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Abstract

The increasing demand for sustainable packaging materials has led to growing interest in
biodegradable alternatives to petroleum-based plastics. Starch-based films are renewable and
compostable, yet their application in food packaging is limited by poor mechanical and barrier
properties. This review presents recent advances in the development of montmorillonite (MMT)-
reinforced starch films, highlighting their improved structural, thermal, and functional performance.
The mechanisms of reinforcement, intercalation, exfoliation, and network formation, are discussed
in relation to polymer—clay interactions and film morphology. Special emphasis is placed on the role
of these nanocomposites in food preservation. Case studies demonstrate their capacity to extend shelf
life by reducing moisture loss, microbial spoilage, and oxidative degradation in perishable products
such as strawberries, paneer, chicken, and litchi. Intelligent applications, such as spoilage detection
through pH-induced color changes, are also explored. Comparative tables summarize mechanical,
thermal, and barrier improvements across formulations. Finally, key challenges related to large-scale
processing, nanoparticle dispersion, compostability, and cost-efficiency are addressed. Future
research is encouraged to explore agro-industrial starch sources, green modification strategies, and
hybrid systems to enable sustainable, high-performance packaging. MMT—starch films thus represent
a promising platform for active food preservation aligned with circular economy and environmental
goals.

Keywords: montmorillonite; starch films; nanocomposites; biodegradable packaging; barrier
properties; active packaging

1. Introduction

The global demand for sustainable packaging has spurred research into biodegradable
alternatives to plastics. Starch-based films are attractive due to renewability, biodegradability, and
low cost [1], but their use is hindered by poor mechanical strength, high water sensitivity, and weak
barrier properties [2]. Nanoscale reinforcement, particularly with montmorillonite (MMT) clay, offers
improvements thanks to its layered structure, high surface area, and biopolymer compatibility [3-5].

Starch, derived from crops like corn and cassava, forms films when plasticized, yet its
hydrophilic nature yields low tensile strength (<10 MPa) and high water vapor permeability [6].
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Incorporating nanofillers such as MMT enhances mechanical, thermal, and barrier properties while
preserving biodegradability [7,8]. MMT reinforcement works through intercalated or exfoliated
structures; exfoliation maximizes polymer—clay interactions, boosting tensile strength by 40-100%
and reducing WVP [7,9-11]. MMT also acts as a nucleating agent, increasing crystallinity and barrier
performance [7,12].

Challenges persist in achieving uniform dispersion, as hydrophilic components tend to
agglomerate [13]. Surface modification (e.g., organophilization with quaternary ammonium salts)
improves compatibility [14], while processing methods, solution casting, extrusion, electrospinning,
affect morphology and properties [4,15,16]. Green modifiers like citric acid and chitosan offer eco-
friendly alternatives [4,17].

Applications of MMT-reinforced starch films include packaging, active food coatings, drug
delivery, and agricultural mulches [18,19]. In food packaging, these nanocomposites extend shelf life
by reducing oxygen and moisture permeation while remaining compostable [20,21].

2. Properties of Montmorillonite (MMT)

MMT is a key material in nanocomposites due to its structural and physicochemical features. As
the most studied smectite clay, it reinforces biopolymer matrices, notably starch-based films for
sustainable packaging [22-24]. Its crystalline structure comprises nanometer-thick platelets in a 2:1
layered T-O-T arrangement (two silica sheets around one alumina sheet), yielding flexible nanosheets
of 0.96-1.40 nm thickness and lateral dimensions up to micrometers, with aspect ratios of 100-1000
[24-26]. Figure 1 illustrates this lamellar organization and mineral composition.

MMT’s unique properties stem from isomorphic substitutions in its lattice: Mg?* often replaces
APP*in octahedral sheets, while Al3* substitutes Si** in tetrahedral sheets, creating permanent negative
charges [27-29]. These charges, compensated by hydrated cations (Na*, Ca?, K*) in interlayers,
govern swelling and polymer compatibility. Charge density ranges from 1.2-1.8 mmol/m?, with
spacing of 0.9-1.35 nm [27-29]. HRTEM reveals heterogeneous charge distribution (up to 30%
variation), influencing polymer interactions, while SAXS shows stacking disorder increases with
smaller particle size, affecting exfoliation [30,31].

Swelling behavior depends on interlayer species. XRD indicates Cloisite 30B has basal spacing
of ~1.80 nm, increasing to >2.12 nm after APTES modification, reflecting swelling and partial
delamination [32]. Similar expansions occur under aqueous conditions, critical for exfoliation in
starch matrices [32]. Exfoliated MMT nanosheets expose large surface areas (>800 m?/g theoretical),
enhancing adsorption and composite formation. Edge -OH groups provide reactive sites for
hydrogen bonding or grafting, strengthening polymer interfaces [33,34].

