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ABSTRACT: This review draws attention to the innovative use of arrowroot (Maranta arundinacea) fiber as a unique
and underutilized biomass source for nanocrystalline cellulose (NCC)-based nanocomposites, presenting a noteworthy
alternative to extensively researched materials like wood pulp, bacterial cellulose, and chemically modified NCCs.
In contrast to traditional sources, arrowroot possesses a naturally elevated cellulose and diminished lignin content,
facilitating more effective NCC extraction requiring reduced chemical input and enabling environmentally friendly
processing techniques. The review evaluates the performance of arrowroot-derived nanocomposites against systems
documented in the literature, including NCC-based shape memory composites and nanoparticle-reinforced films,
demonstrating enhanced tensile strength, improved moisture barrier properties, and thermal stability, as well as
potential piezoelectric response. This study recognizes arrowroot as a viable option in the biomass-based nanocellulose
sector, providing ecological and functional benefits while tackling significant issues such as process scalability and
feedstock variability, thereby offering important insights for the advancement of sustainable materials.

KEYWORDS: Arrowroot fiber; nanocomposite films; bio-based materials; nanocrystalline cellulose; biodegradable
packaging

1 Introduction

Natural fiber-based composite films have emerged as promising alternatives to traditional petroleum-
based plastics due to their biodegradability, renewable nature, and minimal environmental impact. These
composites are typically fabricated by integrating natural fibers, such as cellulose, hemp, jute, or flax, with
biodegradable polymers to produce materials with enhanced mechanical and functional properties. Their
use spans a wide range of applications, including packaging, automotive components, and construction
materials, driven by global efforts to reduce carbon footprints and combat plastic pollution [1,2]. A key
advantage of natural fiber composites is their inherent ability to improve the mechanical strength and
thermal stability of biopolymer matrices without compromising their biodegradability. These materials
also exhibit excellent barrier properties against gases and moisture, making them particularly attractive
for food packaging applications [3]. Furthermore, advancements in nanotechnology have enabled the
extraction of nanocellulose from these fibers, offering superior reinforcement capabilities in nanocomposite
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films [4]. Arrowroot fibers, extracted from the rhizomes of Maranta arundinacea as shown in Fig. 1, present
considerable promise as a sustainable material due to their distinctive properties. Rich in cellulose, with
lower lignin content, these fibers are lightweight, renewable, and have a favorable stiffness-to-weight ratio
and adequate tensile strength (280-320 MPa) compared to high performance natural fibers such as jute
(400-800 MPa) and flax (500-1500 MPa), making them suitable for composite reinforcement applica-
tions [5]. Their fine microstructure facilitates efficient processing and uniform dispersion within polymer
matrices, enhancing film homogeneity and performance [5].

Figure 1: Arrowroot (Maranta arundinacea) rhizomes used as raw material for nanocellulose extraction

The availability of arrowroot in tropical and subtropical regions, where it is cultivated as a food crop,
makes these fibers both cost-effective and readily accessible [6]. Furthermore, they can be processed using
sustainable extraction techniques [7], reducing chemical consumption and waste generation aligning with
broader sustainability goals [8]. As a result, arrowroot fibers are increasingly explored for applications such as
biodegradable packaging, agricultural films, and other environmentally friendly products [1,5]. Despite their
potential, the application of arrowroot fibers in nanocomposite film production remains underexplored. This
is not merely due to their early-stage investigation, but rather reflects a significant opportunity to valorize
an abundant, underutilized biowaste stream with promising cellulose content, excellent biodegradability,
and regional availability in tropical and subtropical areas. Further exploration is critical to unlock their full
potential for scalable, low impact bio-based materials in packaging, electronics, and biomedical fields. This
review provides a comprehensive overview of arrowroot fiber-based nanocomposite films, examining their
properties, processing methods, challenges, and future opportunities in the realm of sustainable materials.

2 Properties and Characteristics of Arrowroot Fibers
2.1 Chemical Composition and Structural Advantages

Arrowroot fibers are gaining attention as a renewable material source due to their high cellulose
content and favorable structural properties. The fibers consist mainly of cellulose (approximately 60%-75%),
hemicellulose (10%-20%), lignin (5%-10%), and minor constituents such as ash, pectin, and waxes [9].
The high cellulose content is beneficial for reinforcement purposes, particularly in starch-based biopolymer
matrices, as it contributes significantly to mechanical strength, stiffness, and film-forming ability [10].
Structurally, arrowroot fibers have a fine and smooth surface morphology, which promotes good dispersion
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and distribution within composite matrices during film fabrication. Their relatively low lignin content,
compared to fibers like jute or hemp, also allows for easier chemical and mechanical processing, including
nanocellulose extraction [5].

Arrowroot-derived nanowhiskers exhibit a high aspect ratio (length-to-diameter), a key factor in
enhancing reinforcement efficiency in nanocomposites. Reported dimensions range from 120-160 nm in
length and 3-4 nm in diameter with aspect ratios reaching up to 46 [11]. This high aspect ratio makes
them particularly effective as a nanoscale reinforcing phase. Arrowroot nanocrystalline cellulose (ANCC)
retains the native cellulose I crystalline structure post-processing and demonstrates notable thermal stability,
both critical for applications requiring durability and heat resistance. Moreover, ANCC has been shown
to significantly enhance the mechanical performance of biopolymer films, improving tensile strength,
elongation at break, and stress distribution [9]. In starch or biodegradable polymer matrices, the addition of
ANCC increases notably a 72% increase in tensile strength [6].

Thermally, arrowroot fibers begin to degrade at approximately 200°C-220°C, making them well-
suited for low temperature film processing methods such as solution casting and melt blending. Their
hydrophilic nature attributed to the abundance of hydroxyl groups in cellulose and hemicellulose enables
strong hydrogen bonding with hydrophilic biopolymers like starch, thereby enhancing interfacial adhesion

in composite systems [3]. These structural and chemical characteristics support the development of fully
biodegradable and functional films for packaging and other sustainable applications.

2.2 Comparative Analysis with Other Natural Fibers

Compared to widely studied natural fibers such as jute, flax, banana, and hemp, arrowroot fibers offer a
balanced combination of mechanical performance, processing simplicity, and environmental sustainability,
as summarized in Table 1. While fibers like flax and hemp are typically favored for their superior tensile
strength and stiffness making them suitable for load-bearing or structural applications arrowroot fibers
are better suited for applications where biodegradability, flexibility, and simple processing are essential.
These characteristics make arrowroot particularly promising for non-structural uses such as biodegradable
films, packaging, and disposable products, where environmental compatibility is a priority over mechanical
strength [5]. A distinguishing advantage of arrowroot is its lower lignin content and fine fiber size, which
enable more efficient extraction of nanocellulose. In contrast, fibers like jute or coir require more aggressive
chemical treatments to achieve similar levels of refinement, leading to higher energy consumption and
chemical waste [2].

