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ABSTRACT

This thesis presents the development and characterization of biodegradable
nanocomposites based on poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), and their
blends reinforced with cellulose nanocrystals (CNCs) extracted from sugarcane
bagasse. The research aimed to enhance the structural, thermal, morphological, and
biodegradation performance of these polymers, thereby advancing sustainable
alternatives to petroleum-based plastics. The work was organized in two parts: effects of
CNCs on the individual matrices, i.e., neat PLA and PCL, and on the blended materials,

i.e., PLA/PCL.

In the first study, CNCs were incorporated into neat PLA and PCL to investigate their
individual responses to reinforcement. The addition of CNCs promoted crystallinity and
significantly increased the biodegradation rate of both polymers. 1 wt.% CNCs loading
doesn’t show any impact on the biodegradation of PLA. 3 wt.% CNCs slightly increased
the biodegradation rate of PLA with the weight loss of 8% at day 112, while 5 wt.% CNCs
sped up the degradation of PLA and a wight loss 82.2% in the same period, although it
reduced thermal stability and disrupted crystal ordering at higher loadings. In contrast,
PCL showed minimal thermal changes but exhibited progressively faster biodegradation
with increasing CNCs content. PCL/CNCs nanocomposites with 1, 3 and 5wt.% CNCs
respectively exhibited a weight loss of 6.3, 12.1 and 36.4% at day 112, while neat PCL

exhibited a weight loss of 5.4% at the same time.

In the second study, PLA/PCL blends (70/30 and 30/70 wt.%) were reinforced with CNCs
(1, 3, and 5wt.%) and evaluated for their structure—property relationships. CNCs
enhanced crystallinity, interfacial adhesion, and biodegradation. The incorporation of
CNCs to PLA/PCL (30/70) increased the biodegradation rate with increasing CNCs
contentinthe composite. Theincorporation of CNCs to PLA/PCL (70/30); 1, 3wt.% CNCs
hasnoimpact on the biodegradation, while the incorporation of 5 wt.% CNCs to PLA/PCL
(70/30) sped up the biodegradation, achieving 100% mass loss within 112 days,
compared to only 0.3% for neat PLA. Thermal stability improved slightlyata 1 wt.% CNCs
loading but declined at higher concentrations. Tensile testing confirmed superior
strength of neat PLA compared to PCL and PLA/PCL blends, although CNCs-reinforced

nanocomposites could not be mechanically tested due to sample brittleness.

iv

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

The findings show that CNCs derived from agricultural waste can improve the
biodegradation and structural performance of PLA, PCL, and their blends. This thesis
highlights the potential of sugarcane bagasse-derived CNCs as sustainable
reinforcements for biopolymer systems, supporting the development of eco-friendly

materials for packaging, biomedical, and other advanced applications.

Keywords: poly(e-caprolactone) (PCL), poly(lactic acid) (PLA), PLA/PCL blends,
cellulose nanocrystals (CNCs), sugarcane bagasse, biodegradable nanocomposites,

thermal and structural properties, biodegradation
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Chapter 1
INTRODUCTION

1.1 Background and context

In recent years, the extensive use of synthetic polymers has significantly contributed to
environmental pollution. This poses substantial challenges to global sustainability
efforts. Traditional petroleum-based plastics, like polyolefins, are non-biodegradable,
and they lead to persistent waste disposal problems and high labor costs for
environmental cleanup. In response, biodegradable polymers have gained interest as a
possible alternative (Abhilash and Thomas, 2017). Biodegradable polymers degrade fully
when exposed to microbes such as bacillus subtilis and pseudomonas lipolytica. They
also fully degrade under aerobic (industrial composting, soil, and marine environments
or anaerobic (sewage sludge digesters, oxygen-free soil) processes, providing a solution
to waste disposal challenges (Abhilash and Thomas, 2017; Chamas et al., 2020; Zeenat
et al., 2021). The deterioration can be either spontaneous or under controlled conditions,
for instance industrial conditions, of these materials help to maintain environmental

stability and prolong landfill life by reducing the volume of waste.

