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ABSTRACT: Polylactic acid (PLA), a biodegradable polymer, exhibits superior mechanical strength and processability.
However, its broader adoption is hindered by inherent brittleness, low hydrophilicity, and sluggish crystallization
kinetics. Chitosan (CS), a natural polysaccharide renowned for its biocompatibility and biodegradability, offers potential
to address these limitations. While both materials have garnered significant attention in materials science, research
on their integration via melt blending and the resulting performance enhancements for food-contact plastics remains
understudied. This research comprehensively explores how different levels of CS content, from 0% to 10%, impact the
characteristics of chitosan/polylactic acid (CS/PLA) composites. It specifically analyzes the influence of various CS
concentrations on the mechanical attributes, crystallization behavior, thermomechanical properties, and rheological
performance of these composites. The study concludes that a CS content of 4% in the CS/PLA composite results in the
best overall properties. At this point, its elongation at break and impact strength reached their maximum values (16.16%
and 20.63 kJ/m?), representing increases of 23.9% and 15.7% compared to pure PLA. At this particular concentration,
CS is evenly distributed throughout the PLA matrix, acting as a heterogeneous nucleating agent. It facilitates the
crystallization of the composite material and offers effective reinforcement. This study presents a promising approach
for developing environmentally friendly and sustainable alternatives to fossil-based plastics, highlighting significant
research value and practical application potential.
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1 Introduction

Food contact materials are substances that come into direct, indirect, or potential contact with food
under normal conditions of use but are not classified as food themselves. These materials are integral to food
packaging, storage, transportation, and retail, necessitating strict safety standards to prevent the release of
harmful substances into food [1]. Currently, most food contact materials are predominantly derived from
fossil-based polymers [2]. However, the widespread use of non-degradable, petrochemical-derived plastics
has raised significant environmental concerns due to persistent ecological damage caused by accumulating
plastic waste [3]. In response, the industry is prioritizing the development and adoption of biodegradable
polymers as sustainable alternatives [4]. Such innovations address the finite availability of petrochemical
resources while simultaneously reducing CO, emissions, offering a promising pathway toward mitigating
environmental impacts.

Polylactic acid (PLA), a prominent biodegradable polymer, demonstrates bioabsorbable and biocom-
patible properties and is synthesized from lactic acid or its cyclic dimer, lactide [5]. Unlike conventional
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plastics, PLA is derived from renewable starch-based crops such as corn [6] and wheat [7], with its production
and degradation processes achieving maintaining balanced atmospheric CO, levels. Compared to other
biodegradable polymers [8], PLA exhibits superior mechanical strength and processing versatility, enabling
applications in food packaging [9-11] and biomedical sectors [12]. For instance, Li et al. [13] fabricated
microsphere-hydrogel composites by integrating MgO/MgCO;-PLA microspheres into chitosan-based
hydrogel matrices. The composite exhibited controlled magnesium ion release, highlighting its potential for
medical use. Despite these advantages, PLA suffers from excessive brittleness, low thermal resistance, and
limited mechanical durability, hindering broader adoption. Addressing these challenges requires further
research into modification techniques and process optimization to broaden PLA’s applicability. Extensive
research confirms that blending modification serves as a practical strategy to enhance PLAs material
properties. Common modifiers include biomass fillers such as wood flour, lignin, and starch [14-16].

Chitosan (CS), a cationic polysaccharide derived from the partial deacetylation of chitin, is nontoxic
and exhibits inherent biodegradability and biocompatibility [17]. These intrinsic properties, combined with
its multifunctional groups, have sparked extensive research into CS across diverse fields, particularly in
biomedical applications such as filtration membranes, biosensing systems, tissue engineering scaffolds,
and environmental remediation technologies [18]. Although both CS and PLA demonstrate strong bio-
compatibility and degradability, garnering significant interest in materials science, the integration of these
polymers via melt blending and their potential applications in food-contact plastics remain understudied.
This approach offers potential to enhance material performance while providing a novel strategy to address
the environmental challenges posed by conventional fossil-based plastics. Shang et al. [19] developed PLA
bio-composites reinforced with functionalized wood fibers (FWF). The incorporation of FWFs endowed
PLA with unique optical properties, such as nearly complete UV-blocking (100% UVR) across the entire
UV spectrum when 20 wt% FWFs were added. Sun et al. [20] fabricated electrospun fibrous membranes by
incorporating chitosan, PLA, and zein, which formed a ternary network structure that demonstrated effective
airborne pollutant filtration, highlighting their potential for air purification applications.

