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Abstract: Effect of 1 and 3 wt% nanocrystalline arrowroot cellulose (ARNC) on the structure and pro-
perties of arrowroot starch (AS)-based films was investigated. The addition of ARNC increased the
film density and reduced its water absorption, indicating improved moisture barrier properties. Fur-
thermore, tensile strength increased (from 2.5 MPa to 4.3 MPa) and elongation at break (from 13.4% to
45%). Simultaneously, Young’s modulus decreased (from 65.7 MPa to 32.5 MPa), suggesting increased
flexibility. FESEM analysis revealed good dispersion of cellulose nanocrystals in the composite, with
a tendency to agglomerate at higher ARNC content.
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Wplyw nanocelulozy na strukture 1 wlasciwosci folii na bazie skrobi
z maranty trzcinowej

Streszczenie: Zbadano wplyw dodatku 1 i 3% mas. nanokrystalicznej celulozy z maranty trzcinowej
(ARNC) na strukture i wlasciwosci folii na bazie skrobi z maranty trzcinowej (AS). Dodatek ARNC
zwiekszyl gestosc folii i zmniejszyl jej absorpcje wody, co wskazuje na poprawe wilasciwosci bariero-
wych dla wilgoci. Ponadto, wzrosta wytrzymatosc na rozcigganie (z 2,5 MPa do 4,3 MPa) oraz wydiuze-
nie przy zerwaniu (z 13,4% do 45%). Jednoczesnie nastapilo zmniejszenie modutu Younga (z 65,7 MPa do
32,5 MPa), co sugeruje wieksza elastycznosc. Analiza FESEM wykazala dobra dyspersje nanokrysztalow

celulozy w kompozycie z tendencja do aglomeracji przy wigkszej zawartosci ARNC.

Stowa kluczowe: nanokrystaliczna celuloza, nanoceluloza, biopolimer, maranta trzcinowa.

The growing environmental awareness of the world
has made the call to purchase sustainable products and
environmentally friendly products even stronger. An
exciting approach to fulfill this need is by designing bio-
based materials, which cover a wide range of substances
including biopolymers, natural fibers and biocomposites.
Manu ef al. describe a biocomposite as an amalgamation
of a natural, in many cases, biological reinforcement
substance with a polymer matrix that can be either natu-
ral or synthetic [1]. Essentially, a biopolymer composite
consists of a biodegradable polymer backbone, which is
based on renewable sources, and reinforced with perfor-
mance enhancing agents that must remain environmen-
tally sustainable [2]. Udayakumar ef al. also emphasized
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the importance of the fact that biopolymer composites
are generally created by embedding natural fibers as fill-
ers into biodegradable polymer matrices [3]. Biomaterials
based on natural resources have recently enjoyed a sig-
nificant amount of research focus due to their availability
and cost-efficiency.

Nanocellulose fibers are one of the most outstanding
due to their unique characteristics and the broad scope
of applications. It is these nanoscale cellulose fibrils or
crystals that confer high strength, stiffness, and biode-
gradability to bio-based materials making them highly
appealing to a wide variety of industries. Their small
sizes, at nanoscale, aid the creation of smooth com-
posites with improved physicochemical and mechani-
cal properties [4]. To be precise, addition of nanocellu-
lose made of arrowroot fibers has been demonstrated to
enhance flexibility, thus extending the range of applica-
tions of these materials in different industrial markets
[5]. Tarique et al. reported that arrowroot fibers have
small diameters, which make them have a high tear
resistance and thus useful in packaging and produc-
tion of tissue papers [6].
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Arrowroot (Maranta arundinacea) is a tropical plant,
which has this reason; it contains a high percentage of
starch, but more importantly its residue fiber is rich in
asignificant percentage of cellulose and thus itis a poten-
tial source of nanocellulose extraction but less exploited
[7]. Arrowroot Nanocrystalline Cellulose (ARNC) has
a high crystallinity level, high mechanical strength, and
good thermal stability and is produced by controlled
acid hydrolysis, making it comparable with other tradi-
tional sources of cellulose, including wood or bamboo
[8]. ARNC is therefore a viable solution towards biode-
gradable and high-performance biopolymer composite
development [9]. Despite the wide theoretical research on
starch-based nanocomposites, the use of ARNC in arrow-
root starch (AS) to produce a single-origin biopolymer
film has not been achieved so far. This new combina-
tion is expected to increase the mechanical, thermal, and
piezoelectric properties of the film, through enhanced
interfacial compatibility, and crystalline alignment,
thereby providing a new and arrowroot-derived system