The polyester family is a remarkable class of biodegradable polymers, distinguished by
hydrolysable ester linkages that can degrade in alkaline and acidic conditions (Rydz
et al., 2015). Among these polymers, poly(e-caprolactone) (PCL) and poly(lactic acid)
(PLA) are potential alternatives due to their desirable properties, including
biodegradability and processability (Farah et al., 2016; Jia et al., 2017; Mofokeng et al.,
2012). PCL is a semi-crystalline aliphatic polyester that has outstanding processability,
low melting point, and exceptional mechanical properties, making it suited for use in
tissue engineering and load-bearing tissues (Amokrane etal., 2018; Luyt and Malik,
2018). PLA originates from renewable resources such as sugarcane and maize starch. It
is commonly utilized in packaging, textiles, and biomedical applications due to its high
strength, stiffness, and melting temperature. However, its low toughness and brittleness

restrict its use in applications requiring plastic deformation at greater stress levels (Jia
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et al.,,2017;Zhanget al., 2022). Blending PLA with more flexible and tough polymers such
as PCL can help in overcoming these limitations. This includes combining their

respective benefits to achieve enhanced mechanical properties and flexibility.

Despite these advantages, PCL/PLA blends pose severe immiscibility issues. This
immiscibility further causes uneven dispersion and poor interfacial interactions,
reducing the overall performance of the blend (Shin and Han, 2017; Zhu et al., 2020). To
address these issues, the introduction of a third component, such as compatibilizers or
organic/inorganic fillers, has been proposed to improve the compatibility and
mechanical properties of the blend. Several studies have proved the efficiency of
different compatibilizers and fillers in improving the mechanical properties, phase
adhesion, and overall performance of PCL/PLA blends (Chen et al., 2023; Kalita et al.,
2020; Rao et al., 2019; Rytlewski et al., 2022; Zhu et al., 2020).

Nanocellulose, generated from plant cell walls and agricultural waste, has recently
attracted substantial attention as a reinforcing filler in polymer composites without
compromising biodegradable properties. It provides distinct mechanical, thermal, and
barrier properties, as well as potential for functionalization and surface modification,
allowing the production of tailored features for specific applications (Motloung et al.,
2020; Salmani etal., 2024). Agricultural plant waste, such as sugar cane bagasse
(Saccharum officinarum), provides an abundant and low-cost source of nanocellulose,

making it an attractive option for sustainable material development.

1.2 Problem statement

Despite the potential of PLA/PCL blends and nanocellulose reinforcement, there are still
difficulties in attaining uniform dispersion, enhanced interfacial bonds, and optimal
performance. Furthermore, such reinforcement might influence the crystallization
behavior of these mixes, resulting in various characteristics. This underlines the
importance of studying aspects like thermal behavior, structure, morphology,
mechanical capabilities, and biodegradation to better understand how nanocellulose

affects these systems.
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1.3 Research aim

The aim of this study was to investigate the fabrication, characterization, and
performance of PLA, PCL, and PLA/PCL blend nanocomposites reinforced with cellulose
nanocrystals extracted from sugar cane bagasse (Saccharum officinarum). It focused on

thermal, structural, morphological, mechanical and biodegradation properties.

1.4 Research objectives

1.  To extract cellulose nanocrystals (CNCs) from South African sugarcane bagasse

using alkaline treatment, bleaching, and sulfuric acid hydrolysis.

2. To purify the nanocellulose through centrifugation, dialysis, ultra-sonication, and

freeze-drying.

3. To characterize the isolated CNCs in terms of morphology, structure, and thermal
analysis using techniques such as scanning electron microscopy, Fourier

transform infrared spectroscopy (FTIR), and thermogravimetric analysis (TGA).

4. To prepare neat PLA, neat PCL, PLA/PCL blends, and nanocomposites with varying

CNCs content using melt blending.
5. To ensure uniform dispersion of CNCs within the polymer matrices.

6. To investigate the thermal, structural, and morphological properties of neat
polymers, blends, and CNCs-reinforced nanocomposites using differential
scanning calorimetry (DSC), TGA, SEM, wide-angle X-ray scattering (WAXS), small-
angle X-ray scattering (SAXS), and FTIR.

7. To assessthe dispersion and integration of CNCs within the polymer matrices.

8. To evaluate the biodegradation behavior of neat polymers, blends, and

nanocomposites through soil burial tests.
9. To assess the tensile properties of neat PLA, neat PCL, and PLA/PCL blends.

1.5 Structure of the thesis

Chapter 1: Introduction — This chapter provides the background and context of the study.

It highlights the significance of nanocellulose-reinforced biodegradable polymers. It
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presents the problem statement, clearly defines the research aim and objectives, and
outlines the scope of the study. Additionally, the chapter describes the overall structure

of the thesis, guiding the reader through the subsequent chapters.