MMT also improves thermal stability. Native starch degrades at 250-300 °C, but MMT
incorporation raises decomposition onset temperature due to strong interfacial bonding and barrier
effects [35]. In chitosan/MMT systems, 50% mass-loss temperature increased by ~40 °C, attributed to
carbon-silicate multilayers acting as thermal insulators [36]. These findings confirm MMT’s dual role
as reinforcement and thermal stabilizer, expanding processing and application ranges for
biodegradable films.
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Figure 1. Structural organization and mineral composition of bentonite clays.
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2.1. Structure and Composition

MMT consists of two-dimensional aluminosilicate layers with atomic precision. Each ~1 nm
layer includes an AlOs octahedral sheet between two SiO, tetrahedral sheets, forming the 2:1 T-O-T
phyllosilicate structure [37,38]. Isomorphic substitutions, AlI** for Si** in tetrahedral sheets and
Mg?/Fe?* for AI** in octahedral sheets, generate permanent negative charges balanced by
exchangeable cations (Na*, Ca?", K*) and water in interlayers [37,38]. These lamellae exhibit high
surface area (250-800 m?/g) and nanometric thickness, ideal for adsorption and polymer
reinforcement [38]. Figure 1 shows MMT’s organization within bentonite clays.

Na*-MMT interlayers host cations and water forming discrete hydration states. XRD reveals
basal spacings of ~1.24 nm (1-layer), 1.51-1.56 nm (2-layer), 1.85 nm (3-layer), and up to 2.10 nm (4-
layer) under humid or saline conditions [39]. Hydration depends on ion type; Na*-MMT typically
stabilizes two to three layers. Molecular dynamics confirm that water—clay and water—cation
interactions create semi-ordered hydrogen-bond networks influencing spacing and ion mobility
[39,40].

MMT’s formula varies by source; a representative composition is
(Cagp.1aNag.02)(Al1.66Mgo.36Fe€0.04) (Siz.00Al0.10)O10(OH)2nHLO [41]. Commercial variants (Ca-MMT, Mg-
enriched Ca-MMT, Si-enriched Na-MMT) contain 55-66 wt% SiO, and 15-21 wt% Al,Os;, with
variable MgO, Fe;Os;, and CaO affecting color and reactivity [42]. Refinement via sonication and
centrifugation yields size fractions influencing toxicity —smaller particles interact more with colon
cells [42]. Acid treatment or nanoparticle incorporation enhances surface area and adsorption,
improving remediation and molecular interactions [41].

Edge surfaces exhibit amphoteric behavior due to hydroxyl groups, with acid-base properties
varying by structure [43]. At pH ~7, edges retain metal ions via surface complexation rather than
basal-plane exchange [44]. Models show =5iOH and =AIlOH; sites have variable pKa, while AFM on
kaolinite analogs suggests gibbsite-like edges shift from positive to negative charge between pH 4-9,
highlighting pH’s role in interfacial interactions [43][44][45].

2.2. Modification of MMT

MMT modification is crucial for improving compatibility and dispersion in polymer matrices,
as its natural hydrophilicity often causes aggregation and poor adhesion [46]. Figure 2 outlines major

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.0007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2026 d0i:10.20944/preprints202606.0007.v1

4 of 22

modification routes, physical, chemical, and enzymatic, and their effects on surface functionality.
Organophilization via cation exchange is widely used, replacing native cations (Na*, Ca?") with
organic surfactants like quaternary ammonium salts [22]. This increases interlayer spacing (from ~1.6
nm to 3.15 nm) and converts surfaces to hydrophobic, enhancing dispersion in nonpolar matrices
[22]. Surfactant chain length strongly influences d-spacing and exfoliation, impacting nanocomposite
performance [47]. In silicone adhesives, organophilized MMT improves dispersion, thermal
resistance, and mechanical integrity [47]. For starch-based films, moderate MMT content suffices for
mechanical and barrier gains, as excess can cause phase separation [48]. Green modifiers such as
chitosan offer sustainable alternatives, improving tensile strength, water vapor barrier, and
antimicrobial activity without synthetic agents [49]. At a chitosan-to-starch ratio of 1:3, tensile
strength rose 1.52x and WVP dropped 60.9% versus neat starch [49]. Sodium alginate with 6% MMT
also enhanced thermal stability, reduced oxygen and water permeability, and maintained
biodegradability under composting within 22 days [18].

Physical methods like ultrasonic treatment combined with elongational flow and phase
transition improve exfoliation. Ultrasonic cavitation and steam explosion generate stresses that
delaminate MMT layers, ensuring uniform dispersion [50]. Acid activation with HsPO, creates
structural defects, increases surface area, and introduces Brensted and Lewis acid sites, aiding
polymer interaction [51]. Overexposure to oxalic acid, however, dissolves Si** and Al*, collapsing
lamellae into irregular particles, underscoring the need for controlled conditions [52]. Enzyme-
assisted approaches, such as cellulase immobilization, provide eco-friendly alternatives for surface
functionalization [53]. Application-specific strategies include silane coupling agents (e.g., KH570) for
elastomeric matrices like styrene-butadiene rubber, promoting covalent bonding [54], while acid
activation remains key for tuning acidity and porosity [51].

