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1. Introduction

High barrier bio-nanocomposite films of ethyl
cellulose integrated with modified nanocellulose:
effect of nanocellulose’s substituted side chains
on film performancet

d

Supattra Klayya,® Patcharee Pripdeevech,®® Emiliano Bilotti,© Han Zhang and

Nattakan Soykeabkaew**¢

Bio-based packaging films with good barrier properties to preserve quality, ensure safety, and extend the
shelf-life of food products are in great demand as our society becomes more environmentally conscious.
Herein, entirely bio-based nanocomposite films of the ethylcellulose (EC) matrix, reinforced with
modified nanofibrillated cellulose (MNFC), have been studied. The NFC modification consisted in a micro-
wave-assisted esterification reaction with three different acids — lactic acid (LA), lauric acid (LU), and
stearic acid (SA) — of varying carbon chain lengths, in three solvents (water, ethanol, and ethyl acetate).
The highest degree of substitution (DS) for mNFC-LA was achieved in ethanol, while mNFC-LU and
mMNFC-SA showed the maximum DS (up to 1.22) in ethyl acetate. The success of NFC surface modification
was confirmed by titration, FTIR, XRD, SEM, and nanocellulose dispersion behavior. The films of EC-based
nanocomposites were prepared by solvent casting and then examined for surface morphology, micro-
structures, mechanical properties, surface properties and barrier properties against water vapor and
oxygen transmission. The findings revealed that integrating mNFC into EC can greatly improve the pro-
perties of the films due to their good compatibility, good dispersion ability, and strong interface, which is
influenced by the substituted side chain on the mNFC surface. For the best side chain length (3 carbon
atoms), mNFC-LA increased the tensile strength of the EC film by up to 130% while reducing the oxygen
transmission rate (OTR) by 98%, making it a viable and environmentally benign alternative to PET films.
This research offers insights into employing various modified nanocellulose to improve biopolymer-based
films for high-barrier packaging and coating applications.

while minimizing environmental impact. These films are often
derived from renewable resources, which can break down natu-

Biopolymer-based film packaging has emerged as a crucial
innovation in the packaging industry, addressing growing
environmental concerns and consumer demand for eco-
friendly alternatives." This type of packaging utilizes bio-
degradable or compostable materials, such as plant-based
polymers, to create thin, flexible films that protect products
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rally in composting facilities or landfills like thermoplastic
starch, polylactic acid (PLA) and cellulose derivatives.” Ethyl
cellulose (EC) has emerged as a bio-based polymer for diverse
applications in the fields of cosmetics, food and medicine. As
a cellulose ether derivative, EC offers excellent film-forming
capability, biocompatibility, and thermal stability.> More cru-
cially, for food packaging applications, EC films do not create
harmful compounds when exposed to heat. Thus, they are safe
and trustworthy alternatives to plastics.* However, EC films
have a high permeability to oxygen and a moderately high
water vapor transfer rate, making them unsuitable for use in
packaging films that require gas barrier properties and a pro-
longed shelf life.”

Nanofillers and nanoreinforcements integrated into biopo-
lymers have demonstrated significant potential for reducing
gas permeability in their nanocomposite films. Several nano-
materials, such as nanoclay, nanocarbon, and nanocellulose,
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have received a lot of attention in research investigations in
recent decades. Because of their distinct morphological fea-
tures, different types of nanofillers exhibit varying oxygen bar-
riers. Two-dimensional nanoclay and nanocarbon stand out
due to their large aspect ratio, high specific surface area and a
unique flake-like filler layered structure, which can form more
tortuous molecular movement paths in a nanocomposite struc-
ture when well dispersed.® These nanofillers, however, have a
tendency to self-agglomerate, which will hinder the enhance-
ment of the film’s barrier properties.””*! Nanocrystalline cell-
ulose (NCC), a one-dimensional rigid rod-like structure, and
nanofibrillated cellulose (NFC), long, thin, flexible nanofibrils
with a high aspect ratio are considered excellent candidates for
polymer reinforcement due to their high rigidity, strength,
crystallinity and specific surface area. When they are added as
a filler material into another polymer matrix, they can reduce
porosity and create tortuous pathways, making gas diffusion
more difficult."”>*® Furthermore, due to its high aspect ratio,
NFC can produce a twist network structure, resulting in a more
tortuous diffusion path, dramatically reducing oxygen
permeability.'””'® However, there have been no reports of high
barrier EC films integrated with nanocellulose or other bio-
based nanofillers thus far.