Based on the background outlined above, this study utilizes CS as a blending agent to fabricate CS-PLA
composite materials via melt processing. The research focuses on investigating the dispersion of CS particles
within the PLA matrix and their impact on crystallization kinetics and mechanical properties. By optimizing
CS content, we aim to address PLA’s inherent limitations-excessive brittleness, poor hydrophilicity, and
sluggish crystallization rates-thereby enhancing the composite’s mechanical and thermal performance. This
approach advances the development of sustainable alternatives to conventional fossil-derived plastics.

2 Materials and Methods
2.1 Materials and Chemicals

PLA granules (model 4032D, with a density of 1.24 g/cm® and a melting point of 165°C) were sourced
from Nature Works (Minnetonka, MN, USA). Additionally, chitosan (CS) with a deacetylation degree of at
least 95% was obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2 Preparation of CS/PLA Composite Materials

The procedure for preparing CS/PLA composites is depicted in Fig. 1. Initially, CS and PLA were dried
in a vacuum oven at 80°C for 10 h to eliminate moisture. Subsequently, CS and PLA were mixed in a twin-
screw extruder at a predetermined ratio. The temperature settings for the extruder, from the die to the feed
zone, were 135°C, 165°C, 175°C, 175°C, and 135°C, respectively. This process yielded the CS/PLA composites.
The composites were then ground into granules using a multifunctional grinder. Finally, injection molding
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was carried out with a micro-injection molding machine at 180°C, under a working pressure of 0.8 MPa,
and a heating time of 300 s to fabricate dumbbell-shaped and strip-shaped samples. Table 1 lists the specific
ratios of CS and PLA in each sample.

CS/PLA products

180 °C

Injection
moulding

Double screw extruder CS/PLA composite Injection molding
granules machine

Figure 1: Schematic of chitosan/polylactic acid composite material

Table 1: Proportions of the components of the composite

Sample CS (wt%) PLA (wt%)

PLA 0 100
2%CS/PLA 2 98
4%CS/PLA 4 96
6%CS/PLA 6 94
8%CS/PLA 8 92
10%CS/PLA 10 90

2.3 Characterization
2.3.1 Chemical Structure Characterization

The changes in the characteristic peaks of functional groups existing in CS, PLA, and their mixtures
were obtained by Fourier transform infrared (FTIR) spectroscopy (Tensor II, Bruker, Hong Kong). The
measurements were conducted over a wavelength range of 500 to 4000 cm™ !
and a total of 32 scans.

, with a resolution of 4 cm™

2.3.2 Mechanical Property Test

The mechanical characterization of the materials was performed under ambient conditions using a
computer-controlled universal testing machine (CMT-5504, SANS Testing Machine Co., Shenzhen, China).
Three-point flexural and uniaxial tensile evaluations were implemented at a constant crosshead speed of
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2 mm/min, following Chinese national standards GB/T 9341-2008 and GB/T 1040.1-2018. The tensile test
specimens were dumbbell-shaped, with a minimum cross-sectional area of 5 mm x 2 mm. For the three-
point bending test, specimens were prepared using a mold with dimensions of 80 mm x 10 mm x 4 mm.
The unnotched impact strength of the materials was assessed at room temperature using an XJC-50 simply
supported beam impact testing machine, following the national standard GB/T 1043.1-2008. The pendulum
used for the tests had a capacity of 2 J. The preparation of impact specimens is consistent with the pattern
of three-point bending. Before conducting the tensile, bending, and impact tests, the dimensions of each
specimen were measured with a vernier caliper. A minimum of five tests were performed for each sample
composition, and the results were averaged.

2.3.3 Differential Scanning Calorimetry test

The thermodynamic characteristics of all samples were evaluated using a differential scanning calorime-
ter (DSC, model 214 Polyma, NETZSCH Instruments, Selb, Germany). The samples were heated from 25°C
to 210°C at a rate of 10°C/min. The crystallinity was calculated according to Eq. (1).

AH, - AH,

Xe= @
AHP X WpLA

In the formula, AH, is the measured enthalpy of melting; AH,, is the cold crystallization produced;
AH, is the melting enthalpy of completely crystallized PLA (93.7 J/g); Wpy 4 is the mass fraction of PLA in
the sample.

2.3.4 Morphology Observation

The morphological characteristics of chitosan distribution on the PLA matrix were observed and
analyzed using scanning electron microscopy (QUANTA 220, FEI Company, Eindhoven, The Netherlands).
Samples were immobilized with conductive adhesive and subjected to gold sputter coating.