Procurement
of Arrowroot
Maranta Arundinacea

Extraction of AS/ARNC
Biopolymer Nanocomposite Film

Fig. 1. Project flowchart

of materials that could be used in environmentally sus-
tainable packaging and flexible electronics.

Arrowroot starch (AS) is a biopolymer that can be
used to create lightweight composite because it has spe-
cial characteristics and is versatile, as it is produced by
using the rhizomes of the plant, Maranta arundinacea [10].
Arrowroot is a high starch source that produces a readily
digested starch with high gelling potential and a high amy-
lose content (35.20 %) [11]. These properties make it very
appropriate in forming the films, which have improved
mechanical and barricade properties than amylopectin
[12]. Its high gelling strength is used to advantage in food-
based applications to improve texture and stability, and its
high amylose content is used to support the development
of environmentally friendly packaging films [13]. In that
respect, the present research aims at exploring the impact
of arrowroot nanocrystalline cellulose (ARNC) reinforce-
ment of AS based biopolymers on the creation of a film.

Even though several studies have been conducted to
investigate the incorporation of arrowroot cellulose fibers
alongside AS to obtain biopolymer composite materials
as substitutes to traditional polymers, there are few stud-
ies that focus on incorporating nanocellulose arrow-
root fibers into the biopolymer composite materials [14].
Although it could potentially enhance the performance
of materials to a substantial degree, the contribution
made by nanocellulose reinforcement to AS-based com-
posites has not been thoroughly studied.

This knowledge gap limits our understanding of the
potential of using arrowroot nanocellulose fibers to
improve the mechanical, physical, and functional pro-
perties of starch composites. Therefore, further research
is necessary to fully realize their potential and develop
sustainable biopolymer materials that could replace tra-
ditional plastics.

The aim of this study was to investigate the etfect of
ARNC on the structure and properties of AS-based films.
The process involves AS extraction and extraction of crys-
talline arrowroot nanocellulose by acid hydrolysis, pre-
paring composites with varying nanocellulose filler con-
tent, from 0 to 3 wt%, using the solution casting method
to obtain films with a 30 wt% of plasticizers (glycerol
and sorbitol). Tensile properties of these nanocompos-
ites were assessed and their morphology analyzed using
a field emission scanning electron microscope (FESEM).
Additionally, physical properties such as density, thick-
ness, and water content were examined. Figure 1 shows
the process flow diagram for this project.

EXPERIMENTAL PART
Materials

The material used for this project is arrowroot (Maranta
arundinacea), purchased from a local market at Kuala
Lumpur Wholesale Market that imported the arrowroot
from Thailand. Glycerol and sorbitol provided by R&M
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Fig. 2. Image of arrowroot

Chemical and is distributed by Evergeen Engineering and
Resources in Malaysia. Plasticizers were used to influence
the hydrophilicity, water vapor permeability and mechani-
cal strength of the film [15]. Moreover, glycerol was added
to reduce brittle nature and fragility of non-plasticized AS
films [14]. In addition, the application of glycerol as a plas-
ticizer could decrease intermolecular forces and increase
the mobility of biopolymers, consequently improving the

Arrowroot starch
(AS)

Fig. 3. Process of AS extraction

Sedimentation
for 12 hours

creation of a more pliable and flexible edible film [16]. A 1:1
mix of 30 wt% blended glycerol and sorbitol (w/w, starch
basis) was used. The arrowroot is depicted in Figure 2.