NFC and NCC have been extensively studied as a reinforcing
agent in bio-nanocomposite films to enhance their barrier pro-
perties. Multiple studies have demonstrated that the incorpor-
ation of nanocellulose can significantly reduce the oxygen per-
meability (OP) and oxygen transmission rate (OTR) in various
biodegradable polymer matrices. For instance, Mondragon
et al. (2015) reported that adding 5-10% NFC or NCC into a
gelatin matrix decreased oxygen transmission by 21% and
36%, respectively.'® Similarly, Kim et al. (2020) found that a
self-standing film composed of succinylated NFC and a fluoro-
polymer exhibited a 97% reduction in oxygen transmission
compared to polyethylene terephthalate (PET).?° In another
study, Kang et al. (2021) demonstrated that gum arabic films
reinforced with 4% NCC showed a 25% reduction in oxygen
permeability. Despite these enhancements in gas barrier per-
formance, improving water vapor permeability (WVP) remains
a greater challenge for bio-based polymer films.>" While NFC
fillers improved the WVP of PLA by 52% at 10 wt% loading,
other cellulose fillers such as cocoa bean shells failed to
provide WVP enhancement, even at higher loading levels.**?
Poly(hydroxybutylate-co-hydroxyvalerate) (PHBV)-based nano-
composites with NCC achieved a 65% decrease in OP at 2 wt%,
and the incorporation of microcellulose fiber resulted in a
70% reduction in WVP at 1 wt%.>*>* Polybutylene succinate
(PBS) films reinforced with NCC and chitin whiskers also
showed significant improvements (62% reduction in OP and
40% reduction in WVP at 3 wt%).>* In the case of polycaprolac-
tone (PCL) and polybutylate adipate terephthalate (PBAT), the
addition of microcellulose fibrils or NCC also yielded moder-
ate improvements in WVP.>**”

Because nanocellulose (NFC and NCC) is inherently
hydrophilic, it has been shown to be difficult to considerably
enhance the water vapor barrier of biopolymer films.
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Furthermore, while it can be highly effective in enhancing
oxygen barrier properties under dry conditions, its perform-
ance tends to diminish under high humidity. This is due to
increased moisture absorption, swelling, and microstructural
disruption that reduce the film’s overall barrier function.?® To
address this issue, researchers have proposed various surface
modifications of NFC and NCC, including acetylation, silyla-
tion, TEMPO oxidation, sulfonation, and esterification reac-
tions.>® Esterification is a relatively straightforward reaction
that can be performed through a variety of methods, including
reflux, sonication, and milling.>* In our previous work, we
used a microwave-assisted process to modify lactic acid (LA) on
NFC which can reduce the esterification reaction time to only
1 min with exceptional low-energy usage.*’ The maximum
degree of substitution (DS) on NFC achieved was around 0.7,
and esterified NFC demonstrated enhanced dispersibility in
low polarity solvents and a polylactic acid (PLA) matrix.

The insertion of long hydrophobic chains onto the surface
of NFC has been shown to be one of the most effective
methods for increasing its hydrophobicity. Fatty acids are
abundant in the form of lipids, comprising chains of carbons
and hydrogens, and contain a methyl group at one terminus
and a carboxylic group at the other.>? Saturated fatty acids like
lauric acid (LU) and stearic acid (SA) have been employed as
hydrophobic surface modifiers due to their low cost and high
availability. LU is insoluble in water but can be dissolved in
organic solvents, such as ethanol, DMSO, and dimethyl forma-
mide, whereas the solubility of SA in ethyl acetate was deter-
mined to be the highest.>*?* Previous investigations have
never directly addressed the influence of LU and SA on the
NFC surface. However, insights can be drawn from the inter-
actions of fatty acids with other materials as compatibilizers or
surface modifiers.>> When NFC was treated with oleic acid
(OA), Hadi et al.*® reported that its surface polarity reduced,
resulting in increased compatibility with the PLA matrix and
improved thermal, mechanical, and water vapor barrier pro-
perties of their composite films compared to pure PLA film.
Additionally, SA has been found to promote the compatibility
between graphene oxide and poly(lactic acid) (PLA), enhancing
the tensile properties of the composites.’” This suggests that
fatty acids appear to be very interesting choices for modifying
the surface of NFC to make it more compatible with hydro-
phobic polymers.

