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Influence of amino silane-modified nanocellulose
on the physico-chemical and mechanical
properties of alginate filmst

Shenbagaraman Akshaya® and A. Joseph Nathanael (2 *°

The quest for sustainable packaging solutions has led to increased interest in biodegradable polymers.
Sodium alginate, despite its biocompatibility and biodegradability, faces significant challenges in terms of
mechanical strength and barrier properties. This study explores the potential of enhancing the properties
of alginate films by incorporating cellulose nanofibers (CNFs) modified with 3-aminopropyl triethoxy-
silane (APTES), which has not been reported in the literature previously. The modification process
introduces amino silane groups without altering the morphology of the nanocellulose, as evidenced by
TEM. The reinforcement led to a significant increase in the tensile strength of the films from 1.27 MPa to
16.23 MPa and the surface hydrophobicity of the films from 42° to 83°. The results suggested that
amino silane-modified cellulose nanofibers can be promising fillers to be incorporated into alginate
polymer matrices to improve their mechanical properties and structural densification for packaging and

rsc.li/materials-advances coating applications.

1. Introduction

The extensive reliance on petroleum-based polymers like poly-
ethylene, polypropylene, and polystyrene has sparked major
environmental concerns. These plastics, which are non-bio-
degradable, contribute to climate change through greenhouse
gas emissions and accumulate in ecosystems, causing pollution
and endangering wildlife. As the negative impacts of these
petroleum-based packaging keep on increasing, there is a need
to increase the production and usage of biodegradable polymers,
especially in the food packaging sector.' These biodegradable
polymers provide several advantages over conventional packaging
materials, including better food preservation, stability, adapt-
ability, and environmental benefits.” Although biodegradable
polymers have been established for some time, they only hold a
very low percentage in the food packaging market.> Several
renewable and biodegradable polymers have been studied in
various fields to create more environmentally friendly materials.
One such biodegradable polymer is alginate, which, despite its
biodegradability and biocompatibility, has certain drawbacks that
restrict its use as a biopolymer for versatile applications. Alginate
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films exhibit poor mechanical strength, making them unsuitable
for high-stress applications. Their high-water sensitivity causes
structural instability in moist environments, and their limited
thermal stability restricts processing at elevated temperatures.’
Furthermore, alginate has poor barrier properties, allowing high
permeability to gases and moisture, reducing its effectiveness in
packaging.® Likewise, its ion sensitivity and pH dependency make
it unstable under varying environmental conditions, affecting its
performance in biomedical and industrial applications.” Incorpor-
ating fillers into the biopolymeric matrix is one way to improve its
functionalities.® Such fillers include graphene oxide,” halloysite
nanotubes, silicon dioxide,"* zinc oxide,'* etc. Although these
fillers have been shown to improve mechanical strength and
barrier properties and impart antibacterial functionalities, the
toxicity of inorganic fillers like graphene oxide raises concerns
over its use in food contact materials."?

Organic nanofillers, such as nanocellulose and chitin nano-
crystals, are renewable and non-toxic, and are a suitable choice
to improve the tensile strength, elasticity, and toughness of
polymeric films. They create a more uniform and denser matrix
by forming strong interactions with the polymer chains, which
enhances load transfer and mechanical stability and reduces
the transmission of gases.'*'® However, they are generally less
effective than inorganic fillers in blocking gases or moisture
due to their hydrophilic nature.'® This can be overcome by the
modification of the organic moieties by chemical modifica-
tions, such as treating them with fatty acids and silanizing
agents'”'® and biological and enzymatic modifications."®*

Mater. Adv., 2025, 6, 4313-4324 | 4313


https://orcid.org/0000-0001-9043-5259
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00257e&domain=pdf&date_stamp=2025-05-29
https://doi.org/10.1039/d5ma00257e
https://doi.org/10.1039/d5ma00257e
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00257e
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006013

Open Access Article. Published on 12 May 2025. Downloaded on 11/10/2025 1:44:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Although enzymatic modifications offer an eco-friendlier modi-
fication approach, the chemical method is still preferred for
modifications as it is comparatively cost-effective. Anionic and
cationic surface modifications are easily introduced to their
polymeric backbone using various reagents such as TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) and alkenyl succinic anhy-
dride, and anionic surfactants such as sodium alkyl naphthalene
sulfonate. Bianchi et al. introduced carboxyl groups (-COO™) onto
the CNF surface using TEMPO oxidation to produce CNF micro-
spheres suitable for the delivery of fertilizers.>*

Each modification technique offers unique advantages
depending on their targeted applications. APTES functionalization
stands out for its ability to introduce amino silane groups,*
allowing for further conjugation and enhanced interactions in
nanocomposites and biomaterials. TEMPO oxidation is preferred
for improving water dispersibility,>* while acetylation®*® and
alkylation®” are more suitable for hydrophobic applications. Select-
ing an appropriate modification strategy depends on the required
surface properties and application demands.