Table 1: Comparative properties of arrowroot and other natural fibers

Properties Arrowroot Banana Cassava Jute Flax
Cellulose (%) 60-75 60-65 55-65 61-71 65-85
Hemicellulose (%) 10-20 12-20 10-22 13-20 12-20
Lignin (%) 5-10 5-19 12-16 12-13 1-4
Tensile strength (MPa) 280-320  355-430  150-250 400-800  500-1500
Density (g/cm?) ~1.45 1.35-1.50  ~1.42 ~1.50 1.40-1.50
Elongation at break (%) 3-4 1.0-1.5 1.5-2.5 1.5 ~2.7
Reference (9] [10,12] [13-16] [17,18] [19]

Note: Tensile property values are taken from cited studies using ASTM D3822 (single fiber) [20], ASTM D3379
(technical fibers) [21], ISO 5079 (fiber bundles) [22], as reported. The values indicate whether measurements were for
single fiber, technical fibers, or fiber bundles, which can produce different results.



4 ] Renew Mater. 2026;14(2):1

Moreover, the thermal stability of arrowroot fiber composites is comparable to that of other starch-
based systems, but with enhanced barrier and mechanical properties when nanocellulose is incorporated [1].
Additionally, the cultivation and harvesting of arrowroot plants demand fewer chemical inputs, and the
crop can be grown on marginal lands, making it a more sustainable and accessible resource in tropical and
subtropical regions [6]. This local availability supports rural economies and reduces dependence on imported
fibers, which often involve higher production costs and carbon footprints. In summary, while arrowroot
fibers may not replace high strength fibers in advanced engineering applications, they represent a promising
alternative for the production of bio-based films, especially when processed into nanocellulose. Their
compositional and structural benefits make them suitable for packaging, agriculture, and biodegradable
consumer products.

3 Isolation and Processing Techniques for Nanocrystalline Cellulose (NCC)
3.1 Conventional Acid Hydrolysis Techniques

Nanocrystalline cellulose (NCC), also referred to as cellulose nanocrystals (CNC), can be extracted
from various lignocellulosic feedstocks, including wood pulp, agricultural residues, and natural fibers
such as sisal, jute, root and tubers [23-26]. The conventional extraction of nanocellulose commonly uses
strong acid hydrolysis to decompose the amorphous regions of cellulose, resulting in rod-like crystalline
nanocellulose [27]. Sulfuric acid hydrolysis has been utilized on arrowroot fiber waste to produce cellulose
nanowhiskers, resulting in crystals exhibiting high thermal stability, crystallinity, and an aspect ratio similar
to those derived from wood or cotton [11,28]. Conventional methods typically necessitate the use of
highly concentrated acids (60%-65% H,SO,) and involve prolonged processing, which is subsequently
accompanied by extensive washing and the process of neutralization as shown in Fig. 2. This process is
time-consuming and environmentally burdensome due to the significant volumes of acid, chemical handling
safety, and water required [29-31].

Despite these limitations, sulfuric acid hydrolysis remains widely adopted due to its efficiency and
reproducibility [23,28,31]. Recent advancements in process optimization have concentrated on adjusting acid
concentration, temperature, and duration to enhance yield while reducing cellulose degradation. Through
precise control of these parameters and the application of pretreatments, such as alkali and bleaching
to eliminate lignin and hemicellulose, researchers can achieve NCC with elevated crystallinity and yield
[25-27]. One study on arrowroot fibers examined different hydrolysis conditions and demonstrated that
the resulting NCC exhibited aspect ratios along with thermal behavior comparable to NCC derived from
conventional sources [11]. Aigaje et al. [32] highlight the feasibility of utilizing natural fiber feedstocks to
produce NCC.

3.2 Green and Emerging Extraction Methods

Conventional acid hydrolysis, while widely used for the isolation of NCC, is often constrained by
environmental and scalability challenges, including high chemical consumption, long processing times,
and low yields. In response, sustainable extraction techniques have been developed to enhance efficiency
while reducing ecological impact. These approaches aim to preserve or improve NCC yield and quality,
minimize the use of hazardous chemicals, lower energy demands, and limit waste generation. Among
these methods, steam explosion-assisted hydrolysis has shown particular promise. This process integrates
thermomechanical pretreatment using pressurized steam with subsequent mild chemical treatment. Vishnoi
et al. [29] demonstrated that NCC could be successfully extracted from sisal fibers using this technique in
combination with moderate acid/base treatment and mechanical grinding. The method not only reduced
chemical consumption and processing duration but also yielded NCC with high crystallinity and an average
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aspect ratio of approximately 12. Importantly, yields exceeded 50%, representing a substantial improvement
compared to the <30% typically achieved with sulfuric acid hydrolysis. Such advancements highlight the
potential of steam explosion-assisted hydrolysis for industrial-scale NCC production.

LR
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Figure 2: Conventional acid hydrolysis techniques for arrowroot nanocrystalline cellulose (ANCC) process

Another promising strategy involves the use of ionic liquids (ILs) and deep eutectic solvents (DES) as
eco-friendly hydrolysis media. For example, Raza etal. [33] demonstrated an IL-based hydrolysis of date palm
biomass using 1-butyl-3-methylimidazolium chloride ([Bmim]Cl) coupled with a catalytic transition metal
complex and hydrogen peroxide. This green solvent system facilitated more effective cellulose breakdown,
increasing nanocellulose yield by 25% and producing smaller particle sizes compared to ILs used without
catalysts. The recyclability of ILs and their operation under mild conditions offer significant advantages for
minimizing environmental impact and energy input.

Recent advances in enzymatic and mechanochemical techniques also highlight sustainable alternatives.
Cellulase enzymes, when used to selectively degrade amorphous cellulose, can yield NCC with relatively
controlled morphology. However, enzymatic methods alone typically produce NCC with lower aspect ratios
and broader size distributions due to their milder action [32]. Nonetheless, these processes are non-toxic
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and well-suited for integration into biorefinery systems [34]. Improvements in yield and quality have been
achieved through hybrid strategies, such as mild microwave-assisted acid hydrolysis followed by enzymatic
saccharification. This method has proven effective in enhancing enzyme accessibility to biomass such as corn
stover and teff straw, leading to increased NCC recovery [35].

Ultrasonication following acid hydrolysis has also been used to improve dispersion and reduce agglom-
eration, as shown in recent studies on ANCC [9]. Meanwhile, organic acids such as citric and oxalic acid, and
DES formulations, are being explored as viable, low-toxicity alternatives to mineral acids. While these greener
solvents are more sustainable and recyclable, they often result in lower NCC yields or require intensified
mechanical input to achieve comparable outcomes [17]. The choice of extraction method plays a pivotal
role in determining the environmental footprint of NCC production. For instance, life cycle assessments
have shown that enzymatic approaches, when optimized, possess a lower global warming potential than
conventional acid hydrolysis [32]. Agricultural residues such as banana peels and sugarcane bagasse are also
being tapped as renewable feedstocks, further reducing biomass waste and enhancing economic value [11,29].