2.3.5 Polarized Microscope Analysis

A polarized light microscope (POM, model BX53M) was used to observe the isothermal crystallization
of all samples. A hot stage in the Ultra High-Definition Dynamic Visual Phase Transformation Analysis
System (UHD-DVPTAS, Model HCS621GXY) was used to increase the temperature from room temperature
to 200°C to melt the samples completely. Then, the sample was cooled down to 120°C at a rate of 50°C /min.
In addition, the crystallization pattern of the specimen was observed isothermally.

2.3.6 X-Ray Diffraction Test

The crystalline structure of the sample was analyzed using an X-ray diffractometer (model D/max 220,
Rigaku, Japan) over the angular range from 5° to 50° (with a scanning rate of 5°/min).

2.3.7 Water Absorption (WA) Test

The samples were vacuum-dried at 60°C for 12 h and subsequently weighed (recorded as Wa). Subse-
quently, the samples were submerged in ultrapure water and held in beakers at ambient temperature. Every
12 h, the samples were taken out, their surface moisture was gently wiped off, and their weights were measured
and documented (recorded as Wb). The water absorption was then computed using Eq. (2).
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B Wb- Wa
- a

WA x 100% (2)

2.3.8 Dynamic Thermo-Mechanical Performance Test

Dynamic mechanical analysis (DMA) was conducted using a dynamic mechanical analyzer (242 E,
NETZSCH, Selb, Germany) in three-point bending mode. The composite samples had dimensions of 45 mm
in length, 5 mm in width, and 2 mm in thickness. During the testing process, the frequency was set to 5
Hz. The temperature program began at —20°C and then increased to 150°C at a controlled heating rate of
5°C /min.

2.3.9 Thermal Stability Test

The thermal stability of the samples was assessed using a thermogravimetric analyzer (209F3, NET-
ZSCH, Selb, Germany). The testing was performed across a temperature range from 25°C to 600°C at a
heating rate of 10°C/min.

2.3.10 Rheological Property Test

The rheological properties were evaluated using a rotational rheometer (AR2000ex, TA Instruments,
New Castle, DE, USA) at 180°C, equipped with a 25 mm parallel plate fixture (with a gap of 2 mm). A
frequency sweep from 0.1 to 100 rad/s was performed at a strain amplitude of 0.1% to gather data on the melt
dynamic properties.

2.3.11 Statistical Test

The experimental measurements were tested triple and expressed as mean + standard deviation.

3 Results and Discussion
3.1 Chemical Structure Analysis

In the FTIR spectra (Fig. 2a) and enlarged FTIR spectra (Fig. 2b,c), PLA exhibits distinct absorption
peaks at 2995 and 2940 cm™', which primarily correspond to the asymmetric stretching vibrations of the
-CH groups within the PLA molecules. These peaks characterize the vibrations of the methyl and methylene
groups found in both the main and side chains of polylactic acid [21]. A prominent absorption peak appears
at 1750 cm™’, attributed to the stretching vibration of the ester carbonyl (C=0) group in PLA. The peak
near 1380 cm™! is mainly attributed to the symmetric or slightly asymmetric bending vibrations of the —
CH; groups present on the PLA side chains. This peak indicates the vibrational characteristics of the methyl
groups in PLA [22]; The region from 1180 to 1041 cm™' is attributed to the stretching vibrations of the C-
O-C or C-O skeletal structures in PLA molecules. The absorption peaks in this range often manifest as
multiple shoulder peaks or overlapping peaks, reflecting the complexity of the vibrations associated with
ester bonds and oxygen atoms in the main chain of PLA. Moreover, the absorption peak at 865 cm™*
is associated with the stretching or local out-of-plane vibrations of the C-C bonds in the main chain
of PLA molecules. In contrast, the infrared spectrum of CS exhibits features characteristic of its unique
polysaccharide structure. The peak at 2865 cm™' corresponds to the symmetric stretching vibrations of
the aliphatic -CH, groups, reflecting the regular arrangement of methylene groups within the chitosan
molecules. A distinct peak at 1590 cm™! is associated with the amide II band, which primarily involves
N-H bending vibrations or the characteristic absorption of amino groups. This indicates the presence of
amino groups and residual acetyl groups [23]; The peaks at 1420, 1375, and 1320 cm™" are attributed to the
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coupling of -CH, C-N, and amide III vibrations within the chitosan polysaccharide backbone, reflecting
its complex intramolecular interactions and structural characteristics. Additionally, the absorption peaks at
1025 and 1150 cm™! correspond to the glycosidic bonds (C-O-C) and ring-breathing vibrations, which are
key indicators of the structural integrity of the chitosan polysaccharide. The characteristic peak of the B-(1,4)
glycosidic chain is usually at 890 cm, directly reflecting the connection mode of the polysaccharide [24].
Upon mixing PLA with CS, the asymmetric stretching peak of the C-H bond in PLA shifts from 2944 to
2942 cm™ . This shift indicates a change in the local electronic environment of the C-H bonds within the
PLA molecules. The observed shift is attributed to hydrogen bonds or other polar interactions between PLA
and CS, which reduce the vibrational energy of the C-H bonds in PLA, resulting in a red shift (i.e., a shift
to lower wavenumbers) [25]. Meanwhile, in the CS structure, the symmetric stretching vibration peak of the
aliphatic -CH, groups at 2869 cm™ ! splits into two distinct peaks (2925 and 2852 cm™") upon the formation of
the composite. This situation can be considered that the presence of PLA has changed the microenvironment
of aliphatic -CH, groups in CS. Some -CH, groups are affected by the PLA segments, resulting in a shift of
their asymmetric stretching vibration peak to a higher wavenumber (2925 cm™"), while the characteristic
peak around 2852 cm™! primarily corresponds to symmetric stretching vibrations [26]. The characteristic
C-O stretching peak of PLA near 1100 cm™' shows a pronounced increase in intensity, indicative of hydrogen
bond formation and enhanced molecular compatibility between CS and PLA. This interaction leads to
sharper absorption peaks, confirming molecular compatibility and intermolecular interactions within the