To date, the properties of alginate films incorporated with
APTES-modified nanocellulose have not been explored. This
study investigates the influence of amino silane-modified cel-
lulose nanofibers extracted from coir fibers on the properties
of sodium alginate polymeric films. It was hypothesized that
incorporating these modified nanofibers into sodium alginate
films can enhance their mechanical strength, thermal stability,
and barrier properties, which are crucial for various applica-
tions such as packaging and biomedical devices. The cellulose
nanofibers were extracted from a series of chemical treatments,
followed by modification with 3-aminopropyltriethoxysilane.
The modification results in the introduction of hydrophobic
alkyl chains and silanol groups and enhances hydrogen bond-
ing and polarity. The unmodified and modified films were
analyzed for their structural, surface, and thermal properties.
The physico-mechanical, optical, and thermal stabilities of the
films were also studied. The findings of this study provide
insights into the potential of amino silane-modified nano-
cellulose in enhancing the properties of alginate films,
thereby contributing to the development of sustainable
and high-performance composite materials in the fields of
materials science and sustainable packaging.

2. Materials and methods

2.1. Materials

Coir fibers were collected from a local coir industry in Vellore,
Tamil Nadu, India, and were pulverized into a powder. Alginic
acid sodium salt from brown algae (Sigma Aldrich), sodium
hydroxide pellets (Emparta), sulfuric acid (Emplura), sodium
hypochlorite (Avra), glycerol (Avra), phosphotungstic acid
(Sigma Aldrich), calcium chloride (Avra), dialysis membrane
(Himedia), 3-amino propyltriethoxysilane APTES (SRL), and
Milli-Q water (18.2 Q) were used without further purification
for the extraction of nanocellulose and fabrication of the
biocomposite films.
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2.2. Experimental

2.2.1. Extraction of nanocellulose. The chemical treatment
method is utilised for the extraction of nanocellulose, which
comprises three major steps: alkaline treatment, bleaching and
acid hydrolysis.*®*° The coir fibers were washed and dried for
24 hours in an oven at 60 °C and were ground to a size of about
1.0 mm. Then, the dried coir fibers were treated with 2% w/v of
NaOH for 16 hours at a constant temperature of 90 °C. Then the
residues were collected after filtration and dried in an oven at
45 °C for 12 hours. The alkali-treated coir fibers were bleached
with 5 wt% sodium hypochlorite (NaClO) until a white pulp was
produced. The residues were washed with water until they
reached neutral pH and dried for 24 hours at 60 °C. For acid
hydrolysis, the bleached coir fibers were subjected to acid
treatment using 50% v/v of sulphuric acid for about 30 minutes
while maintaining a constant temperature of 45 °C. Hydrolysis
was quenched by adding Milli-Q water and washed twice with
the same. The suspension was dialysed against Milli-Q water
for 3-4 days until neutral pH was reached. The suspension was
sonicated for 30 minutes and freeze-dried. The freeze dried
nanocellulose was used for further analyses. The extracted
cellulose nanofibers are identified as CNFs.

2.2.2. Modification of nanocellulose. The modification of
cellulose nanofibers was performed with modifications from a
previously reported procedure.'® Briefly, 5% w/v of APTES
solution was prepared, and glacial acetic acid was added until
the pH was reduced to 4. The cellulose nanofibers were added,
and the suspension was stirred magnetically for 2 hours at
room temperature. The suspension was centrifuged at 5000
rpm for 10 min, and the supernatant was discarded. For the
modification, the precipitate was dried in a hot air circulating
oven at 110 °C for 15 min. The modified cellulose nanofibers
were washed with 95% ethanol to remove unreacted APTES and
dried in an oven at 60 °C (Fig. 1). The modified cellulose
nanofibers are identified as APCNFs.