Despite the progress, several challenges remain for the industrial implementation of green solvents
like ILs and DES. These include high material costs, limited commercial availability, solvent regeneration
complexity, high viscosity, and potential cytotoxic effects. Additionally, their scalability is limited by the
requirement for specialized recovery systems and energy-intensive processes. Therefore, while these green
methods offer reduced environmental impact at the laboratory scale, their transition to industrial settings
will require further techno-economic evaluation, process optimization, and integration with circular man-
ufacturing strategies. While conventional acid hydrolysis remains widely used due to its ability to produce
high-quality NCC, emerging green technologies are gaining traction for their potential to reduce chemical
waste and support cost-effective, large-scale production. The ongoing development of sustainable, high-
yield NCC isolation methods, combined with renewable feedstocks and reagent recycling, brings the goal of
environmentally responsible nanocellulose manufacturing within reach.

As shown in Table 2, the choice of method for NCC extraction has significant implications for yield,
crystallinity, cost, environmental impact, and scalability. Sulfuric acid hydrolysis remains widely used due to
its relatively high yield (40%-65%) and crystallinity index (70%-85%), although concerns over acid disposal
and corrosivity pose environmental and operational challenges. Enzymatic hydrolysis offers a greener alter-
native, with biodegradable byproducts and low toxicity, but its high cost and limited scalability, due to slower
reaction times and enzyme sensitivity, restrict its broader industrial use. Ammonium persulfate emerges
as a more balanced option, with moderate yield and crystallinity, lower toxicity, and better environmental
performance. Meanwhile, TEMPO-mediated oxidation delivers the highest crystallinity (up to 90%) but
suffers from low yields, high cost, and scalability limitations due to the need for strict oxidation control.

Table 2: Comparative summary of NCC extraction methods

Method Yield (%) CrY.s tallinity Cost Env1.r0nmental Scalability References
index impact
S . Acid disposal e
Sulfuric acid hydrolysis 40-65 70-85 Moderate Moderate [36-38]
concern
Green,
. . 3 ~ . o
Enzymatic hydrolysis 30-50 60-75 High biodegradable Low [39,40]
Ammom}lm Persulfate 35-55 65-80 Low-Moderate Low toxicity Moderate [41-43]
oxidation
TEMPO-mediated 20-40 80-90 High Requires Low [43-45]

oxidation oxidation control
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4 Development of Nanocomposite Films

The fabrication of nanocomposite films incorporating NCC generally involves two principal techniques:
solution casting and melt processing, each with distinct advantages and limitations depending on scale,
polymer compatibility, and processing constraints.

4.1 Solution Casting

Solution casting is the most widely adopted approach for biopolymer films, including those based
on starch, chitosan, alginate, and polyvinyl alcohol. In this method, the polymer is dissolved in a solvent,
typically water or ethanol, and a stable aqueous suspension of NCC is introduced under mechanical stirring
or ultrasonication to achieve homogeneous dispersion [32]. This prevents agglomeration of nanocrystals,
which commonly occurs due to hydrogen bonding. The resulting mixture is then cast into molds and dried
under ambient or controlled conditions to form a uniform film (Fig. 3). This low-temperature method avoids
degradation of heat-sensitive components and is compatible with bioactive additives. However, its scalability
is constrained by batch processing, solvent recovery needs, and extended drying durations [32].

Arrowroot starch film Oven dried at 40°Cfor 24 Film forming solution
hours

Figure 3: Schematic of ANCC nanocomposite film fabrication via solution casting

4.2 Melt Processing

Melt processing offers greater industrial scalability. In this approach, thoroughly dried NCC is incorpo-
rated into molten thermoplastics such as polylactic acid (PLA) or polycaprolactone (PCL) via extrusion or
injection molding [37]. Despite its compatibility with conventional plastic manufacturing equipment, melt
processing introduces several challenges. NCC must be thoroughly dehydrated to avoid steam generation
and structural degradation, high shear during extrusion can disrupt nanocrystal morphology, and poor
compatibility between hydrophilic NCC and hydrophobic matrices may lead to aggregation or phase
separation [29]. Surface modifications, such as acetylation or grafting of hydrophobic groups onto NCC, have
been shown to improve dispersion and interfacial bonding in hydrophobic polymer matrices like PLA and
polybutylene succinate (PBS) [32]. This promotes better matrix-filler interaction and reduces mechanical
defects associated with agglomerates.
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4.3 Nanofiller Loading and Processing Considerations

Achieving optimal NCC loading and uniform dispersion is critical. In arrowroot starch-based matri-
ces, reinforcement occurs via extensive hydrogen bonding at the biopolymer NCC interface; however,
the mechanism is strongly influenced by arrowroot’s comparatively high amylose content (20%-25%),
which is greater than in many common starches such as corn or cassava [7]. Amylose is a largely linear
a-(1—-4)-linked D-glucose polymer that exposes a higher density of accessible hydroxyl groups along its
unbranched chains compared to the branched architecture of amylopectin [46]. This linearity facilitates
closer chain-to-chain alignment and more ordered molecular packing, enabling stronger and more numer-
ous hydrogen bonds with the hydroxyl rich NCC surface. The resulting dense interfacial hydrogen-bond
network improves adhesion between NCC and the starch matrix, enhancing load transfer efficiency under
tensile stress [46]. Moreover, the higher crystallinity associated with amylose-rich matrices can anchor NCC
more effectively, providing a rigid framework for stress propagation. In contrast, amylopectin-rich starches
may limit hydroxyl accessibility for bonding, resulting in weaker interfacial interactions and less efficient
reinforcement [47].

Studies suggest ideal NCC concentrations range between 2-5 wt.%, where significant property enhance-
ments occur without excessive agglomeration [32]. Above this range, aggregation is frequently observed,
which can diminish composite performance. This clustering is often linked to exceeding the percolation
threshold, where van der Waals attractions and hydrogen-bond-driven hydrophilic interactions in aqueous
media outweigh dispersion forces, leading to nanocrystal agglomeration [48]. For example, Pires et al. [49]
observed maximum tensile performance in chitosan/NCC films at 2 wt.%, with property deterioration at
2.5% due to aggregation. To mitigate these effects, several advanced dispersion strategies have been reported.
Chemical surface modifications such as acetylation and sialylation can reduce NCC hydrophilicity and
improve compatibility with hydrophobic matrices [47]. Surfactants and compatibilizers, including polyethy-
lene glycol (PEG) and maleic anhydride-grafted polymers, can enhance interfacial adhesion and prevent
re-agglomeration [50]. Processing innovations such as prolonged ultrasonication, high-shear mixing,
in-situ polymerization, and hybrid casting methods have also been shown to improve nanocrystal distribu-
tion and delay aggregation [47,48]. These approaches can extend the effective NCC loading range beyond
5 wt.% while maintaining homogeneity, thereby maximizing the reinforcing potential of NCC in arrowroot-
based nanocomposites. Solution casting remains ideal for laboratory scale, functional film development due
to its simplicity and low-temperature compatibility, while melt processing is more viable for commercial
production, albeit with greater technical complexity. Continued optimization of NCC surface chemistry and
process control is essential to scale high-performance arrowroot nanocomposites.