Chapter 2: Literature review — This section provides a comprehensive review of the
fabrication of nanocellulose-reinforced PLA, PCL, and their blends, with particular focus
on the potential of CNCs and cellulose nanofibrils (CNFs). It examines nanocellulose
extraction methods and surface modification strategies, followed by an overview of
processing approaches such as melt blending, solvent casting, and injection molding.
Emphasis is placed on how these techniques affect composite morphology, mechanical
performance, thermal stability, and biodegradability, thereby highlighting structure-

property relationships and theirimplications for sustainable material development.

Chapter 3: Experimental paper titled The effect of sugarcane bagasse-derived cellulose
nanocrystals on the thermal, structural, morphological, and biodegradation properties of
poly(e-caprolactone) and poly(lactic acid). This chapter presents an experimental
investigation into the influence of CNCs on neat PCL and PLA. All experimental
procedures, including material preparation, nanocrystal incorporation, and
characterization methods, are described within the article itself. The study focuses on
understanding how the addition of CNCs affects thermal behavior, morphology,

structural properties, and biodegradability of polymers.

Chapter 4: Experimental paper titled Thermal, structural, morphological, and
biodegradation properties of poly(e-caprolactone), poly(lactic acid) nanocomposites
reinforced with sugarcane bagasse-derived cellulose nanocrystals. This chapter extends
the experimental work to PLA/PCL blend systems. Similar to Chapter 3, all methodology
details are included within the article. The chapter examines the combined effects of
CNCs reinforcement on the thermal, structural, morphological, and biodegradation

properties of the biodegradable blend nanocomposites.

Chapter 5: Conclusions —This chapter summarizes the key findings and outcomes of the
research, emphasizing the contributions made to the field of biodegradable
nanocomposites. It also discusses the implications of the results and provides

perspectives for future research directions.
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Abstract

The growing demand for sustainable materials has intensified research on
biodegradable polymers, particularly poly(e-caprolactone) (PCL), poly(lactic acid) (PLA),
and their blends. PLA and PCL offer biocompatibility and biodegradability, making them
attractive for biomedical, packaging, and agricultural applications; however, their
practical utility remains limited owing to intrinsic drawbacks. PLA has low impact
strength and poor thermal resistance, while PCL suffers from low tensile strength and
slow degradation kinetics. Blending PLA with PCL can complement their properties,
providing a tunable balance of stiffness and flexibility. Further improvements can be
achieved through the incorporation of micro- and nanocellulose (NC), which act as
reinforcements, nucleating agents, as well as compatibilizers. We critically examine
fabrication strategies for NC-reinforced PLA, PCL, and their blends, highlighting NC
extraction, surface modification, processing strategies, and dispersion techniques that
prevent agglomeration and facilitate uniform distribution. Comparative insights into
composite and nanocomposite systems reveal that NC incorporation significantly
enhances mechanical properties, thermal resistance, crystallization, and
biodegradation kinetics, particularly at low filler loadings, owing to its high surface area,
specific strength, and hydrophilicity. The review underscores the potential of PLA/PCL-
based nanocomposites as eco-friendly biomaterials with tunable properties tailored for

diverse sustainable applications.

Keywords: poly(e-caprolactone); poly(lactic acid); nanocellulose; processing; PLA/PCL

blends; nanocomposites; biodegradable; mechanical reinforcement

2.1 Introduction

Biodegradable polymers, including poly(lactic acid) (PLA) and poly(e-caprolactone)
(PCL), have gained significant attention. On one hand, PLA is derived from renewable
resources such as corn starch, which provides degradation under specific conditions.
On the other hand, PCL, despite being a synthetic polymer, also offers biodegradable
characteristics. These polymers offer an alternative to petroleum-based plastics and
align with the increasing demand for sustainable materials. However, both PLA and PCL