Sample preparation
Arrowroot starch extraction

The first stage involved the selection of fresh arrow-
roots, peeling, and cutting them into small parts. The
resulting pieces were then blended with a Toshiba coun-
tertop blender with the presence of distilled water ina 1:2
(m/m) ratio of rhizome to water for 5 min to obtain a uni-
form slurry. This slurry was filtered through a double-
layered cotton cloth to separate the fibrous residue from
the starch-rich extract [17]. To ensure maximum starch
recovery, the residue was rinsed three times with dis-
tilled water, facilitating fiber removal. The filtrate was
lett undisturbed for approximately 12 hours to allow the
starch to settle [18]. Once sedimentation was complete,
the excess water was decanted, and the collected starch
was dried in an air-flow oven at 60°C for four hours.
Figure 3 shows the process of AS extraction.

Arrowroot nanocrystalline cellulose extraction

As highlighted by Tarique ef al., arrowroot tubers
are composed of two fiber types, namely arrowroot
bagasse fiber (ABF) and arrowroot husk fiber (AHF) [14].
However, Rosli et al. reported that ABF has a higher cel-
lulose content (45.97%) compared to AHF (37.35%) [19].
Based on this, the present study focused exclusively on
extracting nanocellulose from ABF due to its superior cel-
lulose content.

Arrowroot nanocrystalline cellulose was produced
through acid hydrolysis following the method outlined

Blending

Filtering



132

POLIMERY 2026, 71, nr 2

Lubasiowicz
IChe

Arrowroot fiber Dryng with 60°C

for 12 hours

Arrowroot
nanocrystalline
cellulose (ARNC)

Fig. 4. Process of ARNC extraction

Freeze drying

by Ilyas et al. [20]. In this process, cellulose was treated
with a 60 wt% H,SO, solution at 45°C for 45 min, which
was determined to be the optimal reaction time. The ratio
of cellulose to acid solution was maintained at 5:100 (wt%)
(5 g cellulose to 100 g H,SO,). After hydrolysis, the sample
was purified by centritugation at 6,000 rpm for 10 min at 8%,
repeated five times to eliminate residual acid. The result-
ing suspension was then dialyzed with distilled water
until a stable pH was achieved. Subsequently, the sample
underwent sonication for 30 minutes, followed by freeze-
drying, and was stored under cool conditions. The overall
extraction process of ARNC is illustrated in Figure 4.

Preparation of biopolymer nanocomposite film

Biopolymer nanocomposite films were fabricated
using the conventional solution casting technique. An

180 mL distilled
water

10 g arrowroot
starch

AS/ARNC
nanocomposite film

Fig. 5. Biopolymer film preparation process

Pulverising

sonication

Gelatinization
process

Air ow oven
40°C for 24 hours

Alkalanization
and bleaching

' Acid hdrolysis
Centrifugation

aqueous suspension of ARNC was first prepared by dis-
persing ARNC at concentrations ranging from 1 to 3 wt%
in distilled water. The film-forming solution of AS was
obtained by dissolving 10 g of AS in 180 mL of distilled
water. A plasticizer mixture comprising glycerol and sor-
bitol (30% w/w of starch, in a 1:1 ratio) was then incorpo-
rated into the solution under continuous stirring while
heating at 80°C for 15 min. After heating, the suspension
was allowed to cool, and 50 g of the film-forming solution
was poured into petri dishes (13 cm diameter).