In light of these considerations, the first objective of this
study was to modify NFC using a microwave-assisted reaction
with three esterifying agents or acids (LA, LU, and SA). Three
different solvents (water, ethanol, and ethyl acetate) were uti-
lized for NFC esterification, and their efficiency was assessed
based on the DS level of the resulting modified NFC (mNFC)
using titration, FTIR, XRD, SEM and dispersion behavior
observation. Following NFC modification, the second objective
was to study the effects of integrating these three distinct
mNFCs into nanocomposite films based on the EC bio-
polymer. The film morphology and microstructures, mechani-
cal and thermal properties, surface water resistance, and
barrier properties of the EC-based nanocomposites were then
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investigated in order to gain insight into their potential in
food packaging applications.

2. Materials and methods

2.1. Materials

NFC was purchased from Cellulose Lab (Canada).
Ethylcellulose powder (food grade) with an ethoxyl content of
47%, and a viscosity of 50 cP was supplied by Chanjao
Longevity (Myskinrecipes) Co. Ltd (Thailand). Lactic acid (LA)
(90 wt%, reagent grade) and analytical grade HCIl (37 wt%
conc.) were purchased from Union Science (Thailand). Lauric
acid 98% (LU) and stearic acid (SA) 90% powder (food/cos-
metic grade) were purchased from Krungthepchemi Co. Ltd
(Thailand). Analytical grade solvents (ethanol 95%, ethyl
acetate 99.8%, chloroform 99.8%) were purchased from RCI
Labscan (USA). All chemicals were used as received without
further purification.

2.2. Preparation of mNFC-LA, mNFC-LU and mNFC-SA in
different solvent systems

In this study, mNFC was modified with three acids (LA, LU,
and SA) in three solvent systems (water, ethanol, and ethyl
acetate). In each solvent system, one gram of NFC was dis-
persed in 200 ml of solvent to prepare a NFC suspension
which was homogenized (3500 rpm for 5 min) to enhance dis-
persion and stability, before the addition of LA, LU, or SA.
Then, 0.05 M HCI was added to the system as a catalyst to
increase the esterification rate. The mixture was homogenized
(3500 rpm for 5 min) again before microwave heating
(MS23K3513AW/ST, Samsung, Korea). The NFC:acid weight
ratio was fixed at 1:10 and the microwave power of 800 watts
and heating time of 1 min were used, based on the best con-
ditions found in our previous study.*! This ratio resulted in a
high degree of substitution (DS) within a very short microwave-
assisted esterification time and ensured an excess of the esteri-
fying agent, promoting reaction efficiency while preventing
degradation of the nanocellulose structure. During microwave
irradiation, all samples were stirred using an in-house-made
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polytetrafluoroethylene (PTFE) stirrer (Fig. 1) to enhance the
sample’s homogeneity. The final products of mNFC modified
with LA, LU, and SA were labeled as mNFC-LA, mNFC-LU, and
mNFC-SA, respectively, and were freeze-dried and stored in
sealed plastic bags for later use.

2.3. Preparation of EC based nanocomposite films

EC composite films were prepared with both NFC and mNFC
(mNFC-LA, mNFC-LU, and mNFC-SA) at a loading concen-
tration of 2.5 wt%. The film was prepared with a thickness in
the range of 30-50 microns by solvent casting method. EC
powder was dissolved in ethanol at a concentration of 5 wt%
solution and mixed with NFC and each mNFC. Then, the
mixture was stirred at 3500 rpm for at least 10 min and soni-
cated (Ultrasonic processor, VCX 750, Sonics & Materials Inc.,
USA) for 30 min to ensure a homogeneous dispersion without
the formation of air bubbles. The mixture was later poured
into the porcelain ceramic mold and dried in an oven at 60 °C
for 3 h. The thickness of films was measured using Image]
software, which analyzed SEM cross-sectional images, with
thickness estimated at ten random places per film. Pure EC,
EC/mNFC-LA, EC/mNFC-LU, and EC/mNFC-SA films had
similar thicknesses (um) (29.00 + 4.85, 27.49 + 4.47, 29.61 +
3.43, and 28.60 + 3.03, respectively). The greater thickness and
standard deviation (+SD) found in the EC/NFC sample (41.96 +
10.67) are likely owing to NFC aggregation in the EC matrix.

2.4. Characterization

2.4.1. Determining DS by the titration method. The mNFC
sample (0.5 g) was stirred in 40 mL of 70% aqueous ethanol at
400 rpm for 30 min. The reaction mixture was agitated con-
tinuously for 48 hours at 50 °C after adding 20 mL of a 0.5 M
NaOH solution. Subsequently, any residual unreacted NaOH
was back-titrated with a 0.5 M HCI solution, and the ester
content was determined using the following equation.®'

[(Va — Vb) X Np — (Vd — Vc) X Na] X My,

EC (%) = 10xG (1)

where V, and Vj, represent the volumes (mL) of a NaOH solu-
tion added to the sample and blank, respectively. V4 and V.