MMT modification significantly improves starch-based nanocomposites. Ultrasonication-driven
exfoliation boosts tensile strength up to 154% [55]. Barrier properties improve via tortuous path
effects, reducing water solubility from 56% (PVA/starch) to 43% with Na-MMT [56], and lowering
WVP through exfoliated structures [57]. Thermal stability and conductivity also rise due to MMT’s
lamellar architecture acting as a heat barrier [55,56]. Challenges persist at high loadings where
agglomeration reduces performance, emphasizing optimized processing like sonication time [55].
Future work targets multifunctional nanocomposites combining mechanical, barrier, and bioactive
features for sustainable packaging [58].
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Figure 2. Overview of physical, chemical, and enzymatic modification strategies for MMT.

3. Starch-Based Films

3.1. Starch Sources

The botanical source of starch strongly affects film-forming capacity due to variations in granule
morphology, amylose/amylopectin ratio, crystallinity, and minor components like lipids and
proteins. These factors influence flexibility, strength, water resistance, and retrogradation. Cassava
starch, with low amylose (~15.5%), produces flexible films but with lower tensile strength and higher
solubility [59,60]. Corn starch (~28.7% amylose) offers better strength and moderate barrier
properties, though its lipid content can reduce crystallinity [60].

Achira starch, rich in amylose (~32%) and large granules (~59 um), shows excellent film-forming
ability [61,62]. Its balanced crystallinity, low impurities, and moderate gelatinization temperature
(~65.4 °C) enable strong polymer networks, enhancing mechanical and barrier properties —making it
highly promising for biodegradable films [63—-65]. Plantain starch (~28.2% amylose) also forms robust
films, though performance varies by cultivar and C-type crystallinity [66].

Potato starch, with B-type crystallinity and large granules, gelatinizes at ~62 °C and yields
elastic, moderately transparent films; its low lipid content may reduce cohesion unless plasticized
[67,68]. Wheat starch, with A-type crystallinity and uniform granules, provides consistent film
behavior, though strength depends on cultivar and protein content [69].
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Amylose promotes tight hydrogen-bonded networks, improving strength and reducing
permeability, while amylopectin adds elasticity but hinders crystallization [67,70]. Overall, starch
origin determines key film traits—transparency, color, swelling, mechanical resistance, and
retrogradation —critical for efficient biodegradable packaging [59,71].
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Figure 3. Overview of starch botanical sources, film processing methods, and potential food applications of
starch-MMT nanocomposite films.

3.2. Film Processing and Limitations

Film fabrication methods critically influence the physicochemical, mechanical, and barrier

properties of starch-based films. Solvent casting is widely used at the lab scale for its simplicity and
ability to produce uniform thickness, enabling complete gelatinization and incorporation of
plasticizers and additives [59,72]. It is ideal for comparing starches from different botanical origins
under controlled conditions [67]. However, its long drying times and susceptibility to humidity make
it unsuitable for industrial production [73].
Extrusion, a scalable dry process, exploits starch’s thermoplastic behavior with plasticizers like
glycerol or sorbitol. It enables continuous film formation but requires precise control of shear and
temperature to avoid degradation or retrogradation, especially in amylose-rich starches [74]. High-
amylose starches (e.g., Criolla potatoes) offer better strength but need processing aids, while high-
amylopectin starches (e.g., cassava) extrude easily but yield weaker films. Drying times vary by starch
source: cassava films (3 mm) dry in 2.3-5 h at 60 °C, while Colombian potato films may take up to 48
h at ambient conditions [73,75]. Advanced drying methods like infrared-assisted drying halve drying
times and improve optical and mechanical properties [75]. Emerging techniques —ultrasound, high-
pressure processing, and tape casting —further enhance gelatinization and film uniformity [73,74].

Despite their eco-friendly appeal, starch-based films face challenges: fragility, moisture
sensitivity, and poor gas barrier performance. Their hydrophilic nature leads to high WVP, low
contact angles, and swelling under humidity, limiting use in moist food packaging [67,72]. Brittleness
is common in low-amylose starch films (e.g., cassava), as fewer linear chains reduce hydrogen

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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bonding. Plasticizers like glycerol improve flexibility but compromise water resistance and clarity,
and may accelerate retrogradation [59,67]. Native starch films also exhibit weak oxygen and CO,
barriers and deteriorate over time due to amylose/amylopectin recrystallization [61]. Reinforcing
agents and modified starch blends mitigate these issues but do not fully overcome them, posing a
barrier to large-scale commercialization.