2.2.3. Preparation of bio-composite films. For the filmo-
genic solution, sodium alginate solution (3% w/v) was prepared
by dissolving the biopolymer in Milli-Q water at 60 °C under
continuous stirring. Glycerol (0.5 mL/1 g of sodium alginate)
and APCNFs with 5%, 10%, 15% and 20% w/w of sodium
alginate were added to the filmogenic solution. The mixture
was homogenized under 10 000 rpm to facilitate the dispersion
of the APCNFs. The solutions were degassed using an ultra-
sonicator (40 Hz) (model and make). The filmogenic solution
was cast onto a 150 mm Petri plate and dried in a hot air
circulating oven at 45 °C. The films were peeled off, cross-
linked using 2% w/v of CaCl, solution and dried at room
temperature. The dried films were stored in a desiccator for
further studies (Fig. 2).

2.3. Characterisation

Powder X-ray diffraction (XRD) analysis was performed using a
Bruker D8 advance diffractometer equipped with a Lynx eye
detector, monochromated with Cu-Ka radiation (4 = 1.54 A) in
the 20 range of 10-90. The crystallinity index (CI%) of the CNFs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction scheme for the surface modification of nanocellulose
with APTES.

was determined using the following formula:

CI%zﬁ—cx 100,

a

where I is the area of the crystalline region and I, is the total

area of amorphous and crystalline regions in the diffractogram.
The functional groups in the CNFs and the interactions in the
bio-composite films were assessed using an FT-IR Spectrometer
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(Thermo Fisher, USA, Model Nicolet iS50) in the spectral region
of 4000-400 cm . All the experiments were conducted in ATR
mode with a scan rate of 64 scans per minute, and the spectra were
recorded using OMNIC software. The morphological features of
the extracted CNFs were investigated using transmission electron
microscopy (TEM). The aqueous CNF suspension (0.1 wt%) was
sonicated for 10 minutes, and 50 pL of the suspension was placed
on the TEM grid, followed by staining with 2% phosphotungstic
acid. The images were analyzed using Image] software. The
alginate films without the addition of fillers and crosslinkers were
used as the control. At five random locations, the thickness of the
films was measured using a digital micrometer (Mitutoyo), and the
readings were recorded by gradually reducing the micrometre gap
until the first sign of contact. The purity, surface composition, and
functionalization of the CNF and APCNF were investigated using
XPS (ULVAC-PHI VersaProbe 4). The surface-wetting characteristics
of the bio-composite films were analyzed using a contact angle
meter (HOLMARC: Model: HO-IAD-CAM-01A) by the sessile drop
method. Five microliters of Milli-Q water were deposited on the
films, and the contacting and receding angles obtained during the
first 60 seconds after deposition were recorded. The measure-
ments were performed in triplicate. To assess the mechanical
properties of the bio-composite film, the tensile strength, tensile
modulus, and elongation at break were measured using a uni-
versal tensile machine (Model HK10 Tinius Olsen, USA) according
to ASTM D882-18. The films were cut into 15 mmx120 mm
strips, and the average thickness of each strip was measured.
A load cell of 500 N was used; the gauge length of the films was
kept at 100 mm, and the strain rate was kept at 10 mm min .
Three measurements were taken for each sample, and the
average value was calculated. The thermal stabilities of the
CNF and APCNF and the bio-composite films were analyzed
using a thermogravimetric analyzer (TA Instruments, USA,
Model SDT Q600) in the temperature range of 25 °C to 800 °C
with a heating rate of 20 °C min~". The tests were conducted
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Fig. 2 Fabrication of APCNF-incorporated alginate films.

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

Mater. Adv., 2025, 6, 4313-4324 | 4315


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00257e

Open Access Article. Published on 12 May 2025. Downloaded on 11/10/2025 1:44:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

under a nitrogen atmosphere (20 mL min~"). The opacity of the
films was analyzed using a UV-vis spectrophotometer. The films
were cut into 2 cm x 4 cm rectangular strips, and their
absorbance at 600 nm was recorded. The opacity of the films
was calculated using the following formula:

Opacity = _Abs@o’
X
where Absg(, is the absorbance of the film at 600 nm and x is
the thickness of the film in millimeters. Films were digitally
photographed, and the color was analyzed using a dedicated
app (ColorAnlz). The film’s color values (AE) were calculated
using the following formula:

AE = /AL? + Aa? + Ab?,

where L is the brightness/darkness value, a is the redness/
greenness value, and b is the yellowness/blueness value. Alginate
films without crosslinkers and fillers were used as a control as
crosslinked alginate films without the addition of fillers had
fractures after drying.*® All the experiments were performed in
triplicate, and one-way ANOVA analysis was performed for statis-
tical analysis.