-

Teflon stirrer
instrument

v

NFC and acid sample

=

Microwave oven \

Added stirrer

Microwave at 800 watts for 1 min

/

Fig. 1 Schematic of a microwave equipped with an in-house-made PTFE stirrer fixed to the internal walls.
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represent the volumes (mL) of HCI added to the sample and
blank, respectively. Ny, and N, stand for the concentration (in
molarity) of NaOH and HCI solutions, respectively. M,, corres-
ponds to the molecular weight of the acid reagent, while G sig-
nifies the weight (in grams) of the sample. DS was then deter-
mined by the following equation:

162 x EC

DS = (2)
M, x 100 — EC x (M, — 1)

where 162.14 is the molecular weight of anhydroglucose
monomer unit.

2.4.2. Fourier transform infrared (FTIR) spectra. The FTIR
spectra of NFC and all mNFC samples were acquired utilizing
a Nicolet iS50 instrument (Thermo Scientific, USA) equipped
with a Universal Attenuated Total Reflectance attachment.
Measurements were conducted over a range of 400 to
4000 cm™', employing a resolution of 8 cm™'. Each sample
underwent 32 scans to generate the resultant spectrum.

2.4.3. X-ray diffraction (XRD). The crystal structures of
nanocellulose samples were analyzed using XRD (X'Pert Pro
MPD, UK). Measurements were conducted over a 26 angle
range from 10° to 40°, employing a step width of 0.02° and a
scanning rate of 2° min~" to obtain the XRD patterns. For each
sample, the crystalline index (CI) was determined using the
following equation:*®

Tooz — 1.
)= Too ~fam

crl (% M % 100 (3)

002
where I, represents the peak intensity of the (200) lattice
diffraction, while I,, denotes the intensity scattered by the
amorphous portion of the sample.

2.4.4. Dispersion behavior observation. NFC and all mNFC
samples in the aqueous suspension were exchanged with polar
(water) and non-polar (chloroform) solvents at 0.1 wt%. The
suspension was homogenized for 5 min and the results were
recorded photographically at an initial time point of 5 min.
Subsequently, the samples were left undisturbed for 3 weeks
before being photographed again. The experiments were con-
ducted in triplicates.

2.4.5. Nanocellulose and film morphology. The mor-
phologies of the freeze-dried nanocellulose and film samples
were examined using field emission scanning electron
microscopy (FE-SEM) (TESCAN, MIRA, USA) at a 5 kV accelerat-
ing voltage. All film samples were sectioned into 5 mm X
5 mm specimens and subjected to gold coating prior to
observation.

2.4.6. Water contact angle. The water contact angles of the
film samples were measured with an instrument (SL200KS,
KINO, Boston, MA, USA) to assess film hydrophobicity. A
droplet of 5 pL water was deposited onto the film surface, and
the contact angle was measured after stabilization for 15 s. All
measurements were conducted at 23 °C with five replicates.

2.4.7. Thermogravimetric analysis (TGA). Thermal stability
assessments of film samples were conducted using a thermo-
gravimetric analyzer (Mettler Toledo 851e, Leicester, UK).
Approximately 5 mg of each sample was weighed into an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aluminum crucible and subjected to a controlled heating
program from ambient temperature up to 700 °C, at a constant
rate of 10 °C min~'. The measurements were performed under
a nitrogen atmosphere maintained at a flow rate of 50 mL
min~". The acquired thermograms were used to determine the
film’s degradation temperature (7).

2.4.8. Differential scanning calorimetry (DSC) analysis.
The thermal transitions of films were investigated using a
differential scanning calorimeter Mettler Toledo 851e,
Leicester, UK. Each sample (5 mg) was sealed in an aluminum
crucible and heated from 30 °C to 300 °C at a rate of 10 °C
min~" under a nitrogen purge (flow rate of 50 mL min~"). The
glass transition temperature (7T,) and melting temperature (Tr,)
were determined from the recorded thermograms.