5 Properties of Arrowroot-Based Nanocomposite Films

Arrowroot-based nanocomposite films reinforced with NCC exhibit significant improvements in
mechanical, thermal, barrier, surface, and functional properties. These enhancements are attributable to
the high stiffness, aspect ratio, and interfacial compatibility of the nanocrystals, particularly at optimized
loadings.

5.1 Mechanical Properties

Arrowroot-based films possess moderate yet highly customizable mechanical properties, making them
suitable for a wide range of applications. The naturally high amylose content of arrowroot starch enhances
intrinsic cohesion and flexibility, providing a baseline mechanical strength sufficient for basic packaging
needs [51]. For more demanding applications, these films can be significantly strengthened through the
incorporation of chemical modifiers, plasticizers, and nanomaterial reinforcements. Plasticizers such as
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glycerol reduce intermolecular forces within the starch matrix, allowing polymer chains to move more
freely and improving both tensile strength and elongation at break [51-53]. This adaptability is particularly
advantageous for food packaging, where durability and flexibility are required across diverse product
types [54]. Incorporating nanomaterials such as NCC, zinc oxide (ZnO), and graphene oxide can enhance
tensile strength by up to 50% compared with unreinforced films, owing to the formation of a more ordered
starch network that distributes mechanical loads more evenly and increases structural integrity [1]. NCCs, in
particular, not only improve tensile properties but also enhance barrier performance, making them attractive
for applications where oxygen permeability must be reduced [55].

The inclusion of ANCC provides additional benefits due to its nanoscale dimensions (5-20 nm diameter,
100-300 nm length), high crystallinity (>70%), and excellent dispersion, which promote effective stress trans-
fer and the formation of a percolating crystalline network. These characteristics guarantee higher reinforcing
efficacy and greater compatibility with both hydrophilic (starch, chitosan) and hydrophobic polymers (PLA,
PCL) [56]. Rice straw nanocellulose (RSNC) typically exhibits lower crystallinity (60%-65%), increased
ash content, and residual silica particles, which cause aggregation, restrict uniform dispersion, and impair
interfacial adhesion [57-61]. Although RSNC has been shown to improve mechanical strength for example,
adding 1 wt.% RSNC into starch films increased tensile strength from 3-5.2 MPa (a 76% improvement) [57].
ANCC provides more consistent reinforcement due to its high purity [59] and reduced contamination by
lignin and hemicellulose [60].

Despite these advantages, arrowroot-based films remain sensitive to ambient humidity due to their
hydrophilic nature. High moisture uptake can cause plasticization, reduce tensile strength and increase
brittleness [61]. To address these limitations, strategies such as chemical cross-linking and blending with
hydrophobic biopolymers (e.g., PLA, PCL) have been employed to improve moisture resistance while
maintaining mechanical integrity. When optimally reinforced, arrowroot films achieve a balance of flexibility,
tear resistance, and strength that positions them as viable, sustainable alternatives to petroleum-based
plastics for applications in food packaging, agricultural films, and biomedical devices. The tunability of
their mechanical and barrier properties further supports their potential as eco-friendly materials capable of
meeting diverse functional and environmental benefits.

5.2 Thermal Properties

The thermal stability of arrowroot-based films renders them suitable for many packaging applications,
with breakdown temperatures typically ranging from 200°C to 300°C [46]. This thermal behavior ensures
that the films maintain their structural integrity during both standard storage conditions and thermal
processing, such as extrusion or heat sealing. The high amylose content in arrowroot starch creates an
ordered crystalline structure that offers heat resistance until a key degradation point, contributing to its
relatively high thermal stability [1]. One of the limitations of arrowroot-based films is their relatively low
glass transition temperature (Tg), which typically ranges from 50°C-70°C. At temperatures below Ty, these
films may become brittle, posing challenges for handling and use, particularly in colder environments. This
brittleness is primarily attributed to restricted molecular mobility within the starch matrix. To mitigate
this issue, plasticizers such as sorbitol and glycerol are commonly incorporated into the film formulation.
These plasticizers disrupt intermolecular interactions among starch chains, thereby increasing polymer
chain mobility, lowering Ty, and enhancing film flexibility [57]. Another strategy to improve thermal
stability involves reinforcing the matrix with nanomaterials. The incorporation of nanofillers, such as
montmorillonite clay or nanocrystalline cellulose, helps form a more thermally stable network structure,
effectively delaying the onset of thermal degradation. ANCC improves thermal stability by introducing
heat-resistant crystalline regions into the polymer matrix, thereby increasing the onset decomposition
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temperature (>250°C) and decreasing thermal degradation rates [49]. For example, NCC dispersed in a
PVA matrix using ultrasonication increased the degradation temperature by ~13°C [62]. Additionally, NCC
restricts chain mobility, increasing the glass transition temperature (T,) and storage modulus.

On the other hand, RSNC often exhibits reduced heat stability, degrading between 200°C and
230°C [58]. Decomposition is accelerated and heat resistance is decreased by residual silica and other
inorganic impurities acting as catalytic sites. As a result, RSNC-based composites have a smaller processing
window than ANCC, which makes them less appropriate for applications requiring high heat. ANCC-
based reinforcements increase the mechanical properties and thermal stability of arrowroot films, expanding
their potential uses in fields like sterilizable biomedical materials, biodegradable dinnerware, and high-
temperature food packaging.

Apart from enhancing thermal properties, researchers have investigated hybrid films that integrate
hydrophobic biopolymers using PLA. Because of their increased thermal stability and resistance to
heat-induced deformation, these hybrids are suitable for uses such as food containers exposed to high
temperatures or biodegradable tableware. According to Goizueta [2], surface coatings containing heat-
resistant compounds have also been used to shield the films from thermal stresses resulting from extended
exposure to elevated temperatures. Future research seeks to improve the thermal properties of arrowroot-
based films using advanced cross-linking techniques and bio-based heat-resistant additives. Arrowroot films
can therefore achieve higher thermal stability without sacrificing biodegradability or mechanical flexibility,
further broadening their industrial applications.