The films were dried in an oven at 40°C for 24 h. Pure AS
films without ARNC were prepared as AR/ARNCO, while
the nanocomposite films containing 1 wt% and 3 wt%
ARNC were denoted as ARNCI and ARNCS3, respec-
tively. Following drying, the films were conditioned at
25°C for 24 h, carefully peeled from the dishes, and sub-
sequently stored at 25£3°C and 52% relative humidity for

1.5 g glycerol

1.5 g sorbitol

Film forming
solution 50 g



wee:  POLIMERY 2026, 71, nr 2

133

Tablel Composition of AS/ARNC films

Sample AS g ARNC, wt% Sorbitol, wt% Glycerol, wt% Distilled water, mL
AS/ARNCO 10 0 15 15 180
AS/ARNC1 10 1 15 15 180
AS/ARNC3 10 3 15 15 180

one week prior to characterization. Figure 5 illustrates the
preparation process of AS/ARNC films, and the composite
formulations are summarized in Table 1.

Characterization
Mechanical properties

The tensile behaviors of biocomposite samples were
evaluated at room temperature using an Instron 3366 ten-
sile machine following the ASTM D882-02 standard. The
samples (70 x 10 mm?) were properly fixed between tensile
clamps as suggested by Tarique ef al. [21]. For this test, 3
specimens were test based on the different nanocellulose
loading (0, 1, 3 wt%). The gauge length of the samples was
initially set to 30 mm, with the testing machine crosshead
speed maintained at 2 mm/min. Tensile strength, Young's
modulus, and elongation at break were measured for five
replicates of each specimen. The mechanical properties
were determined based on the average values of these mea-
surements. The collected data were subsequently tabulated
and analyzed following the completion of the experiment.

Morphology

The surface structure of the film was analyzed by field
emission scanning electron microscopy (FESEM) using
a FESEM JEOL JSM-7800F instrument. The fracture sur-
face resulting from the tensile test was used to evaluate
the film’s microstructure.

Physical properties

A micrometer (Mitutoyo-co, Kawasaki, Japan) with
a precision of 0.001 mm was used to measure the thick-
ness of the biopolymer composite film. The thickness of
each biopolymer film replicate was determined using
the ASTM method F2251 then the mean value was cal-
culated to obtain the actual thickness. The density of the
film samples was determined using XS205 Mettler Toledo
balance densimeter followed ASTM D792-00. Firstly, the
sample was measured to 2 x 2 cm and recorded in air
using the XS205 balance. A glass container was then filled
with ethanol, and the sample was immersed completely
ensuring no air bubbles adhered to its surface. The sam-
ple’s submerged mass was measured using the balance’s
built-in density determination function. The balance cal-
culated the density based on the mass difference and the
known density of ethanol at the test temperature. The
displayed density value was recorded, and adjustments

were made for any temperature variations, as necessary.
The test was repeated three times for each different load.

Water contents

The moisture content of the film samples was deter-
mined following ASTM D664-07. Three replicates of each
sample were prepared and weighed to obtain their ini-
tial mass (M). The samples were then dried in an oven at
105°C for 24 hours and reweighed to obtain the final mass
(M). The percentage of water content (W) was calculated
using Equation (1):

W.[%] = (%) - 100 1)

where W_is the moisture content, M. is the initial mass of
the sample, and M._is the final mass of the sample.

RESULTS AND DISCUSSION
Physical properties
Thickness of biopolymer nanocomposite film

The thickness measurements of AS/ARNC films demon-
strate minor variations in response to various nanocellu-
lose loadings. The AS/ARNCO sample with 0% nanocellu-
lose, has a thickness of 0.163 mm. The thickness of the film
with 1% nanocellulose content (ARNCI) is slightly larger
and is 0.169 mm, while the thickness of the film with 3%
nanocellulose content (ARNC3) is 0.176 mm. This demon-
strated that the film was slightly thickened by the addition
of nanocellulose at lower concentrations, as these differ-
ences suggest that the biopolymer matrix facilitates better
packing and integration. However, the increased thickness
at higher concentrations resulted from the accumulation
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Fig. 6. Thickness with different AS/ARNC biopolymer nano-

composite film
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Fig. 7. Density with variety of AS/ARNC biopolymer nanocom-

posite films

and dispersion of nanocellulose fibers within the matrix,
resulting in a slightly higher film density [22]. This slight
increase in thickness at higher nanocellulose loading
does not significantly detract from the film’s overall per-
formance but should be considered in applications where
precise thickness control is essential [23]. Figure 6 shows
thickness of AS/ARNC biopolymer nanocomposite films.