3. Results and discussion

3.1. Extraction and modification of cellulose nanofibers

3.1.1. Structural and chemical composition analysis. FT-IR
was used to identify the organic functional groups present
in the raw coir, alkaline-treated, bleached coir, and acid-
hydrolysed coir fibers. Fig. 3(a) shows the FTIR spectrum
obtained after each treatment process. Peaks at around
3342 cm™ ' and 1026 cm ™" were observed in all the samples.
The peak at around 3342 cm ™" corresponds to the stretching of
the -OH group, while the peak at around 1026 cm ™" indicates
the asymmetric stretching of the C-O-C link, a characteristic of
polysaccharides. The intensity of both the peaks increases after
the treatment processes, implying an increase in the cellulose
content and its purity, which is also observed in other
studies.’™** In the alkali-treated fibers, a few peaks with low
intensity are present at around 1722 cm ' and 1504 cm ™,
which are attributed to the presence of aromatic groups in
lignin, indicating that lignin is not completely removed after
the alkaline treatment. The peaks between 2900 cm™' and
2920 cm ' are distinet in the bleached and acid treated
samples, and they denote the C-H stretching vibration corres-
ponding to methylene groups of the polysaccharide. Also, the
characteristic p-1,4 glycosidic bond of cellulose is observed in
the bleached and acid hydrolysed samples at around 898 cm ™.
In the final acid-treated and dialysed fibers, there is an absence
of peaks at 1722 cm ' and 1504 cm™ ', which implies the
complete removal of lignin®® (Fig. 3(a)). After APTES treatment,
a new peak at 1562 cm ™' was observed in the spectrum, which
is assigned to the NH bending of the amine groups in APTES
(Fig. 3(b)). The bonds corresponding to Si-O-C and Si-O-Si
were not observed in the FTIR spectra due to the possible
overlap from strong vibrations from the C-O-C bonds of
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Fig. 3 (a) FTIR spectra after each treatment process of nanocellulose
extraction. (b) FTIR spectra of APCNF.

cellulose in the spectral region of 1100-900 cm ™ '.*° The other
functional groups corresponding to the spectral regions are
tabulated in the ESI{ (Tables S1 and S2).

In the XRD diffractograms, broad peaks were found in (Fig. 4
(a)) raw coir and alkaline-treated coir fibers, whereas bleached
and acid hydrolyzed coir displayed narrow peaks at 20 = 16.32°,
depicting an improved crystallinity.* The broad peaks in the
diffractograms of untreated coir fibers and alkali-treated fibers
were due to the presence of amorphous lignin and hemicellu-
lose. After treatment with alkali and subsequent bleaching,
they were removed and during the acid treatment, the amor-
phous regions of cellulose were hydrolysed leaving behind the
crystalline cellulose (Table S3, ESIT). The hydrolytic cleavage of
the glycosidic bonds in cellulose occurs during the acid treat-
ment which leaves individual crystallites, causing a marked
improvement in crystallinity.>> The obtained pattern of the
acid-hydrolyzed cellulose nanofiber is in accordance with
the ICDD pattern for cellulose (ICDD 50-2241). No polymorphic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transition between the cellulose types was observed after the
alkaline treatment as a low concentration of alkali was used
(2 wt%).** Major diffraction peaks were observed at 16.32° and
22.12°, which corresponds to the planes (110) and (200),
respectively, indicating a cellulose type-I crystal structure.**°
The diffractograms before (Fig. 4(b)) and after modification
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Fig. 4 (a) XRD diffractogram after each treatment process for the extraction