5.3 Barrier and Moisture Resistance

Films made from arrowroot have strong oxygen barrier potential in dry environments, as indicated
by their dense, compact starch matrix that hinders oxygen diffusion. However, quantitative oxygen transfer
rate (OTR) statistics for clean arrowroot starch films under standard conditions (ASTM D3985, 23°C, 0%
RH) [63] are currently unavailable in peer-reviewed literature, with the majority of investigations reporting
only water vapor permeability. This represents an important data gap for future research. For benchmarking,
common food packaging polymers such as polyethylene terephthalate (PET) typically exhibit OTR values of
31-93 cm® m2 day ! bar™!, while representative biopolymer films range from 0.07-0.79 cm® m™2 day ' bar™
for chitosan (humidity dependent) to approximately 4.3 cm® m™2 day™! bar™! for optimized thermoplastic
starch systems. These values suggest that starch-based films can achieve excellent oxygen barrier per-
formance in dry conditions; however, without measured OTR values for arrowroot, this claim remains
qualitative and should be confirmed experimentally.

In practical packaging applications, the oxygen barrier property of arrowroot films is particularly
valuable for extending the shelflife of dry products such as cereals, nuts, and dried fruits by slowing oxidative
spoilage. Their tightly packed starch molecules form a compact matrix that restricts oxygen penetration,
making them a competitive alternative to some synthetic polymers for dry goods. Nevertheless, in humid
environments, the hydrophilic nature of starch-based polymers including those derived from arrowroot
presents challenges. High water vapor permeability (WVP) results from the strong affinity of hydroxyl
groups in starch for water molecules, which increases permeability and induces structural swelling [61].
Researchers have developed hybrid polymers incorporating hydrophobic components such as carnauba wax,
polylactic acid (PLA), or essential oils to overcome these moisture-related limitations. For example, carnauba
wax coatings have been shown to reduce moisture absorption while preserving oxygen barrier properties,
enabling their use under moderately humid conditions [3]. Essential oil nano-emulsions, such as those
containing oregano or clove oil, not only enhance water resistance but also impart antimicrobial activity,
effectively inhibiting microbial growth and extending the shelf life of perishable foods [1].
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The incorporation of nanofillers such as NCC can further enhance barrier performance. The tortuous
and dense structure formed by well-dispersed NCC significantly improves both oxygen and moisture barrier
properties. Louis et al. [58] reported that adding 1 wt.% NCC to starch films reduced the water vapor
transmission rate (WVTR) by 75%, from 1.31 x 107 to 0.31 x 10~ g-m™'-s"!-Pa”!. Although sulfate groups
introduced during NCC preparation via sulfuric acid hydrolysis may increase water affinity, the overall
network still provides effective resistance to gas and moisture permeability [64]. Additional strategies,
such as cross-linking starch chains with agents like citric acid, can modify hydroxyl groups to reduce
hydrophilicity, thereby improving water resistance and durability. Furthermore, nanocomposites reinforced
with montmorillonite clay or other layered silicates have demonstrated improved structural stability and
barrier performance under varying environmental conditions [2]. Collectively, these advancements point
out the advantages of arrowroot-based films as viable, eco-friendly packaging materials. By addressing their
inherent hydrophilicity through targeted material modifications, arrowroot films can meet diverse packaging
requirements while promoting sustainability.

5.4 Optical and Surface Properties

Arrowroot fiber-based nanocomposite films exhibit favorable optical and surface properties, as shown
in Table 3, which make them promising candidates for applications such as food packaging, transparent
coatings, and biodegradable wraps. The optical performance of these films primarily characterized by
transparency, gloss, and light transmittance is closely influenced by the dispersion quality of NCC and the
structural homogeneity of the film matrix. When NCC is incorporated at low concentrations (typically
1-3 wt.%), it enhances the polymer network without significantly scattering visible light, thus preserving high
transparency. This optical clarity is attributed to the nanoscale dimensions of NCC, which are comparable
to the wavelength of visible light, allowing it to integrate smoothly within the matrix and avoid optical
disruption [47,65]. In well processed arrowroot-based nanocomposite films, light transmittance values
exceeding 80% have been reported, supporting their use in packaging where product visibility and aesthetic
quality are essential. In addition, the optical and mechanical behavior of arrowroot starch films plasticized
with glycerol follows the same trend reported by Tarique et al. [51], increasing glycerol concentration
improves film flexibility and surface smoothness without compromising translucency.

Table 3: Summary of optical, surface, and functional properties of arrowroot-based nanocomposite films

Property Observation/Value Enhancing factors/Conditions  Reference

4.3 MPa (increased 72%
compared to control 2.5 MPa)

Tensile strength 3wt.% ANCC (6]

Glycerol plasticizer (15-45 wt.%);

2.4%-57.3% film flexibility enhanced chain mobility and

Elongation at
& increases markedly with

[51]

break glycerol loading elasticity with higher plasticizer
content
Thermal stability ~ Initial degradation 210°C; max Starch matrix reinforced with [0
(TGA) 300°C NCC
Transparency >80% light transmittance 1-3 wt.% NCC (fine dispersion) [66]
Gloss and surface  Moderate to high gloss; smooth Plasticizer addition and NCC [67]
D /
texture surface uniformity
R . Native starch; improved with
Contact angle <60° (hydrophilic nature) . [68]
coatings

(Continued)
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Table 3 (continued)

Property Observation/Value Enhancing factors/Conditions  Reference
i
Wettability Improved with surface coatings Wax blends, cross-linking (3]
control
rosll;;}filceess Low (uniform morphology) NCC dispersion with plasticizer [67]
Adhesion/printability ~ Good surface adhesion Smooth hydrophilic surface [69]

Arrowroot-based nanocomposite films typically retain high transparency (>80% light transmittance) at
low NCC concentrations (1-3 wt.%), due to the nanoscale dimension of ANCC and its uniform dispersion
within the matrix [48,66]. According to Tarique et al. [51], the addition of glycerol (15-45 wt. %) greatly
increases film flexibility and surface smoothness by enhancing polymer-chain mobility while maintaining
high translucency. Plasticizers enhance surface smoothness and flexibility, while nanocellulose contributes
to uniform morphology and reduced roughness [67,69]. Nevertheless, their hydrophilic surface results in
low contact angles (<60°), limiting their use in moisture-sensitive applications [64]. Surface modification
strategies such as waxing and cross-linking have been explored to reduce wettability and improve film
durability [3].

Surface properties, including surface roughness, hydrophilicity, and contact angle, play a critical role
in film performance, particularly in adhesion, printability, and water resistance. The incorporation of
plasticizers like glycerol reduces brittleness and improves the surface texture by increasing polymer chain
mobility, resulting in smoother, more flexible films [67]. In addition, nanocellulose contributes to surface
uniformity through strong hydrogen bonding with the starch matrix, leading to a denser structure with fewer
surface irregularities [69]. However, due to the hydrophilic nature of starch and cellulose, these films tend to
exhibit low water contact angles (typically <60°), which limits their use in moisture-sensitive applications.
Surface modifications such as waxing, cross-linking, or incorporation of hydrophobic biopolymers have
been shown to reduce wettability and improve barrier performance [68]. Overall, the optical and surface
qualities of arrowroot nanocomposite films can be tailored by optimizing formulation parameters such
as nanocellulose content, plasticizer type, and surface treatments. These enhancements contribute to their
functional value in environmentally friendly packaging and coating applications, where both appearance and
surface stability are essential [70].