Density

The density of the films increased with the rising con-
centration of ARNC loadings. Films with higher concen-
trations of ARNC loading demonstrated higher density
compared to those with lower concentrations. The AS/
ARNCO film has the lowest density which is 1.48 g/cm?
while the highest density is 1.60 g/cm® for ARNC3. This
is due to the chemical properties of the nanofiller, which
features an abundance of hydroxyl groups on the large
surface area of ARNCs [24]. These hydroxyl groups facili-
tate strong interactions during film processing. As these
strong interactions among ARNCs were partly disrupted,
new, strong interfacial adhesion formed between the
ARNC and the AS matrix film [25]. This occurs because
nanocellulose fills the interstitial spaces between bio-
polymer molecules, effectively reducing voids and com-
pacting the material [26]. The densification process is cru-
cial for enhancing the mechanical properties of the film.
Generally, as the volume decreased the density of the bio
nanofilms increased [27]. Apart from that, this increase
in density could potentially lead to improved durability
and stability of the films [28]. Figure 7 shows density of
AS/ARNC biopolymer nanocomposite films.

Water content

The trend indicates that as ARNC loading increases,
the percentage of water content decreases. The water
content of the AS/ARNCO sample, which has no presence
of nanocellulose is 14.29%. This value decreases slightly
to 13.98% with a 1 wt% nanocellulose loading (ARNC1)
and further to 13.16% with a 3 wt% nanocellulose load-

—
o

Water content, %
-

'S
1

Control AS/ARNC1 AS/ARNC3

Fig. 8. Water content in AS/ARNC films

ing (ARNC3). This decrease in water content implies that
the film’s moisture resistance is improved by ARNC. This
impact is a result of several variables. Nanocellulose’s
high aspect ratio and strong hydrogen bonding capabil-
ity are expected to result in a denser and more tightly
packed film structure, lowering free volume and poros-
ity besides limiting the regions where water molecules
might reside [29]. Furthermore, even though nanocellu-
lose is hydrophilic, adding it might make the composite
less hydrophilic overall and increase its hydrophobicity
[30]. Moreover, a network of nanocellulose could prevent
the flow of water molecules through the film by acting as
a physical barrier. Figure 8 shows the water content with
different AS/ARNC biopolymer nanocomposite films.

Tensile properties

The bar chart presents the influence of nanocellulose
loading on the tensile strength of AS-based films. The AS/
ARNCO film, consisting solely of AS without any rein-
forcement, showed the lowest tensile strength of 2.5 MPa.
With the addition of 1 wt% ARNC (AS/ARNCI), the ten-
sile strength increased to 3.4 MPa, demonstrating a marked
improvement in mechanical properties. This enhancement
is primarily associated with the reinforcing role of nanocel-
lulose, which facilitates more efficient stress transfer within
the polymer matrix owing toits high aspect ratio and strong
hydrogen bonding interactions with starch chains [31].

Further reinforcement with 3 wt% nanocellulose (AS/
ARNCS3) results in the highest tensile strength of 4.3 MPa.
This shows a progressive strengthening effect with increas-
ing nanocellulose content, suggesting that higher loadings
contribute to improved rigidity and network formation
within the starch matrix [32]. The error bars indicate repro-
ducibility of the measurements, and the trend confirms that
the incorporation of nanocellulose significantly enhances
the tensile properties compared to the AS/ARNCO.

