suitable for sustainable packaging applications.

Fabrication and characterisation of the base-treated OCNF/CS
(b-OCNF/CS) film

To improve the mechanical properties and water stability of
OCNF/CS films, a base treatment was applied. In the base
treatment, the OCNF/CS films were immersed in a diluted
NaOH aqueous solution for a short time. The untreated OCNF/
CS film in the dry state exhibited a maximum stress of 50 MPa
and strain at break 2%, while those of b-OCNF/CS reached
80 MPa and 8% (Fig. 4a). Furthermore, the toughness of b-
OCNF/CS was markedly enhanced following base treatment
across all film compositions of OCNF and CS; among them, b-
OCNF/CS-3 exhibited the highest toughness (Fig. 4b). The
purpose of base treatment was to promote physical entangle-
ments between OCNFs-CS and CS-CS. Upon short-duration
base treatment, the CS hydration decreased due to the depro-
tonation of some ammonium groups in CS. This dehydration
promoted the strong adsorption of CS chains to the OCNF
surfaces via physical bonding, thereby strengthening the
interface between the OCNFs and CS.*®* Additionally, the
reduction in electrostatic repulsion between CS chains facili-
tated denser physical bonding, leading to the formation of an
intertwined CS network. During the drying process, this
network densified, enhancing the network strength.* Overall,
the base treatment improved the mechanical properties of the
b-OCNFs/CS composites by strengthening the physical entan-
glements between polymer chains.

The water durability of the films was evaluated by immersing
the films in DI water after the base treatment. The swelling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Stress—strain curves of b-OCNF/CS films in the dry state. (b)
Toughness of pristine and b-OCNF/CS films with different amounts of
CS in dry states.

behavior and the mechanical properties in the wet state were
considered. A significant reduction in the swelling ratio was
observed, decreasing from ~250% to below 100% (Fig. 5a). As
the CS content increased, the swelling capacity markedly
declined, with samples exhibiting maximum swelling of only
~30%, even after 24 h of immersion in water. Mechanical
properties in the wet state were compared between OCNF/CS-1
and b-OCNF/CS-1. The maximum stress of b-OCNF/CS films
showed a significant improvement, from below ~1 MPa to
above 5 MPa (Fig. 5b). Additionally, the strain at break of b-
OCNF/CS increased with increasing CS content in the base-
treated films. b-OCNF/CS exhibited higher Young's modulus
and toughness than OCNS/CS, with toughness increasing with
increasing CS content (Fig. 5¢). Fig. 5d demonstrates b-OCNF/
Cs films' ability to support a weight of 87 g (100 g in air)
underwater for 24 h without failing. To further support the
effect of base treatment on wet stability, the swelling behavior of

RSC Adv, 2026, 16, 9621-9630 | 9625
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(a) Swelling ratio, (b) stress—strain curves, and (c) toughness and Young's modulus graph of OCNF/CS-1b-OCNF/CS films in wet states. (d)

Photograph of around 87 g (100 g in air) weight supported by a b-OCNF/CS film in water.

the composite films was evaluated under different pH condi-
tions (pH 2, 7, and 12). The base-treated films exhibited low
swelling ratio at pH 7 and 12 (Fig. S11a). In contrast, signifi-
cantly higher swelling was observed at pH 2, which can be
attributed to the increased solubility and protonation of CS
under acidic conditions. The wet mechanical properties
exhibited the same trend as the swelling behavior, confirming
the wet stability of the composites at neutral and basic condi-
tions (Fig. S11b and c). The effect of base treatment on CS was
further confirmed by increasing the OCNF content during
treatment. This increase did not significantly improve the
swelling ratio or mechanical properties (Fig. S7a). To further
support this, the treatment was applied to CS-only films
(denoted b-CS). While untreated CS films swelled and di-
sintegrated rapidly upon immersion, b-CS films retained their
shape even after 24 h in water. In both dry and wet states, b-CS
showed significantly improved mechanical strength (Fig. S8)
Notably, base treatment enhanced the water stability of the
films, even in compositions with high CS content, effectively
reducing swelling and preventing structural failure. This
reduction is attributed to the dense physical interactions
among the polymer chains, which enhance the interfacial
interactions. Additionally, the strong network of the CS polymer
chains can restrict the water uptake by limiting the formation of
an aqueous layer within the composite matrix. Base treatment
deprotonated the ammonium groups in CS, thereby reducing its

9626 | RSC Adv, 2026, 16, 9621-9630

interaction with water molecules. Furthermore, the formation
of a highly intertwined network structure through interchain
interactions among CS polymers contributed to the high
strength of the composite films. These findings suggest that
structural and morphological changes in CS, resulting from the
deprotonation of ammonium groups due to base treatment,
particularly its strong polymer network, were the primary
contributors to the enhanced properties of b-OCNF/CS
composites. Overall, the base treatment imparted OCNF/CS
films with superior water resistance and improved mechanical
performance under wet conditions.