2.4.9. Tensile properties. All tensile results were obtained
using a Universal Testing Machine (Instron 5566, Norwood,
MA, USA). ASTM D882 was the standard used to determine the
stress-strain curve, tensile strength, elongation at break, and
Young’s modulus. The specimen dimensions were 80 mm (L)
and 15 mm (W). Five specimens were tested at a crosshead
speed of 5 mm min~" and a constant temperature of 23 °C,
and the average values of tensile properties were calculated.

2.4.10. Water vapor transmission rate (WVTR). The WVTR
of all film samples was determined following the ASTM E96/
E96M standard. Circular samples, approximately 8 cm in dia-
meter, were cut and mounted on circular aluminum cups con-
taining 10 g of desiccant silica gel. The film samples were
securely sealed to the cups using bee wax. Initial weights of
the sample cups were recorded using a 4-digit analytical
balance with an accuracy of 0.0001 g. The cups were then
placed in a chamber maintained at 25 °C and 80% relative
humidity (RH) with constant air circulation. Subsequent mass
measurements were conducted until a constant weight was
achieved, which indicated the amount of vapor absorbed by
the desiccant. The WVTR was then determined using the fol-
lowing equation:

WVTR =

s (4)

txXA

where W, is the amount of water vapor (g), ¢ is the time (days),
and A is the sheet area (m?).

2.4.11. Oxygen transmission rate (OTR). The oxygen barrier
test of all film samples was conducted in accordance with
ASTM D3985-02. The test results were averaged over three
samples and reported as the OTR values. Tests were performed
at 23 °C and 0% RH using a MOCON OX-TRAN 2/22 OTR ana-
lyzer (Minneapolis, MN, USA). Aluminum foil masks with an
inner diameter of 5 cm were used to mount test pieces in the
diffusion cell. In a chamber, nitrogen gas flowed across one
side of a test film, which served as a membrane. On the oppo-
site side, an oxygen stream was presented and the difference
in partial pressure created a force that drives oxygen molecules
to permeate through the film toward the low-pressure area.
The film’s oxygen permeation rate was continuously monitored
and then calculated.
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3. Results and discussion

3.1 Modified NFC surface with lactic acid (LA), lauric acid
(LU) and stearic acid (SA)

Three acids were used to modify NFC in this study. LA, with
only 3 carbon atoms, easily dissolves in highly polar solvents
like water. In contrast, LU and SA, which contain 12 and 18
carbon atoms respectively, have longer hydrophobic chains,
making them less soluble in water. LU is soluble in alcohol,
while SA is soluble in organic solvents like ethyl acetate which
are less polar than water.>® The chemical composition of each
acid significantly influences its solubility in different solvents.
Therefore, water, ethanol, and ethyl acetate were chosen as sol-
vents based on the solubility characteristics of the acids. The
results from the NFC esterification are presented in Table 1.
LA was soluble in all solvents, and after modification,
mNFC-LA exhibited varying degrees of substitution (DS) in
each solvent. mNFC-LA with the lowest DS was observed in the
water system, while the highest DS occurred in the ethanol
system. Based on the solvatochromic properties of the solvents
(Table 1), ethanol has a strong ability to both donate (&) and
accept (f) protons, forming hydrogen bonds with the solute.
As a result, ethanol can act as both a solvent and a reactant,
increasing the kinetic constants and accelerating the esterifica-
tion process.’” In contrast, the presence of water and ethyl
acetate does not necessarily impede the reaction and may even
enhance it in certain conditions.** For NFC modification with
fatty acids (LU and SA), the insolubility of acids in solvents
showed a significant effect on reducing the DS of the resulting
mNFCs. Both mNFC-LU and mNFC-SA showed the highest DS
in the reaction with ethyl acetate. As we know, fatty acids are
relatively non-polar molecules, and according to the “like dis-
solves like” principle, LU and SA are more soluble in non-polar
solvents and less soluble in polar solvents. Solvents become
less polar (x) as they progress from water and ethanol to ethyl
acetate.*>** This indicates that the solubility of LU and SA in
ethyl acetate should be the highest, hence, resulting in the
highest DS of mNFC-LU and mNFC-SA in this solvent.
Previous research has shown that imperatorin** is more
soluble in ethyl acetate than in ethanol, as are salicylic acid*®
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and chlorpheniramine maleate.*® This suggests that ethyl
acetate is a more effective solvent than ethanol for dissolving
non-polar substances. Indeed, increasing acid solubility
increases the chemical reactivity of the reaction, thus maximiz-
ing the DS values of the present mNFCs in our investigation. It
should also be noted that in ethyl acetate solvent, mNFC-LU
had a higher DS than mNFC-SA, which was most likely due to
the increased steric hindrance effect of the longer hydrocarbon
chain of SA, which reduced chemical reactivity by physically
blocking access to reactive sites or hydroxyl groups on the
nanocellulose surface.*’