3.3. Reinforcement Materials for Starch Films

To address the inherent limitations of starch-based films, such as low mechanical strength, poor
water resistance, and limited barrier properties, research has focused on reinforcement strategies
using natural fibers, nanoparticles, biopolymers, and nanoclays. Natural fibers like microcrystalline
cellulose (MCC) and cellulose nanofibers (CNFs) improve compatibility through hydrogen bonding
and entanglement, significantly enhancing tensile strength and reducing permeability; for instance,
0.4% CNFs in corn starch films increased tensile strength and modulus by 80% and 170%, respectively
[72]. Inorganic nanoparticles such as TiO, and SiO: also improve strength, thermal stability, and
barrier performance. TiO; in chitosan—cassava starch composites raised tensile strength by 15% and
elongation by 100%, while reducing water adsorption through electrostatic and hydrogen bonding
interactions [76]. Similarly, nano-silica enhanced water and UV resistance in potato starch films [77].
Biopolymer blending with chitosan, CMC, or gelatin further improves flexibility and strength while
reducing hydrophilicity; chitosan adds antimicrobial properties and durability [78].

Nanoclays, particularly montmorillonite (MMT), form intercalated or exfoliated structures
within starch matrices, improving barrier and mechanical properties. Romainor et al. [79] reported
that MMT reduced water vapor permeability and increased tensile modulus, while ultrasound-
assisted incorporation enhanced dispersion and surface properties [78]. Overall, combining
reinforcing agents with advanced processing techniques —such as ultrasonication, infrared drying,
or high-pressure processing—significantly boosts starch film performance, paving the way for
sustainable packaging applications [78].

4. Reinforcement of Starch Films with MMT

4.1. Reinforcement Mechanisms

The reinforcement of starch-based films with MMT is governed by three primary mechanisms:
exfoliation, intercalation, and the formation of a percolated network. These mechanisms depend
critically on the dispersion state of MMT within the starch matrix, which directly determines the
mechanical, thermal, and barrier properties of the resulting nanocomposites. The effectiveness of
each mechanism varies based on processing conditions, MMT modification, and starch composition.
A schematic overview of these reinforcement modes is shown in Figure 4.

Exfoliation represents the optimal dispersion state where individual MMT layers are fully
separated and uniformly distributed within thermoplastic starch (TPS) or chitosan matrices,
maximizing interfacial contact and hydrogen bonding. This structure significantly improves
mechanical and barrier properties. Son et al. [80] showed that adding cellulose nanofibers (CNFs)
during melt blending promotes exfoliation via sodium ion interactions and shear-thickening effects,
increasing tensile strength and modulus by 95.8% and 278.2% at a 1:1 CNF:MMT ratio. Yin et al. [50]
demonstrated that ultrasonic cavitation combined with steam-induced phase transition enhances
exfoliation, raising tensile strength from 5.8 MPa to 14.3 MPa and reducing oxygen permeability by
over 50%. XRD confirmed exfoliation through the disappearance of the MMT (001) peak. In chitosan
systems, even 0.5% MMT produced exfoliated or disordered intercalated structures, improving
modulus and reducing WVP due to tortuous diffusion paths [36]. These findings highlight exfoliation
as critical for superior performance, achievable through tailored physical treatments and synergistic
fillers.

Intercalation, a partial dispersion state, occurs when polymer chains penetrate MMT galleries,
expanding basal spacing while maintaining semi-ordered lamellae. XRD shifts of the (001) peak from

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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6.6° to lower angles indicate d-spacing increases from 1.33 nm to ~1.75-1.79 nm in chitosan
composites [36]. In starch matrices, CNFs enhance intercalation via hydrogen bonding and ion
exchange [80]. Melt blending without advanced treatments typically yields intercalated structures,
as residual MMT peaks persist [50]. Plasticizers like glycerol facilitate polymer diffusion into
galleries, making intercalation an intermediate step toward exfoliation, with moderate gains in
strength, modulus, and barrier properties.

At optimal MMT loadings (3-5 wt%), dispersed platelets form a percolated network within
starch matrices, creating quasi-continuous reinforcement. Vaezi et al. [7] reported tensile strength
and modulus increases of 61% and 73% in ternary nanocomposites with 5 wt% MMT and cellulose
nanocrystals. This network improves stress transfer and introduces a tortuous path that reduces
water vapor and gas permeability [81]. However, exceeding 5 wt% leads to agglomeration,
brittleness, and reduced elongation [82]. Computational models confirm that platelet geometry and
high aspect ratio favor effective reinforcement at low filler contents, enhancing mechanical
robustness and barrier efficiency [24,[82].
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Figure 4. Schematic representation of reinforcement mechanisms in starch-MMT nanocomposites.

4.3. Effect on Mechanical and Thermal Properties

Through the reinforcement mechanisms described, thermal, mechanical and barrier properties
are improved, which constitute the most relevant characteristics in starch films which alone does not
have the properties to replace the use of conventional plastics [83], so it is important Treatments
applied to the materials used in the formation of these nanocomposed films [84].