The results demonstrate that ARNC acts as an effective
reinforcement agent for starch-based films, with tensile
strength increasing proportionally to nanocellulose load-
ing. This highlights the potential of such biocomposite
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Fig. 9. Tensile strength of AS/ARNC films

films for applications requiring improved mechanical
stability [33]. Figure 9 shows tensile strength of different
AS/ARNC loadings.

Young’s modulus

The bar chart illustrates the effect of ARNC load-
ing on the stiffness of arrowroot starch-based films, as
expressed by Young’s modulus. The AS/ARNCO sample,
without ARNC reinforcement, exhibited the highest
modulus value at 65.7 MPa, indicating that the neat starch
film is rigid and brittle. This high stiffness corresponds
with its low elongation at break, as starch films tend to
resist deformation but fail quickly under stress [34].

When 1 wt% ARNC was incorporated into the matrix
(AS/ARNCI), the Young's modulus decreased to 49.9 MPa.
This reduction suggests that the addition of nanocrystal-
line cellulose reduced the stiffness of the film, making it
less brittle and more flexible. The ARNC likely disrupted
the dense starch molecular packing by introducing new
interactions between the starch and cellulose nanocrys-
tals, allowing greater polymer chain mobility [35].

At a higher loading of 3 wt% ARNC (AS/ARNC3),
the modulus further decreased to 32.5 MPa, represent-
ing a substantial drop in stiffness compared to the AS/
ARNCO. The results reveal an inverse relationship
between elongation at break and Young’s modulus [36].
While ARNC reinforcement significantly enhanced flex-
ibility and ductility, it simultaneously reduced stiffness
[37]. This indicates a trade-off in mechanical proper-
ties, where higher ARNC loading favors flexibility and
toughness at the expense of rigidity [38]. Figure 10 shows
Young’s modulus of AS/ARNC films.

Elongation at break

Fig. 11 shows the effect of ARNC loading on the elon-
gation at break of arrowroot starch-based films. The
AS/ARNCO sample, without any ARNC reinforcement,
exhibited the lowest elongation at break (13.4%), indicat-
ing poor flexibility and ductility of the neat starch film.
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Fig. 10. Young’s modulus of AS/ARNC films at different load-

ings

This brittleness is typical of starch-based films due to
their rigid polymer chains and weak molecular interac-
tions [39]. Upon the addition of 1 wt% ARNC (AS/ARNC1),
the elongation at break increased significantly to 38.9%.
This improvement demonstrates that ARNC acted as an
etficient reinforcing agent, promoting better stress trans-
fer and enhancing the flexibility of the starch matrix [40].
The nanocrystalline cellulose likely disrupted the strong
intermolecular hydrogen bonding among starch mole-
cules, thereby allowing greater molecular mobility and
ductility [41]. Further increasing the ARNC loading to
3 wt% (AS/ARNC3) resulted in the highest elongation
at break value of 45%. This indicates that a higher con-
centration of well-dispersed ARNC improved the struc-
tural integrity of the film by forming a reinforcing net-
work that allowed better distribution of applied stress.
However, the improvement also suggests that at this con-
centration, agglomeration did not critically hinder flex-
ibility, which is consistent with the FESEM observations
where some agglomeration was present but not domi-
nant [42].

Table 2 shows that the tensile strength of ARNC-
reinforced AS is 2.47-4.31 MPa, which is higher than
that of glycerol-reinforced AS, but significantly lower
than the tensile strength of arrowroot, poly(vinyl alco-
hol) (PVA) and polyhydroxyalkanoate (PHA) composites,
which typically exceed 11 MPa. The elongation at break of

50
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Elongation at break, %

10 A

0

Control AS/ARNC1
Fig. 11. Elongation at break of AS/ARNC films

AS/ARNC3
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Table2. Comparison of mechanical properties of various composites