To study and compare the three chemically modified cell-
ulose nanofibers, mNFC-LA, mNFC-LU, and mNFC-SA were
chosen based on their closest DS values of 0.96, 1.06, and 0.94,
respectively. From Fig. 2a, all mNFC samples exhibited a car-
bonyl (C=0) stretch at 1738 cm™', which indicated the for-
mation of an ester bond and confirmed successful chemical
modification, as illustrated in Fig. 2b.*®*® All samples pre-
sented similar XRD patterns with the typical peaks of cellulose
I at 20 related to the 110 and 200 reflection planes.>® XRD
spectra (Fig. 2c and d) revealed a minor decrease in the crystal-
linity index of mNFC-LA (70%) and mNFC-LU (64%) compared
to unmodified NFC (72%). On the other hand, a great
reduction in the crystallinity index after modification was
observed in mNFC-SA (47%). Typically, the modification of
nanocellulose with fatty acids involves attaching non-polar
hydrocarbon chains onto its surface, which can disrupt the
hydrogen bonding network responsible for cellulose’s crystal-
line structure. As a result, the longer the hydrocarbon chains,
the greater the disturbance in the crystal structure which led to
a decrease in hydrogen bonding degree and crystallinity within
the nanocellulose structure.”’ > SEM images of all nanocellu-
lose samples are displayed in Fig. 2e. In agreement with the
XRD results, an SEM image of the freeze-dried unmodified
NFC showed closely bonded and entangled nanofibrils, indi-
cating strong hydrogen bonding interactions between them,
similar to those of mNFC-LA and mNFC-LU. In contrast,
mNFC-SA exhibited a significantly different morphology, with
more fibrillated and divided nanofibers, which should be
attributed to the longer fatty side chains causing more gaps

Table 1 Effect of solvent’s solvatochromic parameters on the acid solubility and degree of substitution (DS) of modified NFC (mNFC) with fatty

acids

Sample code Acid type Solvent a“ B 7 Acid-solvent solubility” DS

mNFC-LA Lactic acid (LA) Water 1.17 0.47 1.09 +Soluble 0.77 £ 0.04
Ethanol 0.86 0.75 0.54 +Soluble 0.96 + 0.04
Ethyl acetate 0.00 0.45 0.45 +Soluble 0.81 + 0.09

mNFC-LU Lauric acid (LU) Water 1.17 0.47 1.09 —Insoluble 0.42 +0.08
Ethanol 0.86 0.75 0.54 +Soluble 1.06 + 0.09
Ethyl acetate 0.00 0.45 0.45 +Soluble 1.22 £0.08

mNFC-SA Stearic acid (SA) Water 1.17 0.47 1.09 —Insoluble 0.29 +0.11
Ethanol 0.86 0.75 0.54 —Insoluble 0.73 £0.12
Ethyl acetate 0.00 0.45 0.45 +Soluble 0.94 +0.06

“ Solvatochromic parameters for solvents; « is the hydrogen-bond donating ability, f is the hydrogen-bond accepting ability, and = is the polarisa-
bility/polarity.*>** ? Solubility of acids in solvents observed at room temperature (23 °C).
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and (e) SEM images of unmodified NFC and modified NFC (mMNFC-LA, mNFC-LU and mNFC-SA).

and disturbance between cellulosic backbones and its crystal-
line structure.

The photographs of NFC and mNFC dispersions in
different solvents are shown in Fig. 3. Initially (after homogen-
izing and 5 min rest), all nanocellulose samples dispersed
rather well in water (polar solvent) due to the hydrophilic
nature of cellulose and their nanosize, with a large surface
area and extensive hydroxyl groups available on the surface.
However, after 3 weeks, these nanocellulose suspensions sedi-
mented at different levels in the following order: NFC <
mMNFC-LA-mNFC-LU < mNFC-SA. The unmodified hydrophilic
NFC was more stable in water than the modified ones as
expected. Longer side chains on mNFC should increase its
hydrophobicity and sedimentation in water.”* However, both
mNFC-LA and mNFC-LU showed identical levels of sedimen-
tation. One possibility is that the DS of mNFC-LU (1.06) was
somewhat greater than that of mNFC-LA (0.96). Significant
nanofiber sedimentation was noted in the mNFC-SA suspen-
sion. When the nanocellulose samples were dispersed in
chloroform (non-polar solvent), NFC showed poor dispersion
after 5 min, whereas all mNFC samples demonstrated an
initially stable dispersion. This could be attributed to the pres-
ence of ester groups on the surfaces of these mNFC samples.
After a period of 3 weeks, there was still no sedimentation in