Fabrication and characterization of the OCNF/CS/Gly film

To further evaluate the mechanical and water stability, glycerol
was added to the composite films as a plasticizer in varying
weight ratios to the OCNFs. The dried films were evaluated for
mechanical strength. The strain at break of OCNF/CS/Gly films
increased with higher glycerol concentration (Fig. 6a). Notably,
when 10% (w/w) glycerol was added, the toughness increased to
approximately three times that of OCNF/CS-1, while the Young's
modulus remained nearly unchanged (Fig. 6b). To gain insight
into the hydrogen-bonding behavior of the OCNF/CS/Gly films,
IR spectroscopy was performed. (Fig. $S10). A broad absorption
band observed around 3300 cm ™' is mainly attributed to the
O-H stretching vibrations of glycerol and polysaccharides. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Swelling ratio and (d) stress—strain curves of OCNF/CS/Gly with varying glycerol contents in wet state. (e) Illustration of interactions among

OCNFs, CS, and glycerol in OCNF/CS/Gly.

films containing 10 and 20 wt% glycerol exhibited peak maxima
near 3330 cm ', similar to the film without glycerol. In contrast,
when the glycerol content was increased to 30-50 wt%, a shift
toward higher wavenumbers was observed, and the peak
maximum appeared at approximately 3340 cm ™. This shift to
higher wavenumbers indicates a weakening of the hydrogen-
bonding network within the films due to the incorporation of
excess glycerol. On the other hand, in the films containing 10
and 20 wt% glycerol, the results support the formation of
hydrogen bonds between glycerol and the polysaccharides
within the film matrix. This interpretation correlates well with
the mechanical properties, as the films containing 10 and
20 wt% glycerol maintained relatively high Young's moduli,
whereas a significant decrease in the modulus was observed for

© 2026 The Author(s). Published by the Royal Society of Chemistry

films containing 30 wt% or more glycerol (Fig. 6b). As a polyol,
glycerol functions as a plasticizer by enhancing the flexibility of
materials and reducing their brittleness. When incorporated
into cellulose composites, the glycerol disrupts the strong
interchain hydrogen bonding in cellulose chains, increasing
chain mobility and enabling more flexible interactions among
the chains (Fig. 6e). This modification softens the overall
structure, making it more pliable and less rigid.*** However,
because excessive disruption of hydrogen bonds between the
main components weakens the composite structure, the glyc-
erol content should be optimised. Based on the results, a 10%
glycerol content can be considered the optimal amount. Overall,
the addition of glycerol can enhance mechanical strength by
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acting as a plasticizer, and this effect can be tuned by adjusting
the glycerol content.

The water resistance of the films was evaluated by immersing
the films in DI water. The swelling behavior and the mechanical
strength in wet states were evaluated. Regardless of the glycerol
concentration, the swelling ratio decreased, and no significant
differences were observed among the various glycerol concen-
trations (Fig. 6¢). The swelling ratio of the samples with glycerol
did not exceed 50%, even after 24 h of immersion in DI water
(Table S4). Furthermore, the swelling behavior of the samples
was evaluated under different pH conditions (pH 2, 7, and 12).
Compared with the films without glycerol, the OCNFs/CS/Gly
films exhibited improved stability across all pH conditions, as
evidenced by reduced swelling (Fig. S11a). In the wet state, the
maximum stress of OCNF/CS/Gly films increased significantly
(Fig. 6d). Moreover, the addition of glycerol improved the
toughness of the composite films. Notably, when 10% (w/w)
glycerol was added, the Young's modulus reached 3.1 GPa
(Fig. S9). Films gained this water durability because glycerol
reduces the availability of free hydroxyl groups in cellulose
composites, thereby limiting their capacity to absorb water.
This is because glycerol has a strong affinity for the hydroxyl
groups of polysaccharides, which allows it to effectively compete
with water molecules hydration sites. As a result, the strong
bonding between glycerol and hydroxyl groups reduced the
composite's equilibrium moisture content.*”> Moreover, the
OCNF/CS/Gly films exhibited stable wet mechanical strength at
both acidic and basic conditions (Fig. S11d). These results
demonstrate that incorporating glycerol into the composite film
formulation not only enhanced mechanical properties but also
significantly improved water stability.

Conclusions

An oxidized CNF dispersion in water with a sufficient carbox-
ylate content was successfully prepared using NaClO, followed
by a simple mechanical treatment. This was an eco-friendly
method, requiring lower chemical and energy consumption
compared to the other chemical methods, as mild conditions
were sufficient to introduce a significant number of carboxylate
groups. The oxidation resulted in a fine water suspension of
CNFs functionalized by carboxylate groups, which was advan-
tageous in composite synthesis. Water-resistant OCNF
composite films were successfully prepared by utilizing possible
interactions such as ionic interactions between the carboxylate
groups in CNF and the ammonium groups in CS. The incor-
poration of CS into the network of OCNFs enhanced both the
mechanical properties and water stability of the films due to
these strong ionic interactions. Additionally, b-OCNF/CS ob-
tained through base treatment of OCNF/CS exhibited excellent
water resistance as well as high mechanical strength and
toughness in the wet state. Moreover, OCNF/CS/Gly films
prepared by adding glycerol as a plasticizer had a higher flexi-
bility than OCNF/CS while maintaining excellent water resis-
tance. These composite films, composed of biomass-derived
materials and exhibiting excellent water resistance and
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mechanical properties, hold strong potential as eco-friendly
materials for a wide range of applications.
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OCNF Oxidized cellulose nanofiber

CS Chitosan

Gly Glycerol
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NacClOo Sodium hypochlorite

DI Deionized

FT-IR Fourier transform infrared
UTM Universal testing machine
XRD X-ray diffraction

TGA Thermogravimetric analysis
b-OCNF/CS Base-treated OCNF/chitosan
b-CS Base-treated chitosan
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