Zhu et al., [85] evaluated the thermal behavior of propionylated starch-based nanocomposites
with varying amylose/amylopectin ratios, reinforced with organically modified montmorillonite
(oMMT) at 1%, 2%, and 6% w/w. Using solution casting, films were prepared by dissolving 1 g of
propionylated starch in 30 g of acetone, adding triacetin (30% w/w) as plasticizer and oMMT at
different concentrations, followed by drying at 45 °C for 12 h. Dynamic mechanical analysis (DMA,
1 Hz, -100 to +200 °C) showed that amylose-rich films exhibited distinct (3-relaxation (-40 to -30 °C),
corresponding to segmental motion of short chains and transition from glassy to rubbery regions
with enhanced molecular mobility due to plasticization. Conversely, amylopectin-rich systems
presented a-relaxation in the 20-80 °C range, consistent with a more constrained molecular

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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environment. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) revealed that
amylopectin, due to its branched structure, disrupted the oMMT crystalline lamellae, promoting
exfoliated/intercalated morphologies. SAXS further confirmed well-dispersed oMMT structures (q =
1.6-1.75 nm™), whereas amylose-based systems retained the original crystalline order of the
nanofiller and showed poor dispersion with phase separation, as evidenced by SEM. These structural
differences translated into improved mechanical strength in amylopectin-based composites, driven
by stronger network formation between branched chains and clay particles. In contrast, amylose-
based materials exhibited irregular morphology and mechanical variability due to crystallite
formation and weaker matrix—nanofiller interactions. These findings suggest that mechanical
reinforcement is highly dependent on the amylose-to-amylopectin ratio and their compatibility with
oMMT. Li et al., [86] investigated the simultaneous incorporation of montmorillonite (3.5% w/w) and
cellulose nanofibers (CNF, 1-7% w/w) into corn starch films. CNFs were produced via TEMPO-
mediated oxidation of microfibrillated cellulose, while MMT was purified by sedimentation. The
starch/MMT/CNF mixtures underwent ultrasonication and gelation at 95 °C. The authors highlighted
that ultrasound duration (60 min) and gelation conditions were key to preventing nanoparticle
reaggregation and enhancing dispersion. FTIR and XRD analyses indicated hydrogen bonding and
effective intercalation of MMT, confirmed by shifts in the -OH (3282-3340 cm™) and C-O (1149-1131
cm™) bands, and increased interlayer spacing (1.246-1.268 nm). Tensile testing revealed that the
ternary nanocomposite with 3% MMT and 5% CNF achieved the highest tensile strength (60.94 MPa)
and Young’'s modulus (3253.92 MPa), outperforming binary systems. This synergistic enhancement
was attributed to: (i) uniform CNF distribution, (ii) strengthened interfacial bonding evidenced by
the AI-O-C vibration at 839 cm™, and (iii) a fibrillar connection between CNFs and starch that
hindered crack propagation. SEM images showed an aligned, agglomeration-free structure essential
for mechanical reinforcement. The homogeneous nanofiller distribution also improved thermal
stability, suggesting stronger matrix-filler interactions.

Aguirre-Loredo et al., [55] studied achira starch/chitosan/MMT nanocomposite films prepared
by solvent casting. Ultrasonication (0-30 min) improved filler dispersion and matrix integration. TGA
curves revealed enhanced thermal stability at 30% weight loss (T3), with temperature shifts up to
442 °C for sonicated films. In MMT-containing films, a single thermal degradation event was
observed, suggesting improved thermal homogeneity and matrix-filler bonding. DSC analysis
confirmed elevated gelatinization temperatures (Tm) of up to 107.1 °C, associated with MMT
exfoliation and stronger chitosan/starch/MMT interactions. FTIR-ATR confirmed hydrogen bonding
and nanoclay exfoliation (Si-OH band at 3615 cm™). Mechanical testing (ASTM D882) showed that
ultrasonication enhanced tensile strength and modulus but reduced elongation in films without
MMT. The optimal condition (20 min sonication + 1% MMT) led to a 154% increase in tensile strength
and 161% in elongation. This was attributed to cavitation-induced dispersion of MMT, which
facilitated polymer chain alignment and interfacial adhesion. SEM revealed a homogeneous, laminar
microstructure. These results indicate that controlled ultrasonication improves both thermal and
mechanical performance by enhancing filler dispersion and matrix compatibility.