of nanocellulose. XRD diffractogram of (b) CNF cellulose and (c) APCNF.
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(Fig. 4(c)) showed no significant difference, and the crystallinity
index of the CNFs was found to be 63%. After modification
(Fig. 4(b)), there is a slight decrease in the crystallinity (C.I =
57%) of the nanofibers, which can be accounted for due to the
attachment of silane groups onto the cellulose nanofibers. This
shows that the modification has only occurred on the surface of
the cellulose nanofibers and does not change the crystal
structure of the nanocellulose.’’*® However, a slight broad-
ening of the peak at 20 = 16.32° in the APCNF denotes the
increase in amorphous nature, which can be attributed to the
grafting of amino-silane moieties on the cellulose nanofiber.
3.1.2. Elemental composition. The elemental composition
of the CNF and APCNF was further studied using XPS (Fig. 5(a)
and (b)). The peaks at 532.8 and 286.5 eV in the XPS spectrum
of the CNF (Fig. 4(a)) confirmed the presence of oxygen (O 1s)
and carbon atoms (C 1s). The spectrum also showed trace
amounts of Na and CI atoms, which is due to the remnants
from the bleaching process. After APTES modification (Fig. 5(b)),
new peaks were observed at 400 and 102 eV, which are associated
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Fig. 5 XPS survey scan of (a) CNF and (b) APCNF.

Table 1 Atomic concentration of the CNF and APCNF

Atomic (%) C1s O 1s Si 2p N 1s
CNF 63.7 33.5 0.7 0.0
APCNF 65.1 29.9 1.6 2.9

Mater. Adv., 2025, 6, 4313-4324 | 4317
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with N 1s and Si 2p.*® Several studies have reported the presence
of silica in coconut husk ash,**** which explains its occurrence in
the survey spectrum of CNF. The atomic concentrations of the
nanofibers before and after modification with APTES are given in
Table 1. The APCNF showed the presence of nitrogen, constituting

Fig. 6 TEM images (scale: 200 nm) of (a) and (b) CNF and (c) and (d)
APCNF.

/
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Fig. 7 Distribution plot of (a) CNF and (b) APCNF.
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about 2.9%. An increase in the carbon composition was observed
from 63.7% to 65.1%, and silicon constituted about 1.6% of the
APCNF, indicating that a chemical bond is formed between nano-
cellulose and APTES. The change in the atomic percentage of CNF
and APCNF in the survey spectrum confirms the successful grafting
of the amino silane chain onto the cellulose nanofibers. The
elemental composition of the APCNF is in agreement with the
previously reported study.**

3.1.3. Morphology. TEM analysis (Fig. 6) confirmed the
fiber-like morphology of the CNF and APCNF. Aggregation of
the fibers was observed in the CNF and APCNF. The average
width of the CNF is 23.5 nm (Fig. 7(a)), and that of the APCNF is
16.41 nm (Fig. 7(b)). This indicates that the modification
process has not caused any significant changes in the morphol-
ogy or size of the nanofibers. Similar observations were
reported by other researchers where APTES treatment did not
affect the morphology of the cellulose nanocrystals.*®*?

3.1.4. Thermal properties. The thermal stability of the CNF
and APCNF was inspected using TGA (Fig. 8(a)) and DTA

a
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Fig. 8 TGA thermograms of (a) CNF and APCNF and (b) DTG curves of
CNF and APCNF.
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Fig. 9 FTIR spectra of the APCNF incorporated films.

(Fig. 6(b)). An initial weight loss due to surface-bound moisture
was observed in the CNF and APCNF (Fig. 8(a)), followed by the
onset of degradation of the nanofibers. The degradation of the
CNF started at 243 °C, while that of the APCNF occurred after
300 °C. This can be explained by the grafting of amino-silane
groups to the cellulose backbone. The increase in the carbo-
naceous content and the presence of silicon have brought down
the onset of degradation of the APCNF. This is also evident
from the DTG curves (Fig. 8(b)), where the maximum degrada-
tion temperature of the CNF is 286 °C and that of the APCNF
is 355 °C.

3.2. Properties of APCNF-reinforced alginate films

3.2.1. Structural characterization and chemical composition.
FTIR analysis (Fig. 9) showed the characteristic OH stretching in

View Article Online

Paper

all the films at 3311 cm™". The CH stretch of the methylene
groups in alginate and amino silane groups and that of cellulose
were found at 2917 cm™'. However, the intensity of the OH
stretching was high in the film with a filler concentration of
20% compared to the others with a lower concentration. The
bands at 1409 cm™ " and 1027 cm ™" correspond to the stretching
of carboxylate groups in the pure alginate film and the APCNF
loaded films (Table S4, ESIt). The intensity of the OH group
increased with the increase in the filler content and was highest
for the 20% APCNF incorporated film.