composite film. Fig. 3 schematically depicts the hydrogen bonding and intermolecular interactions between
PLA and CS.
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Figure 2: (a) FTIR spectra and (b,c) enlarged FTIR spectra of PLA and CS/PLA composites with different CS content
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Figure 3: The intermolecular forces between polylactic acid and chitosan
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3.2 Mechanical Properties of Composites

As shown in Fig. 4a, pure PLA exhibits a tensile strength of 67.45 MPa. However, increasing chitosan
(CS) content progressively reduces this property, with tensile strengths declining to 60.84 MPa (2% CS),
58.10 MPa (4%), 54.94 MPa (6%), 54.37 MPa (8%), and 49.10 MPa (10%). This decline is attributed to the
inherent polarity mismatch between chitosan and PLA. Chitosan, a natural polymer abundant in polar
hydroxyl and amino groups, contrasts with the weakly polar PLA, creating thermodynamic incompatibility.
This incompatibility weakens interfacial adhesion, and under mechanical stress, the modulus disparity
between the two phases concentrates stress at the chitosan domains. Concurrently, poor interfacial bonding
promotes phase separation, generating defects that propagate fractures in the PLA matrix. As the CS content
rises, the compatibility of the composite deteriorates further. This makes the CS phase more susceptible to
agglomeration, resulting in the formation of more and larger defects within the material. The presence of
these defects hinders the effective transfer of stress, leading to a gradual decrease in the tensile strength
of the composite material. As shown in Fig. 4b, the elongation at break of the CS/PLA composites initially
increases with rising chitosan content, before subsequently decreasing. The maximum elongation at break
is observed at 16.16% when the chitosan content is 4%. The images of the samples, both before and after
tensile strength testing, shown in Fig. 4c, correspond with the observed trend in elongation at break.
At low chitosan (CS) content, weak interfacial adhesion between CS and PLA readily de-bonds under
external stress, inducing cavitation that nucleates multiple microcracks within the PLA matrix [27]. In such
composites, stress concentrations at microcrack tips promote shear yielding and shear band formation.
Molecular chain slippage within these shear bands enhances PLA's plastic deformation capacity, significantly
improving material toughness. Conversely, excessive CS content amplifies intermolecular attraction among
polar chitosan molecules, driving particle agglomeration. Under stress, interfaces between agglomerated CS
domains and the PLA matrix de-bond, forming macroscopic voids. These voids intensify localized stress
concentrations, ultimately triggering catastrophic fracture.
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Figure 4: (a) Tensile strength, (b) elongation at break, (c) photos of samples before and after tensile test, (d) flexural
strength and (e) impact strength of PLA and composites
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According to Fig. 4d, the flexural strength of pure PLA is 106.21 MPa. As the CS content increases,
the flexural strength of the composites decreases to 103.85, 95.58, 86.76, 89.37, and 78.12 MPa, respectively.
This decline phenomenon is attributed to the poor interfacial compatibility, resulting in inadequate bonding
strength at the interface, which negatively impacts the overall mechanical properties of the composite
material. Fig. 4e reveals that the impact strength peaks at 20.63 kJ/m* at 4% CS content. Beyond this
threshold, impact resistance progressively decreases. This decline stems from interfacial adhesion destabi-
lization at higher CS loadings, which induces debonding under mechanical stress. Such debonding generates
macroscopic voids that disrupt the material’s microstructure, consequently hindering the formation of
energy-dissipating crazes and shear bands, thereby reducing impact resistance.