5.5 Functional and Antimicrobial Properties

ANCC:s high surface area allows it to serve as a carrier for functional agents like wax emulsions or
essential oils. Oliveira Filho et al. [66] demonstrated that edible arrowroot films reinforced with NCC and
carnauba wax nanoemulsions extended the refrigerated shelf life of strawberries by reducing moisture loss
and microbial deterioration by 40%-60%. The sustained release of mint and palmarosa essential oils added
antibacterial functionality. Other studies have incorporated ZnO, polyphenols, and conductive polymers
into NCC-based films to introduce UV resistance, antimicrobial effects, or electrical conductivity [50,58].
ZnO nanoparticles contribute to UV blocking and antimicrobial effects due to their high refractive index
and reactive oxygen species generation, respectively [6], while polyphenols improve antioxidant and antimi-
crobial resistance by disrupting microbial membranes and neutralizing free radicals [6]. Table 4 illustrates
the distinct functional enhancements provided by different additives in biopolymer films.
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Table 4: Additive effects on the functional properties of biopolymer films

. Mechanical Barrier UV Resis- Antimicrobial
Additive . . . Remarks
strength properties tance activity
I
r;;:;eseills:s Reduces water Performance depends
NCC vapor and oxygen  Limited None on good dispersion of
strength and ermeabilit nanocrystals
modulus P Y 4
Improved Nanoparticles
Slight P . , enhance both UV
ZnO . resistance to gas High High 11
improvement shielding and

and moisture . .
microbial defense

Slight Also contributes to

Polyphenols Neutral effect Moderate High . .
antioxidant properties

improvement

5.6 Piezoelectric Properties

The investigation into the piezoelectric characteristics of starch-based biopolymer films reinforced with
arrowroot-derived nanocellulose represents a notable advancement in expanding the functional scope of
bio-based nanocomposites [71,72]. Piezoelectric materials generate electrical charges when subjected to
mechanical force, and incorporating them into biodegradable matrices opens up avenues for environmen-
tally friendly, low-impact sensing devices [72,73]. In this regard, reinforcing arrowroot starch (AS) films with
ANCC has demonstrated promising potential to introduce piezoelectric behavior, making these materials
viable for use in pressure sensors, wearable devices, and energy-harvesting systems [74,75]. Table 5 presents
a comparison of the piezoelectric and mechanical properties of composite materials reported in previous
studies [73]. While inorganic piezoelectric ceramics, such as lead zirconate titanate (PZT), demonstrate
substantially higher ds3 values, arrowroot-based films offer a biodegradable and environmentally sustainable
alternative with competitive mechanical strength [76].

Table 5: Comparison of piezoelectric and mechanical properties of various composite materials

Piezoelectric Tensile
Composite material constant, d33 Reference
(MPa)
(pC/N)

Cellulose nanofibril (CNF) and MXene composite 143 +13 65.13 + 3.61 [77]
Polyvinylidene fluoride (PVDEF)-PZT composite 40 + 60.2 8.5+ 048 [78]
Piezoceramic PZT—SII used f(')r fibers with epoxy 518 & 0.6 4928 £ 8.38 [79]

resin matrix
Lead zirconate titanate-polydimethylsiloxane 155 + 1.2 6342 [80]

(PZT/PDMS) composite.

The crystalline structure of cellulose is the primary reason why it also has intrinsic piezoelectric
properties, especially cellulose I that has a non-centrosymmetic lattice [81,82]. The structural asymmetry is
imperative to piezoelectric action, in the sense that an electric polarization may be created by mechanically
deforming the object. This effect has originated in the fact that the electric dipole formed by hydroxyl (OH)
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groups as a result of the orientation of the glucose molecule chains [83,34]. By placing the dipoles under
stress, these dipoles slip into a synchronous fashion giving rise to a measurable electric charge. Result in
a macroscopic piezoelectric effect, the nanocrystals or microfibrils need to be axisionally aligned in the
polymer-matrix [85,86]. Random oriented can negate dipole contributions which give negligible overall
output. Thus, the molecular order as well as the mesoscale order is imperative to realize the piezoelectric
potential of cellulose-based materials which are also backed by numerous studies in the literature of
science [87,88].

The integration of piezoelectric functionality into biodegradable films significantly broadens their
applicability in advanced green technologies [89-91]. Traditional piezoelectric polymers, such as polyvinyli-
dene fluoride (PVDF), are non-biodegradable and environmentally persistent, limiting their sustainability
[92-95]. In contrast, arrowroot based piezoelectric films offer a renewable, eco-friendly, and non-toxic
alternative, with promising potential in areas such as smart packaging, medical diagnostics, and disposable
electronic devices [96-98]. This innovation aligns closely with the sustainability objectives emphasized in this
review [99,100]. To further improve performance, future work should focus on optimizing filler alignment
and exploring conductive additives like graphene [101]. These improvements will advance the design of
green piezoelectric materials that balance mechanical strength, electrical output, and biodegradability for
multifunctional applications [90,102].

6 Applications and Potential Uses of Arrowroot Fiber Based Nanocomposite Films

Arrowroot-based nanocomposite films represent a versatile and sustainable class of biomaterials with
wide-ranging applications across food packaging, agriculture, cosmetics, and biomedical sectors. Their
unique combination of biocompatibility, biodegradability, and functional adaptability provides significant
advantages over conventional petroleum-based polymers. In the food packaging sector, arrowroot-based
films are highly suitable due to their inherent food safety, transparency, and compostability. They have proven
particularly effective for packaging dry goods such as cereals, nuts, and dried fruits, owing to their excellent
oxygen barrier properties that help preserve freshness [1,103]. Their flexibility and clarity further make them
ideal for wrapping fresh produce like fruits and vegetables, ensuring prolonged shelf life [104]. When infused
with antimicrobial agents, these films can even function as edible packaging for cheese, meat, and baked
goods, thereby reducing food waste and enhancing preservation [105].