Noulis et al., [4] examined lentil starch films crosslinked with sodium trimetaphosphate (STMP,
5-40% w/w) and reinforced with MMT (10.5% w/w). Tensile strength increased from 6.13 MPa
(control) to 10.92 MPa (40% STMP), attributed to covalent bonding between STMP and starch
hydroxyl groups. The addition of MMT further enhanced strength (22.49 MPa at 5% STMP + MMT),
although higher STMP levels impaired performance due to steric hindrance and clay agglomeration.
Elongation at break declined with both STMP and MMT due to reduced chain mobility. Water vapor
permeability decreased with MMT only, consistent with the creation of a tortuous diffusion path.
These findings emphasize the importance of optimizing both filler and crosslinker concentrations to
balance stiffness, strength, and flexibility. Lastly, Singh et al., [19] developed starch/MMT/lemongrass
oil nanoemulsion (LNE) films. At 1.5% MMT, FE-SEM showed well-dispersed sheets; at 2.5%,
agglomeration occurred. XRD confirmed intercalation only at lower MMT content. Mechanical
testing demonstrated that 1.5% MMT increased tensile strength by 50.85%, while higher loading
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reduced it due to defects. LNE improved elongation but decreased strength due to its plasticizing
effect. WVTR decreased by 26.49% with 2.5% MMT due to tortuous pathways formed by dispersed
platelets. Overall, this study illustrates the delicate interplay between filler concentration,
morphology, and performance. In summary, the mechanical and thermal performance of
starch/MMT-based nanocomposites is governed by several interdependent factors: starch structure
(amylose/amylopectin ratio), filler dispersion state (intercalated vs. exfoliated), nanofiller synergy
(e.g., CNF), and processing conditions (e.g., ultrasonication, crosslinking). Properly engineered
systems can significantly enhance tensile strength, modulus, elongation, and thermal stability —
properties essential for sustainable food packaging applications.

It is crucial to analyze how applied methodologies and reinforced properties obtained as
indicated by different recent studies with broad support of previous research. To better detail the
percentage of the thermal stability of the nanocomposite films in Table 1, mass changes (Onset, T=0)
are collected in thermogravimetric analysis of different recent studies, relating the loss of mass to
specific temperatures.

Table 2. lists the values of the mechanical properties of films based on starch such as traction resistance (TS),
breakage elongation (EB) and Young's module, which have been improved in different studies. Continuous and
promising research for the reinforcement of starch-nano-car films MMT is evidenced in several investigations

even with patented applications.

Table 1. Thermal properties of starch/MMT nanocomposite films.

Thermal
Onset .
. . .. Tmax Ts Stability Referenc
Film Composition Decompositio
(°C) (°C) Improvemen e
n Temp (°C)
t (%)
Starch+Chitosan+0%MM
Without
T (no ultrasonication) - 316.6  296.2 Control
MMT
(Control)
Starch+Chitosan+0%MM
- 309.7 2979 0.60%
T (ultrasonication: 20 s) [62]
With
MMT
(1% wt.) Starch +Chitosan
+1%MMT (no ~280 309.1 3029 2.30%
ultrasonication)
Without Starch+Sodium Alginate
~180 ~330 265 Control
MMT (Control)
Starch+Sodium Alginate 190 20 270 1.89%
. ~ ~ +1.89 %
With +4% MMT [87]
MMT
Starch+Sodium Alginate
(1% wt.) & ~185 315 280  +5.66%
+6% MMT
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Starch+Sodium Alginate
+ 6% MMT +0.8%SA0 ~150 ~290 245 ~7.55 %
film
With Potato starch +CMC
~150 ~270 215 —
MMT +6%MMT
Wheat starch +CMC
~180 ~290 240 — [88]
+6%MMT
Corn starch +CMC
~190 ~300 250 —
+6%MMT
Without
Starch-glycerin (control) ~220 ~310  ~290 —
MMT
Starch-glycerin—Hectorite
~240 335 308 +6.21 %
10 wt% [89]
With Starch-glycerin—
~240 ~330  ~305 +5.17 %
MMT montmorillonite 10 wt%
Without PVA-High amylose
~170 ~340  ~310 — [90]
MMT starch
Without
SP ~90 303 303 —
MMT
SP0.5MMT ~85 301 301 -0.66 %
SP1.0MMT ~95 298 311 +2.64 % [91]
With SP1.5MMT ~100 287 303 =
MMT SP0.5MMT-s ~105 322 314 +3.63 %
SP1.0MMT-s ~110 313 308 +1.65 %
SP1.5MMT-s ~150 305 312 +2.97 %
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Table 2. Comparative mechanical properties of starch-based films with and without MMT reinforcement.