© 2025 The Author(s). Published by the Royal Society of Chemistry

any of the mNFC samples, demonstrating that the non-polar
hydrocarbon side chains of fatty acid on the mNFC surfaces
can efficiently facilitate a well-suspended and dispersed mNFC
in the non-polar solvent.”® This also highlighted that all mNFC
types should be more compatible with non-polar or hydro-
phobic polymer matrices and able to make more efficient com-
posite materials.

3.2 Effect of an mNFC substituted side chain on EC/
nanocellulose composite films

The focus of this section is to compare the dispersion behavior
of the three mNFC samples, each modified with a different
acid, within the EC matrix, and to evaluate their influence on
the structure and properties of the resulting nanocomposite
films. Representative images of pure EC solution (EC), EC solu-
tion mixed with NFC (EC/NFC), and EC solution mixed with
mNFC (EC/mNFC) and their casted films are provided in the
ESIL.T Pure EC is more transparent than other samples, in both
solution and film forms. It is evident that only the integration
of unmodified NFC into EC resulted in visible white spots of
NFC agglomerations, potentially attributed to the strong hydro-
gen bonding network and van der Waals forces between NFC
nanofibers themselves.>® From visual inspection, no mNFC
agglomeration was observed in any of the EC/mNFC samples,
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Fig. 3 Dispersion behavior in a polar solvent (water) and a non-polar solvent (chloroform) at 5 min and after 3 weeks of unmodified and modified

NFC with different acids (MNFC-L+A, mNFC-LU and mNFC-SA).

indicating that mNFC and EC were more compatible in both
solution and film samples.

Water contact angle (WCA) measurements are used to deter-
mine the hydrophilicity and hydrophobicity of polymer film
surfaces, with higher WCA values indicating more hydrophobi-
city. Pure EC film had a WCA of 64° (Fig. 4a), demonstrating
its amphiphilic character, as the glucopyranoside structure in
EC associates both hydrophilicity and hydrophobic inter-
actions.”” The EC/NFC film exhibited a lower WCA of 55°,
owing to the strong hydrophilicity of the integrated NFC and
its agglomeration on the film surface.”® When mNFCs were
included in EC films, WCA values increased in the following
order: EC/mNFC-SA > EC/mNFC-LU > EC-mNFC-LA.
Undoubtedly, this increase in hydrophobicity was due to the
presence of hydrophobic side chains on mNFC surfaces. As
expected, longer hydrocarbon chains in SA and LU resulted in
much greater WCA of the EC/mNFC-SA and EC/mNFC-LU
films.

From SEM results (Fig. 4b), the EC film exhibited a uniform
and smooth surface. The introduction of NFC resulted in a
rougher film surface, most likely due to NFC agglomeration
(indicated with red circles). The EC/mNFC-LA and EC/

1250 | RSC Appl. Polym., 2025, 3,1244-1257

mNFC-LU films showed smoother surfaces than the EC/NFC
film, indicating that less nanofiber agglomeration occurred in
these films. However, the surface roughness was found to
increase again in the EC/mNFC-SA film. This roughness could
be attributed to the long hydrophobic side chains of SA fatty
acid, which caused mNFC-SA to require more free volume or
space to occupy (compared to the other two mNFCs; Fig. 5)
within the EC matrix. This potentially led the film surface to
be less homogeneous and rougher.’®®® SEM images of the EC-
based films’ fractured surface (cross-section) are shown in
Fig. 4c. The pure EC film displayed numerous visible pores
inside. NFC agglomerates in the EC phase can also be easily
seen when unmodified NFC is added (indicated with red
circles). However, these agglomerates were not found in the EC
films integrated with any of the mNFCs. Furthermore, the
pores inside these EC/mNFC films appear to be smaller than
those in the pure EC film.