Another promising application is in biomedical applications [106], which represent one of the most
promising avenues for arrowroot fiber-based nanocomposites. Nanocellulose, a key reinforcement agent
derived from arrowroot starch, has demonstrated excellent structural integrity, hydrophilicity, and biocom-
patibility, making it ideal for wound dressings, scaffolds for tissue regeneration, medical implants, and drug
delivery systems as shown in Fig. 4 [107-109]. The incorporation of antibacterial nanocomposites such as zinc
oxide or silver nanoparticles further enhances their therapeutic potential by preventing infection [105,110].
Recent studies confirm their cytocompatibility, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay results show that fibroblasts maintain high viability when cultured on arrowroot gellan
scaffolds, demonstrating their non-toxic and biofriendly nature. The inclusion of gellan gum, a widely
used hydrocolloid, augments scaffold biocompatibility by reinforcing the hydrogel network and supporting
cellular attachment, proliferation, and migration [107]. Moreover, the tailored structural integrity and
viscoelastic properties of these scaffolds mimic native tissue mechanics, facilitating cellular remodeling
and integration into host tissues [108]. Collectively, these features make arrowroot-based nanocomposites
effective platforms for wound healing and soft tissue repair. In addition to these traditional biomedical
uses, nanocellulose, including ANCC, has been studied for cutting-edge uses such site-specific drug delivery
and intelligent wound dressings. Functionalized nanocellulose hydrogels, for example, can be designed to
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react to light, temperature, or pH changes, allowing for the regulated and prolonged release of medicinal
substances [106,108]. These intelligent systems expand nanocellulose’s biomedical use beyond straightfor-
ward structural reinforcement, opening the door to the development of medical devices that are both
stimuli-responsive and infection-resistant [111].

Scaffolds

Biosensors and diagnostics
/ Antimicrobial membranes

Applications

Skin tissue repair

Vascular grafts

Medical implants Drug delivery

w &

Figure 4: Applications of nanocellulose in the biomedical field

In drug delivery systems, as illustrated in Fig. 5, nanocellulose enables controlled and sustained release
of therapeutic agents by modulating diffusion pathways within the polymer matrix. Chitosan/nanocellulose
hybrids, for example, have exhibited more uniform release profiles compared to pure chitosan, particularly
when higher nanocellulose contents are incorporated [112-114]. Additionally, stimuli-responsive systems
such as bacterial nanocellulose (BNC)/sodium alginate hybrid hydrogels have shown accelerated drug release
under alkaline conditions and electrical stimulation, highlighting their potential in site-specific and smart
delivery platforms [115-118]. Such properties make arrowroot-derived nanocomposites viable candidates for
next-generation bioactive dressings and advanced pharmaceutical formulations.

Drug D

Antimicrobial %57
Molecules / *

|' o ® Ophthalmic

Administration

Oral
Cellulose + ks Administration
Nanofiber (CNF)
Subcutaneous
Administration

Transdermal
Administration

Cellulose
Nanocrystal (CNC)

Controlled and Sustained Release Systems for Drugs and Antimicrobial Agents

Figure 5: Nanocellulose-based drug delivery systems
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Aside from medical and pharmacological applications, arrowroot-based nanocomposites are increas-
ingly being regarded as industrial and smart materials. Polyurethane composites containing modified
cellulose nanocrystals, for example, have shown shape-memory behavior when exposed to light stimuli,
paving the way for possible applications in sensors, actuators, and biomedical devices [111,119]. In example,
light-induced shape-memory polyurethane composite films reinforced with modified nanocellulose exhib-
ited reversible deformation following irradiation, highlighting nanocellulose’s promise in optical and smart
material applications [111,119]. ANCC, with its high crystallinity and uniform nanoscale structure, can
be similarly tailored for such responsive systems, expanding its application beyond packaging to include
biomedical devices and advanced functional materials [120].

Reinforced films also exhibit enhanced tensile strength, flexibility, and barrier properties, making
them suitable for biodegradable laminates in electronics packaging and disposable tableware [1,104,121,122].
The promise of arrowroot fiber-based nanocomposite films as next-generation biomaterials is demon-
strated by their multifunctionality when combined. These films can satisfy the performance demands
of contemporary businesses while maintaining environmental sustainability by combining nanocellulose,
antimicrobial agents, and intelligent nanostructures [121,122]. Ongoing research focused on hybridization
strategies, surface modification, and large-scale production will be key to unlocking their full potential across
biomedical, pharmaceutical, and industrial applications [123].

6.1 Biodegradability and Recyclability Characteristics of Arrowroot-Based Films

A defining attribute of arrowroot-based films is their biodegradability, which addresses one of the most
pressing environmental challenges of our time is plastic pollution. These films break down within weeks
to months under appropriate environmental conditions, such as in composting facilities or natural soil
environments. Factors such as temperature, humidity, and microbial activity influence their degradation rate,
making them adaptable to different ecological settings [7]. This rapid decomposition alleviates the burden on
waste management systems, especially in regions struggling with inefficient recycling infrastructure. Unlike
conventional plastics, which contribute to microplastic pollution, arrowroot-based films decompose into
harmless components, eliminating the risk of long-term contamination in soil and water bodies.

Material science advancements have further improved the performance of these films. Incorporating
nanofillers, such as zinc oxide nanoparticles or cellulose nanocrystals, has enhanced their mechanical
strength and barrier properties. These enhancements make arrowroot films suitable for various applications,
including food packaging, where durability and moisture resistance are critical [1,2].

While compostability remains a key strength of arrowroot starch-based films, recyclability is not entirely
precluded. When blended with biopolymers such as polylactic acid (PLA), these composites can, in principle,
be mechanically recycled under controlled conditions. However, practical implementation is hindered by
several challenges. The inherent immiscibility between hydrophilic starch and hydrophobic PLA often results
in phase separation and poor interfacial adhesion, compromising the mechanical integrity of the recycled
material. Moreover, starch is prone to thermal degradation during repeated processing cycles, which can
degrade material quality and introduce contaminants into PLA-rich recycling streams. These limitations
necessitate the development of effective compatibilization strategies and thorough life cycle assessments
to ensure material performance and sustainability. Despite these hurdles, the ability to tailor these blends
for both end-of-life scenarios, composting and recycling, enhances their versatility and supports resource
recovery in line with circular economy principles [2].
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6.2 Mitigation of Plastic Pollution

Arrowroot-derived films present a compelling solution to the escalating plastic pollution crisis, which
severely impacts terrestrial and marine ecosystems. Unlike conventional petroleum-based plastics, renowned
for their environmental persistence and adverse effects on biodiversity, arrowroot films undergo natural
biodegradation, thereby reducing the accumulation of persistent waste in the environment [124]. Their
integration into sectors such as packaging, agriculture, and healthcare significantly mitigates the ecological
footprint of single-use plastics.

In agriculture, biodegradable mulch films derived from arrowroot starch retain soil moisture, suppress
weed growth, and decompose harmlessly after use supporting more sustainable farming practices. In food
packaging, these films extend product shelf life while offering an environmentally responsible end-of-life
option, making them attractive alternatives to conventional materials. Biopolymer-based biodegradable
films, including arrowroot variants, are gaining attention for their favourable barrier properties and eco-
friendly lifecycle [125].