Tensile Elongation Young's

Film Composition Strength at Break Modulus Reference
(MPa) (%) (MPa)
Without Starch+Sodium Alginate 19.84 =+ 71.82 =+
3237 +1.12
MMT (Control) 0.98 3.08
Starch+Sodium Alginate + 21.22 =+ 7275 =+
33.45+1.21
2% MMT 1.03 1.25
Starch+Sodium Alginate + 24.63 =+ 7542 £
o 36.18+1.89 [87]
with 4% MMT 1.87 3.09
MMT  gtarch+Sodium Alginate + 28.76 =+ 7375
41.29+1.05
6% MMT 1.35 1.22
Starch+Sodium Alginate + 35.80 =+ 9485 +
38.74 +1.56
8% MMT 1.42 222
Starch+Chitosan+0%MMT 1.72  + 0.063 =
15.44+9.9
(ultrasonication: 30 s) 0.29 0.01
Starch+Chitosant0%MMT | ¢ 0.081 =+
12.39+9.6
Without (ultrasonication: 10 s) 0.32 0.01
MMT Starch+Chitosan+0%MMT , 45 0116 +
1216 £7.3
(ultrasonication: 20 s) 0.37 0.02
Starch+Chitosan+t0%MMT 2.63  + 0.123 =+
1042 +4.2
(ultrasonication: 30 s) 0.25 0.01 [62]
Starch +Chitosan
With 273 * 0179 =+
+1%MMT (no 39.45+10.9
MMT 0.30 0.01
ultrasonication)
Starch +Chitosan
311 0210 =+
+1%MMT 51.30+ 9.6
0.32 0.01
(ultrasonication: 10 s)
Starch +Chitosan
421 0.198 =+
+1%MMT 63.66+7.3
0.37 0.03
(ultrasonication: 20 s)
Without 4244 + 2386.29 +
Corn Starch (Control) 3.30+0.62 [86]
MMT 0.52 51.26
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Corn Starch +3%MMT 5550 =+ 3008.44 +
4.06 +0.46
. +3% cellulose nanofibers  1.17 73.02
With
MMT
Corn Starch +3%MMT 6094 =+ 3253.92 +
498 +0.33
+5% cellulose nanofibers  1.06 99.63
Without Starch +0% STMP +0%
~6.0 ~23.0 —
MMT MMT (Control)
With Starch +0% STMP [92]
~7.0 ~23.0 —
MMT +10,5% MMT
Starch +5% STMP
~22.5 ~3.0 —
+10,5% MMT
Without 6% starch + glycerol
17.389 16.67 —

MMT (Control)

1.5% MMT +6% starch ~ 26.232  13.09 —
[93]
With  25%MMT +6% starch ~ 22.824  11.43 —

MMT

2.5% MMT + 6% starch +
20.047 12.23 —
2% LNE

5. MMT-Reinforced Films in Food Applications

The food industry presents a significant opportunity for the adoption of bio-based packaging
materials. Increasing environmental concerns regarding single-use plastics and other petroleum-
derived, non-biodegradable materials have driven interest in sustainable alternatives. In this context,
starch-based films reinforced with MMT have emerged as promising candidates due to their
enhanced functional properties and biodegradability. These materials not only offer improved barrier
and mechanical characteristics but can also be tailored to exhibit active or intelligent functionalities.
Considering the performance improvements enabled by MMT, particularly regarding parameters
that influence food ripening and microbial spoilage, these nanocomposite films have been evaluated
as viable alternatives to conventional packaging.

Singh et al. [19] examined the effect of an MMT-reinforced starch film on the shelf life of fresh
strawberries. The film, composed of 6% (w/v) corn starch, 1.5% MMT, and 2% lemongrass oil,
demonstrated enhanced water vapor barrier properties that contributed to a reduced ripening rate.
This was primarily attributed to a decrease in metabolic activity during storage. Quality parameters
such as weight loss, total soluble solids (TSS), pH, titratable acidity, firmness, and ascorbic acid
content were monitored during cold storage at 4 °C over eight days. Strawberries packaged with the
MMT-containing film (MMT-F) consistently outperformed the control (unpackaged; UP) and the
plain starch film (SF). Notably, pH increases were mitigated due to higher CO, concentrations within
the packaging, which promoted anaerobic respiration and suppressed enzymatic activity. Similarly,
the slower decline in titratable acidity was linked to reduced consumption of organic acids such as
citric and malic acid. Firmness was also better preserved, likely due to reduced hydrolase activity
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and lower dehydration. Furthermore, MMT-F samples retained higher levels of phenolic compounds,
anthocyanins, and antioxidant capacity by day eight.

A related study by Kaur et al. [95] evaluated the impact of MMT-reinforced starch films on the
shelf life of cottage cheese stored at 4 °C for 16 days. The films significantly limited weight loss,
reduced hardness variation (up to day 8), and exhibited lower levels of titratable acidity, tyrosine,
and free fatty acids compared to UP and SF samples. Minimizing weight loss is critical in dairy
products, as it directly influences textural attributes such as firmness. Interestingly, a decline in
hardness was observed in the UP samples after day 8, likely due to microbial activity, a trend not
present in the MMT-F group. This correlation was further supported by lower concentrations of
tyrosine and free fatty acids in the MMT-F samples —markers commonly associated with enzymatic
breakdown. Microbial analyses also confirmed that MMT-F samples had the lowest total bacterial
(TBC) and yeast/mold (TMC) counts across the storage period.

Uncoated GML1 GML2
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- ]
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25°C ‘ " | D 0 “ “ ’
&@. &.‘

7°C o - =, :

wc B gn G g Dayzo”‘~

Day0 Day 3 Day5 Day7

Figure 5. Recent applications of montmorillonite-reinforced starch films for food protection: (A) strawberries

, (B) cottage cheese , (C) chicken using smart films , (D) paneer, and (E) litchi.