3.2.2. Morphology

3.2.2.1. SEM. The morphological features of the APCNF-
incorporated alginate films were analysed using SEM (Fig. 10).
The control alginate film showed a smooth morphology (Fig. 10(a)),
while the APCNF-incorporated films displayed a granule-like sur-
face morphology. In 10% APCNF (Fig. 10(c)), an even distribution of
the granules can be observed, while in 15% APCNF (Fig. 10(d)),
the granules are larger and compact with an inhomogeneous
distribution. Native CNFs carry negative charges on their surfaces
because of the hydroxyl groups they contain. When CNFs undergo
surface modification with APTES, positively charged amino groups
are added to their surface. In an aqueous environment, these
positive charges can interact with the negatively charged CNFs,
which can promote aggregation of the fibers and also increase
surface roughness.** The biocomposite film with the highest
APCNF content (Fig. 10(e)) exhibited an overlapped layer-like
structure, indicating an aggregation between the fillers.

3.2.3. Surface hydrophobicity and physico-mechanical
properties

3.2.3.1. Contact angle. The surface hydrophobicity of a poly-
mer film was measured using a contact angle goniometer. The
surface hydrophobicity of the alginate composites increased
with the increase in the filler content (P < 0.05). The pure
alginate film exhibits a water contact angle of 42°, while the
films with APCNF as a filler at higher concentrations (20 w/w%)

Fig. 10 Morphological features of the films (scale: 10 pm): (a) pure alginate, (b) 5% APCNF, (c) 10% APCNF, (d) 15% APCNF, and (e) 20% APCNF.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reached a water contact angle of up to 83° (Fig. 11). Nanocelluloses
are rich in hydroxyl groups, which impart hydrophilicity to them.
As observed in ref. 45, the increasing nanocellulose concentration
can decrease the water contact angle, making them more
hydrophilic. Modification of nanocellulose with APTES causes
the hydrophobic alkyl chains to orient themselves along the
surface.”>*® The increase in the water contact angle can be
attributed to the hydrophobic nature of the APCNF. The silane
groups along with the grafting of the alkyl groups have imparted
hydrophobicity, and the incorporation of APCNF as a filler in
the alginate polymer has caused structural densification of the
films and increased surface roughness, as observed in SEM
(Fig. 10), thereby decreasing porosity and enhancing water
holding capacity.”” The obtained results are in close agreement
with previous studies.*®

3.2.3.2. Tensile strength. The mechanical properties of the
alginate-APCNF bio-composite films are shown in Fig. 12(a) and (b)
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Fig. 12 (a) Tensile strength and (b) percentage elongation of APCNF-incorporated alginate films.
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Table 2 Tensile strength and percentage elongation

Film Tensile (MPa) Elongation at max% Thickness (mm)
0% 1.27 £ 0.06 32.25 £ 1.08 0.112 + 0.06
5% APCNF 2.57 £1.91 17.79 £ 0.76 0.181 £ 0.04
10% APCNF 11.27 £ 0.68 6.9 £1.3 0.200 £ 0.03
15% APCNF 16.23 + 3.14 5.42 £ 0.2 0.225 £+ 0.07
20% APCNF 13.98 £ 2.9 2.73 £ 0.12 0.252 £ 0.07

Each value is a mean of triplicates with the standard deviation. Any two
values in the same column are significant (p > 0.05).

and Table 2 (P < 0.05). The tensile strength of the film increased
with incorporation of APCNF up to 15 w/w%, which displayed a
strength of 16.23 MPa, but on further increasing the concentration,
the tensile strength reduced to 13.9 MPa. Higher amounts of silane
loading must have promoted the agglomeration of fibers, negatively
affecting dispersion, thus leading to low mechanical strength and
flexibility. The surface morphology (Fig. 10) of the films supports
the aggregation of the fillers at a higher concentration, with 20%
loading causing an overlapped layer-like morphology. The percen-
tage elongation at break showed a steep decrease with increased
concentrations of APCNF (Fig. 12(b)). Tanzina et al. incorporated
nanocellulose as a filler for the alginate matrix, and the percentage
elongation decreased from 10 to 5% when the concentration of the
filler was from 1 to 8 w/w% of the dry matrix.*