3.3 Microscopic Morphology of Composites

This study employed cryogenic fracture via liquid nitrogen to prepare fractured samples of CS-PLA
composites with varying CS contents (2%-10%), analyzing their microstructures in comparison to pure PLA.
Asshown in Fig. 5a, pure PLA exhibits a smooth, featureless fracture surface with minimal fibrous structures,
indicative of its inherent brittleness, consistent with prior literature [28]. Fig. 5b—f presents SEM images
of CS-PLA composites with increasing CS content. The incorporation of CS markedly enhances surface
roughness on the fracture planes. At low CS loadings (2%-4%, Fig. 5b,c), sparse pores and CS particles are
visible, yet the microstructure remains uniform without macroscopic phase separation. This homogeneity
suggests effective dispersion of CS within the PLA matrix at lower concentrations, reflecting enhanced
interfacial compatibility.

SIPLA 10%CS/PLA 8%CSI/PLA

" 8%C 10%CS/PLA

Figure 5: (a-f) SEM images of sample sections obtained through brittle fracture of PLA and CS/PLA composites with
varying CS contents in liquid nitrogen; (g-1) SEM images of PLA and CS/PLA composites with different CS contents
following tensile testing

When CS content exceeds 4% (as shown in Fig. 5d-f), the fracture surfaces of CS-PLA composites
exhibit a marked proliferation of pores, enlarged CS particles, and distinct phase boundaries between PLA
and CS domains. This transition arises from chitosan agglomeration at higher loadings (>6%), reducing
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dispersion efficiency and exacerbating interfacial incompatibility [29]. These microstructural changes corre-
late with declining mechanical performance. At lower CS loadings (<4%), the composites exhibit enhanced
toughness, particularly at 4% CS, where uniform CS distribution within the PLA matrix provides optimal
reinforcement. Conversely, excessive CS content (>4%) promotes agglomeration-induced voids that act as
stress concentrators, degrading overall mechanical performance [30].

To elucidate the microstructural evolution of CS-PLA composites under tensile stress, SEM analysis was
conducted on fracture surfaces of samples with varying CS loadings (Fig. 5g-I). Pure PLA exhibits a smooth
fracture morphology (Fig. 5g), characteristic of brittle fracture behavior [31]. Comparative analysis reveals
that composites with 4% CS (Fig. 5i) display abundant voids and fibrillar structures formed during tension.
These voids arise from uniform CS dispersion within the PLA matrix, which triggers cavitation during
fracture [32]. Cavitation-induced voids promote localized crazing, thereby enhancing energy dissipation and
fracture resistance. However, as the CS content further increases, as shown in Fig. 5j-1, the composites grad-
ually exhibit a distinct two-phase structure. Under tensile stress, interfacial debonding preferentially initiates
at phase boundaries, serving as the predominant mechanism for mechanical performance degradation in

composite materials.

3.4 Water Absorption Analysis

Fig. 6a illustrates the water absorption behavior of CS-PLA composites with varying CS contents. Pure
PLA, a hydrophobic polyester, exhibits minimal water absorption (0.85%) after 14-day water immersion. In
contrast, CS-a hydrophilic biopolymer-contains abundant hydroxyl (-OH) and amino (-NH,) groups. The -
OH and -NH, in CS contain lone electron pairs (N: one pair; O: two pairs), which enhance molecular polarity
and enable hydrogen bonding with water. Incorporating CS into PLA markedly enhances hydrophilicity,
with water absorption increasing progressively at higher CS loadings. However, below 4% CS, water uptake
remains limited due to pronounced phase separation caused by polarity mismatch. At these low loadings, CS
forms isolated domains (“discontinuous phase”) within the PLA matrix rather than a continuous network.
The hydrophilic groups in CS are shielded by the hydrophobic PLA matrix, restricting water interaction.
Consequently, water diffusion occurs predominantly through interfacial defects or sparse pores, resulting in
limited water uptake. However, once the chitosan content surpasses 8%, there is a notable increase in the
water absorption rate of the composite.