These films have also been reported for use as biosensors in monitoring the shelf life of fresh
chicken. Sharaby et. al. [96] developed intelligent films based on high amylose starch, polyvinyl
alcohol, MMT, and anthocyanin extracts, which were used to detect spoilage in chicken stored at
three different temperatures: 25 °C, 7 °C, and —20 °C. The study included daily evaluations of total
bacterial count, pH, total volatile basic nitrogen (TVBN), and color changes in the films. At 25 °C, a
color change from red to pink was observed on the first day, accompanied by increases in pH and
TVBN. By the second day, both parameters continued to rise, and the film turned light purple. At7
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°C, acceptable limits for pH, TVBN, and bacterial count were exceeded by the fourth day, with the
film color progressively changing from red (days 1-2) to pink (day 3), light blue (day 4), and blue
(day 5). In contrast, no color change was observed in the films stored at -20 °C, and pH, TVBN, and
bacterial counts remained within safety standards during the seven days of storage, thanks to the
inhibition of microbial growth at freezing temperatures. Moreover, the incorporation of MMT
improved the water resistance of the films, reinforcing their potential as functional materials in
starch-based active packaging applications.

Zhang & Chen [97] applied a film made from a starch and sodium alginate polymer matrix,
incorporating MMT as a reinforcing agent and star anise essential oil (SAO) as an antibacterial
component, aiming to use it for cherry tomato preservation. Uniform, undamaged tomatoes were
selected and divided into four experimental groups: (i) uncoated tomatoes (control group), (ii)
tomatoes sealed with polyethylene plastic film, (iii) tomatoes coated with starch—sodium alginate—
MMT films (5-M), and (iv) tomatoes sealed with films also containing SAO (S-M-SAQ). The fruits
were stored at room temperature (18-20 °C) for 18 days, during which two key parameters were
evaluated: weight loss rate and decay rate. In terms of weight loss, tomatoes coated with films
showed lower rates compared to the control group; among the biodegradable films, the S-M-SAO
formulation was more effective than the S-M film in reducing weight loss, although both were
outperformed by the polyethylene film, which showed the best overall performance. Regarding
decay, uncoated tomatoes and those coated with the S-M film began deteriorating from day 3 of
storage, while those sealed with S-M-S5AO and polyethylene films exhibited signs of decay only from
day 9 onward. By the end of the experiment, decay rates were 70% for the control group, 50% for
tomatoes coated with S-M-SAQO, and 25.67% for those sealed with polyethylene.

6. Challenges and Future Perspectives

The transition to sustainable packaging is driven by environmental concerns, including climate
change, microplastic pollution, and stricter regulations on single-use plastics. Starch-based materials
offer a promising alternative aligned with circular economy principles, as they are abundant in plant
residues and safe for food applications. However, their inherent limitations, low gas barrier capacity,
high water affinity, and poor mechanical strength, persist despite improvements through
reinforcements like MMT. While these strategies enhance shelf life and reduce spoilage, starch-based
films still lag behind petroleum-derived plastics, requiring further research to optimize performance
and broaden applications across diverse food systems.

Industrial scalability remains a major challenge. Standardized processes and efficient raw
material collection could reduce costs, making bioplastics more competitive. Life cycle assessments
and studies on compostability and aquatic degradation are essential, especially when MMT is
incorporated, as it may alter biodegradability. Future work should also ensure food security by
prioritizing starch from agro-industrial residues and evaluating economic feasibility. Finally,
governmental incentives and fiscal policies will be critical to accelerate adoption and support the shift
toward sustainable packaging technologies.

Conclusions

Starch-based films reinforced with MMT represent a significant advancement in the
development of biodegradable and high-performance packaging materials. Throughout this review,
it is evident that the incorporation of MMT into starch matrices significantly enhances key functional
properties, including mechanical strength, thermal resistance, and water/gas barrier performance, by
promoting the formation of intercalated, exfoliated, or percolated nanostructures. These
improvements are directly related to MMT’s unique layered structure, high aspect ratio, and surface
reactivity, which enable strong interfacial interactions with starch chains.

Moreover, MMT not only acts as a reinforcing agent but also contributes to the thermal stability
of the films, increasing degradation temperatures and extending the range of potential applications.
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The integration of bioactive agents and essential oils into MMT-starch films further broadens their
use in active and intelligent food packaging, offering features such as spoilage detection, microbial
inhibition, and shelf-life extension.

Despite these advantages, challenges remain in scaling production and ensuring economic
viability, particularly when compared to petroleum-based materials. Optimization of processing
conditions—such as ultrasonication, crosslinking, and filler content, is critical to avoid nanoparticle
agglomeration and preserve film integrity. Additionally, environmental performance assessments,
including compostability and aquatic degradation, must be further explored to confirm the
sustainability of these materials under real-world conditions.

Future efforts should focus on the use of agro-industrial starch residues, green modification
techniques, and hybrid reinforcement systems to enhance performance while maintaining cost-
effectiveness and environmental compatibility. Overall, MMT-reinforced starch films hold strong
potential as next-generation materials for sustainable food packaging, aligning with circular economy
goals and global efforts to reduce plastic pollution.
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