TGA and DTG thermograms of films are depicted in Fig. 6a
and b. The first (small) weight loss stage occurred around
50-100 °C for all film samples, attributed to the evaporation of
free water. The second weight loss stage, occurring between
300 °C and 380 °C, represented the main degradation phase,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Water contact angle (WCA) or surface wettability, (b) SEM images of pure EC and EC-based nanocomposite film surfaces and (c) their

cross-sections (fractured surfaces); the red circles indicate NFC agglomerates.

involving the degradation of EC, NFC and mNFC, with around
10-20% of char generated after this stage. The maximum
degradation temperature (T4) of each film is shown in Table 2.
The T4 values of EC/mNFC films were observed to be higher
than the pure EC and EC/NFC films, implying that the ester
group on MNFC is more thermally stable and that EC and
mNFC interact better.®"** The DSC thermograms (Fig. 6c) pre-
sented that upon the addition of NFC to the EC matrix, an
increase in T, and Ty, was observed. This elevation can be
attributed to the restricted mobility of the EC polymer chains,
resulting from the presence of more rigid NFC agglomerates,
thereby requiring more thermal energy to initiate chain seg-
mental motion. Interestingly, all EC/mNFC-containing films

© 2025 The Author(s). Published by the Royal Society of Chemistry

show a shift in Ty and T, to lower temperatures rather than an
increase, especially the EC/mNFC-SA film (Table 2). Unlike
NFC, better dispersed surface-modified nanocelluloses may act
as modest internal plasticizers, leading to higher chain mobi-
lity. With the presence of esterified side chains, particularly
those with longer alkyl chains, it may increase free volume and
disrupt the tight packing of EC molecules at higher
temperatures.®?

The tensile strength, elongation at break, and Young’s
modulus of EC, EC/NFC, and EC/mNFC nanocomposite films
are listed in Table 2. The EC/NFC film has lower strength and
modulus than the pure EC film, most likely due to poor film
compatibility and the presence of NFC agglomerates, which
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Fig. 5 Schematic representation of the ideal chemical structures of the modified nanocelluloses (MNFC) with three acids/esterifying agents: (a)

lactic acid (LA), (b) lauric acid (LU) and (c) stearic acid (SA).

might act as flaws and crack initiation points (Fig. 5).
Remarkably, the tensile properties of the mNFC-LA film were
all improved, particularly its strength (128% increase) and
elongation (75% increase). This result could be explained by
the increased dispersibility of mNFC-LA within the EC matrix.
It also indicated a favorable interfacial interaction between the
mNFC-LA and EC polymer chains.®* The stress-strain curves in
Fig. 6d also reveal that the EC/mNFC-LA film (pink line)
exhibited greater toughness (represented by the area under the
curve) and stiffness (slope of the curve). This is visually con-
firmed by the top-right image, in which the film looks to be
self-supporting, emphasizing its increased structural integ-
rity.®> However, with mNFC-LU and mNFC-SA, with longer side
chain fatty acids, the tensile properties of these EC-based films
started to drop unexpectedly. Considering their chemical struc-
tures (see Fig. 5), it is possible that longer substituted chains
on mNFC resulted in an excessive plasticizing effect, which
weakens the interfacial adhesion between EC chains and
mNFC-LU or mNFC-SA.%° This would certainly lessen the rein-
forcing effect of the mNFCs as well as the cohesive forces
within the EC polymer network, resulting in overall lower
mechanical properties for these nanocomposite films.®”

The films’ gas barrier properties (OTR and WVTR) showed
rather consistent patterns with their mechanical properties
(Table 2). As expected, the structure of EC with numerous
pores inside permits oxygen and water molecules to flow
through quite easily. The integration of NFC negatively
resulted in very high OTR and almost doubled the WVTR value
of the film due to its agglomeration and poor interface with
the EC matrix. These resulted in the formation of microvoids
and interfacial gaps, which reduced matrix continuity and
facilitated gas and vapor diffusion, as previously reported.®® At

1252 | RSC Appl. Polym., 2025, 3,1244-1257

equivalent nanocellulose concentrations, on the other hand,
the EC/mNFC-LA film had impressively low OTR and WVTR,
implying a good dispersion of mNFC-LA with a high compat-
ibility and a strong interface with the EC phase. From a
diffusion modeling perspective, the addition of mNFC-LA
appears to reduce gas permeability by creating a more tortuous
path and minimizing free volume at the polymer-filler inter-
face. The highly compatible interface most likely reduces the
number of microvoids and forms a denser, more continuous
phase, making it more difficult for gas molecules to diffuse
through the film.*®’° The EC/mNFC-LU and EC/mNFC-SA
films, however, demonstrated increasing OTR and WVTR
values when mNFC substituted side chains were longer. An
excessive plasticizing effect may be the cause of weaker inter-
facial connection between these modified cellulose nanofibers
and EC matrix, resulting in greater free volume at the i