At 10% CS content, the composite achieves a water absorption rate of 10.37% after 14-day immersion.
This increase arises as chitosan forms a continuous hydrophilic network within the composite at higher load-
ings, enabling water to rapidly diffuse through interconnected CS channels and interact with polar groups
(-OH/-NH,). Furthermore, PLA’s semi-crystalline structure inherently resists water penetration due to its
ordered crystalline regions. At low CS loadings, PLA’ crystallinity remains largely unaffected, preserving its
barrier properties. However, excessive CS disrupts PLA’s crystalline order, increasing amorphous domains
that act as percolation pathways for water diffusion. These combined mechanisms-enhanced hydrophilic
networks and disrupted crystallinity-synergistically amplify the composite’s water absorption capacity.
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Figure 6: (a) Water absorption rate curve, (b) DSC curve, (c) XRD spectrum, and (d) magnified XRD spectrum of
PLA and CS/PLA composites with different CS content

3.5 Thermal Properties Analysis

Fig. 6b displays the DSC curves of the PLA/CS composites, with the specific parameters outlined
in Table 2. With the gradual increase of the content, the glass transition temperature (Tg) and cold crystal-
lization temperature (Tcc) of the PLA composite material decreased to varying degrees, but both rebounded
ata concentration of 10%, while the melting temperature (Tm) and crystallinity (Xc) increased. The change in
Tgis relatively minor, remaining around 62°C-63°C, which indicates that the blending of CS and PLA results
in a physical mixture without significant chemical bonding between the two components. The variation
in Tg is relatively small, staying around 62°C-63°C. This suggests that blending CS and PLA produces a
physical mixture rather than creating chemical connections. The cold-crystallization temperature exhibits a
significant reduction, dropping from 137.54°C for pure PLA to 102°C-105°C in CS-PLA composites. This shift
suggests chitosan acts as a plasticizer, loosening PLA’s molecular chain packing and improving chain mobility
during crystallization. Consequently, crystallization kinetics accelerate, leading to earlier crystallization
onset [33]. The plasticizing effect also manifests in mechanical behavior, with CS incorporation reducing
tensile strength due to diminished intermolecular cohesion [34].

The crystallinity of PLA increases from 2.91% to 9.70% with 2% CS incorporation, rising further to
15.98% at 8% CS-a -~13% increase relative to pure PLA. This enhancement confirms CS’s role as a nucleating
agent, where CS particles promote heterogeneous nucleation by lowering crystallization activation energy,
thereby improving crystallinity [35]. However, at 10% CS, crystallinity declines to 12.92%, likely due to a
transition from nucleation efficacy to chain immobilization. At lower loadings, CS acts as discrete nucleation
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sites that accelerate crystallization, whereas excessive CS induces agglomeration, restricting polymer chain
mobility and suppressing crystalline domain formation [36]. Additionally, the addition of chitosan leads to
the appearance of an extra endothermic peak around 160°C in the composite. This phenomenon likely arises
from the formation of polydisperse crystallites during heterogeneous crystallization. The melting of these
crystallites across a broad temperature range, driven by their size-dependent endothermic behavior, accounts
for the distinct endothermic peak observed prior to the primary melt [37].

Table 2: DSC parameters of PLA and CS/PLA composites with different CS contents

Formulation T, (°C) T.(°C) T,(°C) AH, (J/g) X (%)

PLA 62.82 13754 167.71 2.672 291
2%CS/PLA 62.62 105.58 169.79 8.91 9.70
4%CS/PLA 62.54 103.8 169.43 11.50 12.78
6%CS/PLA 62.77 104.25 169.93 10.72 12.17
8%CS/PLA 62.18 102.72 169.17 13.78 15.98
10%CS/PLA 63.15 104.62  170.27 10.90 12.92

3.6 Impact of CS Incorporation on the Crystallization of CS/PLA Composites

The XRD spectra (Fig. 6¢,d) display characteristic diffraction peaks at 260 = 16.8° and 21.8°, consistent
with semi-crystalline PLA [38]. CS, which adopts an amorphous or low-crystallinity structure, lacks
prominent peaks in XRD patterns. As CS content increases from 2% to 10%, PLA’ diffraction peaks exhibit
progressive changes in intensity and full width at half maximum, reflecting alterations in crystalline ordering.