Composite Tmil;&)t;ength Elongatic;z atbreak | Young” 1st[r[)):;oduh:.s Ref.
Arrowroot fiber reinforced AS 24-152 6.2-46.6 52-1072 [21]
Polyvinyl alcohol (PVA) reinforced AS 11.8-18.5 17.5-184.3 - [43]
AS reinforced glycerol 2.15-2.68 41.0-62.9 - [43]
Polyhydroxyalkanoate (PHA) reinforced AS 11.8-18.5 17.5-184.3 - [44]

gelomeratio

Fig.12. FESEM images of AS/ARNC films: a) AS/ARNCO, b) AS/ARNCI, ¢) AS/ARNC3, magnification x10,000

ARNC-reinforced AS ranges from 13.4 to 45 MPa, which
isin the same range as for arrowroot/AS systems and par-
tially in the lower half of the PVA and PHA range, result-
ing in moderate elasticity but not as ductile as glycerol-
reinforced AS. The Young’s modulus, from 32.5 to 65.7
MP%4, is significantly lower than that of arrowroot rein-
forced AS, demonstrating that the tested material is less
stiff and more flexible, which is also typical for flexible
films made of nanocellulose.

Microstructure analysis

Figure 12 shows FESEM micrographs results with
10,000 magnifications of ASJARNC nanocomposite films.
In Figure 12a, distinct cracks are visible on the surface
of the film. The presence of these cracks indicates brit-
tle fracture behavior within the material, which is com-
monly associated with poor interfacial bonding between
the ARNC and the starch matrix. When stress is applied,
insufficient adhesion prevents effective stress transter
from the matrix to the nanocrystals, causing localized
stress accumulation that eventually initiates cracks [45].
These cracks can propagate further, compromising the
mechanical integrity of the film and leading to a reduc-
tion in tensile strength and durability [46].

In Figure 12b, both individual ARNC particles and
agglomerated regions are observed. The well-dispersed
ARNC particles provide reinforcement to the matrix,
enhancing stiffness, tensile strength, and barrier perfor-
mance of the composite [47]. This beneficial effect is due
to the high aspect ratio and crystallinity of the nanocrys-

tals, which allow them to act as efficient stress carriers
[48]. However, the agglomerated clusters of ARNC high-
light an issue of poor dispersion, often resulting from
strong hydrogen bonding interactions between the nano-
crystals [49]. These clusters act as stress concentrators,
creating weak points in the structure that can initiate
microcracks and reduce the uniform stress distribution
within the film [50].

In Figure 12¢, larger agglomerates of ARNC are more
apparent, along with individual nanocrystals distributed
across the surface. The presence of such agglomeration
further suggests incomplete dispersion during film prep-
aration, which can negatively affect the homogeneity of
the composite [51]. While some reinforcement effect is
still expected from the well-dispersed ARNC, the larger
clusters reduce the overall efficiency of reinforcement
by creating defects that may lead to mechanical failure
under load [52]. These observations imply that further
optimization of the dispersion process, possibly through
surface modification of ARNC or improved mixing tech-
niques, is required to achieve a more uniform structure
and improved mechanical performance of the film [53].

CONCLUSIONS

The addition of ARNC was shown to improve the
physical and mechanical properties of arrowroot starch-
based biopolymer films. An increase in film density was
observed, while water absorption decreased, thereby
increasing moisture resistance. The films showed a sig-
nificant increase in tensile strength (from 2.5 to 4.3 MPa).
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At the same time, the films exhibited greater flexibility
and ductility, as the elongation at break increased from
13.4% to 45%, and Young’s modulus decreased from 65.7
MPa to 32.5 MPa. FESEM analysis indicated that ARNC
is an effective reinforcing agent, but its agglomeration at
higher concentrations can pose a challenge to achieving
a uniform film structure. Taken together, these results
indicate the potential success of ARNC as a natural rein-
forcing material to produce sustainable biopolymer films
with high strength, durability, and barrier properties in
various applications.
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