3.2.4. Thermal properties. Thermal degradation of the
films was inspected using TGA (Fig. 13(a)) and DTA (Fig. 13(b)).
The degradation comprised four steps in all the films, with an
initial loss of moisture around 56-100 °C. The second degrada-
tion started at around 220-260 °C due to the thermal degradation
of glycerol. At around 320-400 °C, decomposition of the APCNF
occurs, and the films with higher concentrations exhibit an
increased thermal stability compared to lower concentrations,
indicating that the incorporation of APCNF slows down the
decomposition process. In the 5% APCNF, the initial degradation
occurred at 199 °C, 50% of the degradation occurred at 245 °C,
and 12.08% of carbonaceous mass remained at the end of the
decomposition process. In the 10% APCNF, the film attains a
maximum degradation at 270 °C, and the other two films with
a higher APCNF content also exhibit a maximum degradation
temperature of 270 °C. The addition of the APCNF as a filler has
shifted the degradation to higher temperatures, suggesting better
thermal stability of APCNF-reinforced films, which also indicated
strong interactions between the APCNF and the alginate matrix.
The lowest residues were exhibited by 15% loading of APCNF, and
10% loaded films exhibited the highest remaining residue. In a
study involving APTES modification of cellulose nanocrystals, the
amino-silane surface modification reportedly increased the ther-
mal stability of PVA.*®

3.2.5. Optical properties

3.2.5.1. Colour and opacity. The color of a film is important
when it comes to packaging applications as visual appearance
influences the consumer’s acceptance of the product.”® Next to
transmittance, opacity is the parameter that is used to deter-
mine the transparency of a material.>" Fig. 14 shows the visual
appearance of the films, and Table 3 shows the CIE LAB values
of color coordinates, L*, a*, b*, and total difference (AE). All the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Visual appearance of APCNF-incorporated alginate films: (a) 5%
APCNF, (b) 10% APCNF, (c) 15% APCNF, and (d) 20% APCNF.

films are pale yellow in color, and the yellowness index increases in
correspondence with the presence of the APCNF in them. The
lightness index is increased at higher concentrations of APCNF as
the light gets scattered by the APCNF particles, reducing the
transparency of the films. This is further evidenced by the absorp-
tion of the films at 600 nm (Table 4) (P < 0.05). The pure alginate
film is nearly transparent compared to the films incorporated
with APCNF. However, the decrease in the film’s lightness may
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Table 3 CIE LAB values of the films

Film L a b AE
APCNF 5% 57.9 0.5 10.9 39.54
APCNF 10% 62.2 0.3 15.6 37.1
APCNF 15% 61.7 0.5 19.2 39.16
APCNF 20% 55.7 0.9 27.5 48.62
Table 4 Opacity of the films

Film Absorbance Thickness (mm) Opacity
Pure alginate 0.0883 0.112 + 0.06 0.78 + 0.15
5% APCNF 0.8966 0.181 £ 0.04 4.953 + 0.13
10% APCNF 1.1968 0.200 £ 0.03 5.984 £ 0.12
15% APCNF 1.4324 0.225 £ 0.07 6.366 £+ 0.07
20% APCNF 1.6667 0.252 £+ 0.07 6.6 + 0.1

Each value in the second and third columns is a mean of triplicates
with the standard deviation. Any two values in the same column are
significant (p > 0.05).

help avoid oxidative deterioration in packaged foods caused by
exposure to visible and ultraviolet light, leading to nutrient losses,
discoloration, and off-flavors.*®

4. Conclusion

In the present study, biocomposite films comprising alginate and
amino silane-modified cellulose nanofibers was fabricated and
their physico-chemical and mechanical properties were evaluated.
The nanofibers were extracted from coir fibers using chemical
treatment, and amino-silane groups were introduced into the
nanocellulose by treating them with APTES. The CNF and APCNF
were characterized by XRD, FTIR, TEM, and XPS. The modification
did not cause any significant changes in the morphology of the
nanocellulose, and the modification occurred only on the surface of
the cellulosenano fibers. The APCNFs were incorporated at differ-
ent concentrations into the alginate polymeric matrix, and the
resulting biocomposites were translucent with an increased surface
hydrophobicity and mechanical strength. Also, higher concentra-
tions of APCNF incorporation tend to slow down the decomposi-
tion of the biocomposite film. The alginate-APCNF composites can
be used in biodegradable packaging and bio-based coating materi-
als. Further studies on the permeability of the biocomposite film
are to be performed to study the influence of the APCNF as a filler
in enhancing the barrier properties of alginate polymeric materials.
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