At lower CS content, polar groups within CS molecules—such as -OH and -NH, groups—interact with
PLA segments via hydrogen bonding. These interactions act as localized nucleating agents, slightly enhancing
PLA crystallinity and yielding sharper XRD peaks or modest intensity increases. However, as CS content
rises, excess amorphous CS disrupts the ordered stacking of PLA molecular chains, broadening peaks and
reducing intensity, thereby suppressing crystallization. Despite variations in CS content, PLA’s primary XRD
peaks (16.8° and 21.8°) persist, indicating no fundamental structural transformation. Nevertheless, PLA
crystallinity and crystal perfection initially improve but decline at higher CS loadings.

Polymer crystallization involves two critical stages: nucleation and crystal growth. POM is a powerful
tool for studying these processes and deriving crystallization kinetics. Under isothermal conditions, POM
reveals nuclei density and spherulite growth rates in transparent polymer films. During crystallization from
melt or solution, polymers often form spherulites—structures whose size and morphology directly influence
mechanical and optical properties. Understanding spherulite formation mechanisms is thus crucial for
tailoring material performance and applications. Fig. 7 shows POM images of PLA and CS-PLA composites
with varying CS content. At 0 min, increasing CS content correlates with more crystalline regions in the
images, attributed to un-melted CS crystallites at the observation temperature. These regions appear as bright
spots due to light refraction by CS crystals. For pure PLA, nuclei emerge at 2 min during cooling, proliferate
by 3 min, and coalesce into spherulites covering the field of view by 5 min. However, the crystallization rate
of the composite material significantly increases with the addition of CS as the CS content rises. At 10% CS
content, crystallization initiates as early as 2 min, with full-field spherulite coverage achieved by 3 min. This
accelerated crystallization stems from CS acting as a heterogeneous nucleating agent—its particles provide
preferential sites for PLA chain alignment during the nucleation phase. By lowering the energy barrier for
nucleation, CS drastically reduces induction time and enhances crystallization kinetics.
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Figure 7: POM images of PLA and CS/PLA composites with different CS contents

3.7 Thermomechanical Properties Analysis

The thermomechanical properties of CS-PLA composites were analyzed via DMA. Fig. 8a,b depicts the
temperature-dependent storage modulus and loss tangent (tan §), respectively. Incorporating CS markedly
enhanced the storage modulus of PLA: at 6% CS loading, the storage modulus increased from 1670 MPa
(pure PLA) to 3091 MPa, demonstrating improved rigidity. Beyond 6% CS, the storage modulus declined to
~2404 MPa due to CS agglomeration and compromised dispersion. The sharp drop in storage modulus at
elevated temperatures corresponto the onset of molecular chain mobility, signaling the glass transition. DMA
results aligned with DSC data, with both methods showing minimal T variation across composites [39].
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Figure 8: (Continued)
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Figure 8: (a) storage modulus, (b) loss angle, (c) TG and (d) DTG curves of PLA and CS/PLA composites with different
CS contents

The Ty is characterized by the peak value of tan &, whose magnitude correlates with molecular
chain mobility and structural order. Upon CS incorporation, the tan § peak intensity initially rises then
declines, reflecting a transition from PLAs amorphous state (evidenced by high damping) to a more ordered
crystalline structure. This shift aligns with increased crystallinity induced by CS acting as a nucleating agent.
While CS’s rigid framework enhances energy dissipation via restricted chain motion, excessive CS loading
(>6%) promotes agglomeration, weakening interfacial viscoelasticity and forming micro-voids that reduce
stiffness—consistent with observed modulus reductions at higher CS content [40].

At lower chitosan (CS) loadings (2%-6%), the Tg marginally decreases, consistent with CS acting
as a nucleating agent that disrupts interfacial adhesion and reduces interchain constraints. Conversely, at
higher CS loadings (8%-10%), Tg rebounds due to restricted PLA chain mobility caused by hydrogen-
bonding interactions and physical entanglements with CS. The observed Tg elevation may also arise from
excessive CS-inducing localized thermal barriers, impeding heat dissipation during DMA testing [41]. The
narrowing loss peak width upon CS incorporation reflects CS-induced disruption of PLA’s native chain
segment relaxation modes. Concurrently, the storage modulus increases and the loss of tangent extremum
observed at 100°C arises from cold crystallization—a temperature-dependent process where enhanced chain
mobility enables structural reordering within the polymer matrix [42].

3.8 Effect of CS Addition on the Thermal Stability of CS/PLA Composites

Fig. 8c illustrates that TG analysis of CS-PLA composites reveals a marked increase in residual mass
with CS incorporation. This originates from CS’s propensity for char formation during thermal degradation.
Unlike PLA, CS—with its polysaccharide backbone and polar functional groups (-OH/-NH2)—promotes the
development of a thermally stable carbon network under pyrolysis. Interfacial interactions (e.g., hydrogen
bonding) between CS and PLA further enhance char layer formation. This char serves as a thermal barrier,
retarding mass transfer and volatile release during decomposition, thereby increasing residual mass [43].