However, achieving a truly circular model for arrowroot-based films requires a more comprehensive
end-of-life framework. Although these films are renewable, their recyclability remains constrained by
polymer incompatibility and thermal degradation, particularly in starch PLA hybrid systems. Consequently,
industrial composting represents the most practical circular pathway, provided that controlled aerobic
composting facilities and microbial inoculants are available to accelerate degradation. To realize this circular
vision, supportive policy measures are essential. These include incentives for compostable packaging,
the establishment of transparent bioplastic certification standards, and regulatory mechanisms to prevent
greenwashing. In parallel, the advancement of closed-loop valorization strategies such as enzymatic depoly-
merization or conversion into secondary high-value bio-based products offers a promising approach to
enhance material recovery and extend lifecycle utility.

6.3 Prospects for the Future and Developments

The next phase of development for arrowroot-based films will focus on improving their durability,
functional characteristics, and scalability. Current efforts are focused on improving water resistance, thermal
performance, and mechanical strength through nanomaterial reinforcement and crosslinking strategies.
Incorporating agents such as essential oils, silver nanoparticles, or biodegradable hydrophobic additives may
also extend shelf life and enable active packaging applications [1,66]. Hybrid systems blending arrowroot
starch with other biopolymers like PLA are being explored to overcome limitations such as moisture
sensitivity. These approaches not only expand the functional range of arrowroot films but also ensure their
relevance in sectors like food packaging, healthcare, and electronics. Efficient production methods and cost-
effective processing remain key challenges that must be addressed for wider adoption. Ultimately, these
research directions align with broader sustainability goals. Enhancing the functionality of arrowroot-based
materials while maintaining biodegradability and low environmental impact supports their role in the global
transition toward circular economy materials [61].

7 Challenges in the Development and Commercialization, Environmental and Sustainability
Considerations

Arrowroot-based films represent a promising and innovative solution to environmental challenges,
offering renewable origin, biodegradability, and a significantly reduced carbon footprint compared to
petroleum-derived polymers. Life cycle assessment (LCA) studies affirm that both the production and
end-of-life stages of these films result in substantially lower greenhouse gas emissions, supporting global
climate change mitigation strategies [46]. The extraction of starch from arrowroot is notably energy
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efficient, requiring minimal inputs and generating low levels of waste, thereby aligning with environmentally
responsible manufacturing practices. Moreover, the cultivation of arrowroot contributes to sustainability due
to its adaptability to diverse climates and minimal dependency on chemical fertilizers or pesticides, which
reduces ecological strain and supports agroecological resilience [3].

Arrowroot’s regenerative growth cycle further enhances its sustainability by enriching soil organic
matter and reducing erosion, thereby promoting long-term soil health. At the end of their life cycle,
arrowroot-based films exhibit excellent compostability, degrading into non-toxic byproducts such as water
and carbon dioxide, and eliminating the risk of persistent environmental pollution typical of conventional
plastics [1,2]. These benefits extend across the product lifecycle: from reduced fossil fuel reliance during
synthesis to responsible land use, as arrowroot can be cultivated on marginal lands without competing with
staple crops [3].

Despite these environmental advantages and promising laboratory outcomes, the commercial scalability
of arrowroot-based nanocomposite films faces practical hurdles. Variability in starch and fiber composition,
due to factors such as genotype, harvest season, and regional origin can influence nanocellulose yield and
film performance. Additionally, although green extraction methods are environmentally superior, their
industrial scalability is currently constrained by processing costs and time requirements. Therefore, achieving
commercial viability will depend on the development of robust supply chains, cost-effective valorization
strategies, and industrially adaptable processing technologies.

8 Future Perspectives and Research Directions

While arrowroot fiber-based nanocomposites hold significant promise, several research gaps need
to be addressed to maximize their potential. One major gap lies in the lack of standardized methods
for isolating and characterizing NCC from arrowroot fibers. Most studies have focused on small scale
extractions, with limited exploration of industrially scalable processes. Additionally, the compatibility of
arrowroot derived NCC with diverse biopolymer matrices remains underexplored, particularly in terms of
optimizing the interfacial bonding for enhanced composite performance. Emerging technologies, such as
green solvent systems and enzymatic treatment methods, offer opportunities to overcome these challenges.
Innovations like microwave-assisted and ultrasonic extraction techniques can improve the efficiency of NCC
isolation while reducing energy and water consumption. Furthermore, advanced computational tools, such
as molecular dynamics simulations, could provide insights into the interaction mechanisms between NCC
and polymers, aiding in the design of superior nanocomposite systems.

Achieving scalable production of arrowroot fiber-based nanocomposites requires the development
of cost effective and environmentally friendly processing technologies. Refinement of green extraction
methods such as those utilizing ionic liquids or deep eutectic solvents is essential to improve the yield
and purity of NCC. Moreover, incorporating bio-based crosslinkers and plasticizers can enhance the
functional properties of nanocomposite films while preserving their biodegradability. Another key strategy
involves fostering collaborations between academia, industry, and policymakers to create a comprehensive
framework for scaling production. Investment in pilot-scale facilities and the establishment of quality
standards for arrowroot fibers and their derivatives would ensure consistency and reliability in large-scale
applications. Integrating circular economy principles, such as recycling and upcycling of production waste,
could further enhance the sustainability of these materials. Finally, the incorporation of emerging trends,
such as additive manufacturing and three dimensions (3D) printing, could expand the application scope of
arrowroot fiber-based nanocomposites. For example, these materials could be tailored for use in complex
geometries and multifunctional designs, opening new possibilities in sectors like healthcare, electronics, and
automotive industries.



] Renew Mater. 2026;14(2):1 19

9 Conclusion

This review highlights arrowroot fiber as a technically feasible and underutilized biomass source for
the production of NCC reinforced nanocomposite films. Arrowroot presents intrinsic advantages over
commonly studied lignocellulosic sources like wood pulp, flax, or chemically modified NCCs. These
advantages include a high cellulose content, a low lignin fraction, and minimal extractives, facilitating
efficient NCC isolation through both conventional and green extraction methods. The biopolymer-based
nanocomposites demonstrate improved tensile strength, thermal stability, and moisture barrier properties,
along with potential applications in piezoelectric and sensing technologies. The characteristics presented
align positively with those documented in the literature regarding hybrid systems that integrate NCCs with
inorganic nanoparticles or grafted polymers. Challenges that remain include the scalability of processes, the
heterogeneity of raw materials, and the environmental impact linked to extraction chemistry. Addressing
these limitations through lifecycle optimization, fiber matrix interface engineering, and process intensifica-
tion is essential. This review emphasizes arrowroot-derived NCC as an innovative, renewable platform that
significantly advances high performance, sustainable nanocomposites in line with global circular economy
and material innovation objectives.
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