The DTG results shown in Fig. 8d demonstrate that with an increase in CS content, the maximum
weight loss rate of the composite during pyrolysis gradually diminishes. This behavior primarily stems from
hydrogen bonding and interfacial interactions between CS and PLA, which stabilize PLA’s molecular archi-
tecture and suppress rapid thermal degradation. Furthermore, CS itself degrades over a wider temperature
range compared to PLA, leading to a more gradual decomposition profile and attenuated peak mass loss
rates. Additionally, CS promotes char layer formation during pyrolysis; this carbonaceous barrier impedes
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the outward diffusion of volatile degradation byproducts, synergistically decelerating the overall pyrolysis
kinetics [44].

3.9 Rheological Properties Analysis

Dynamic rheology quantifies the viscoelastic-mechanical response of materials under periodic oscilla-
tory stress or strain, offering a robust method to probe structural and morphological features in complex
systems [45,46]. The storage modulus (G') represents the capacity of the composite to elastically store
deformation energy, indicative of its solid-like behavior. Conversely, the loss modulus (G”) measures energy
dissipation as heat, signifying viscous (liquid-like) behavior. Dynamic viscosity (#*) quantifies flow resistance
under shear stress. Collective analysis of these parameters across angular frequencies provides insights into
molecular chain mobility, entanglements, and structural network integrity.

Dynamic rheological analysis (Fig. 9a,b) reveals that pure PLA exhibits low G’ atlow frequencies, reflect-
ing limited elastic energy storage under low strain. As angular frequency rises, restricted molecular mobility
enhances rigidity, driving a gradual increase in G'. Conversely, PLAs G’ shows a gradual increase with
frequency, underscoring dominant viscous behavior due to energy dissipation via chain motion. Introducing
chitosan (CS) into PLA reduces both G’ and G” across all frequencies, with reductions intensifying at higher
CS loadings. For instance, at 10% CS-PLA, G’ and G” decrease by ~10x in low-frequency regions, indicating
compromised viscoelasticity. This stems from poor CS-PLA compatibility, causing inefficient stress transfer
and reduced energy storage. At >4% CS loading, polar CS molecules agglomerate due to intermolecular
attraction, exacerbating dispersion issues. Poor dispersion diminishes CS’s reinforcement efficacy, further
degrading modulus performance [47]. Agglomerates can act as stress concentration points, diminishing
the efficiency of energy storage and dissipation during material deformation, which ultimately results in a
decrease in both G’ and G”.
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Figure 9: (a) storage modulus, (b) loss modulus and (c) complex viscosity curves of PLA and CS/PLA composites with
different CS contents

As depicted in Fig. 9¢, pure PLA exhibits minimal viscosity variation across the tested angular frequen-
cies, indicative of stable flow behavior. In contrast, CS incorporation markedly reduces composite viscosity,
with a pronounced decline at higher CS loadings. For instance, the 10% CS-PLA composite shows a ~10-fold
viscosity reduction compared to pure PLA. This reduction stems from CS disrupting PLA’s molecular chain
packing, lowering flow resistance. The disorderly chain arrangement and weakened intermolecular forces
enhance deformation susceptibility during processing, thereby decreasing overall viscosity.
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4 Conclusion

This research comprehensively examined how CS content affects the properties of CS/PLA composites.
The findings show that an optimal amount of CS can enhance the impact strength, elongation at break,
and crystallization performance of the composites. Moreover, within a certain content range, the addition
of CS can markedly improve the thermal stability and rigidity of the composites. However, when the
CS content is too high, agglomeration may happen within the material, resulting in weakened interfacial
bonding strength and a subsequent deterioration of various properties. However, CS’s inherent hydrophilicity
promotes material water absorption, which intensifies at elevated CS loadings due to aggregation. Balancing
these trade-offs, the composite achieves optimal performance at 4% CS loading. At this threshold, uniform
CS dispersion enables efficient stress transfer, yielding peak fracture elongation (16.16%) and impact
strength (20.63 kJ/m?), while simultaneously improving crystallization kinetics—evidence of a balanced
microstructure with enhanced multifunctional performance. This work advances the development of CS-
PLA composites by optimizing mechanical durability, extending service life, and enhancing sustainability,
providing a viable strategy for sustainable food-contact materials.
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