exhibit limitations that restrict their wide-scale use. As summarized in Table 2.1, PLAand
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PCL exhibit contrasting properties. PLA, despite its high tensile strength and rigidity, is
brittle and prone to fracture (Wang et al., 2023; Widjaja et al., 2025), while PCL, known
for its flexibility, suffers from low mechanical strength (Kurakula, Rao and Yadav, 2020).
The combination of these polymers in blends aims to balance these properties, though
the immiscibility of the two remains a challenge (Fernandez-Tena, Otaegi, et al., 2023).
To address these limitations, different kinds of fillers, such as inorganic nanoparticles,
carbon-based fillers, metal and metal oxides, bio-based nanofillers, and cellulose-
based nanofillers, have been explored for the enhancement of PCL and PLA properties
(Ghanem et al., 2024; Hou et al., 2024; Soriano-Cuadrado et al., 2024; Vidakis et al.,
2024; Wang et al., 2024; Xiao et al., 2024; Carotenuto et al., 2025; Ntrivala et al., 2025;
Sen and Sever, 2025). In particular, nanocellulose (NC) has emerged as an attractive
nanofiller for these polyesters and their blends in the development of fully biodegradable
nanocomposites. Beyond its inherent biodegradability, biocompatibility, and non-
toxicity, NC exhibits high specific strength and tunable surface chemistry, setting it apart
from inorganic, carbon-based, and metal-based fillers that may pose potential health or
environmental concerns. These features, combined with their renewable origin, make it
a promising and sustainable alternative for designing high-performance bio-
nanocomposites. Recent research has focused on reinforcing these polymers and their
blends with NC, either in the form of cellulose nanocrystals (CNCs), cellulose nanofibrils
(CNFs), or bacterial nanocellulose. In PLA-based systems, NC has been shown to
enhance tensile strength, Young’s modulus, and crystallinity (Pracella et al., 2014; Gond
and Gupta, 2020; Gond et al., 2022; Wu et al., 2022; Ahmad et al., 2023; Khoo, Chow and
Ismail, 2023). This is due to its ability to act as a nucleating agent and reinforce the
polymer structure at the nanoscale. For instance, studies have reported up to 40-60%
improvement in tensile strength with the addition of well-dispersed CNCs at low loadings
(1-5 wt.%), along with improved thermal stability (Gond et al., 2022). Similarly, PCL-
based systems exhibited increased stiffness and biodegradation rate (Rashtchian et al.,
2020; Qiao et al., 2022; Chen et al., 2023), especially when surface-modified NC is used
toimprove interfacial adhesion with the more hydrophobic PCL matrix (Xu, Chen and Wu,
2018). Beyond individual matrices with NC, research has also focused on PLA/PCL
blend-based nanocomposites, where NC plays a dual role: reinforcing the polymer

network (Rytlewski et al., 2022) and acting as a compatibilizer (Rao et al., 2019; Dadras
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et al., 2020; Zhu et al., 2020; Salmani et al., 2024; Haghgoo et al., 2025; Nourany et al.,
2025). Generally, in immiscible polymer blends, nanocellulose localizes at the interface
between PLA and PCL phases, reducing interfacial tension and promoting stress transfer
across both phases. This results in finer phase morphologies and an improvement in the
mechanical synergy and dimensional stability. In some studies, the use of NC has
yielded PLA/PCL blend composites with balanced toughness and strength, improved
elongation at break and enhanced thermal behavior (Malinowski, 2016; Dadras et al.,
2020; Rytlewski et al., 2022; Chen et al., 2023). Moreover, techniques such as melting
extrusion and blending, solvent casting, injection molding and 3D printing have been
used to optimize dispersion and alighment of NC within the matrix, directly influencing
composite performance (Malinowski, 2016; Dadras et al., 2020; Kalita et al., 2020; Slouf
et al., 2020; Rytlewski et al., 2022; Chen et al., 2023). Table 2.1 presents the summary of
some of the PCL and PLA properties, such as tensile strength, elongation at break,
melting temperature and glass transition temperature. It also presents the processing
methods, approximate degradation under different composting conditions and

applications of PCL and PLA.

This review provides a comprehensive overview of the synthesis and properties of PCL,
PLA, and their blends, with a particular focus on the incorporation of different forms of
NC as reinforcements to enhance their mechanical, thermal, and biodegradation
performance. It is structured to first discuss the individual characteristics of PCL and
PLA, followed by NC extraction and characterization, and then details the preparation,
properties, and applications of PCL/NC, PLA/NC, and PLA/PCL blend-based bio-

nanocomposites, including hybrid reinforcements.
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Table 2.1. Comparison of properties of poly(e-caprolactone) and poly(lactic acid) (Woodruff

and Hutmacher, 2010; Hassan et al., 2012; Luzi et al., 2015; Ruz-Cruz et al., 2022).

Approximate
Tensile |Elongation Melting Glass Degradation Time
Processing
Polymer| Strength | at Break |Temperature| Transition Under Composting| Applications
(MPa) (%) (°C) (°C) Method Conditions
(Months)
Extrusion, injection
molding,
compression Drug delivery
PCL 10-40 200-600 58-64 -65to -60 >24
molding, solvent sutures
casting,
electrospinning
Extrusion, injection Orthopedic
molding, surgery, oral
PLA 50-70 3-6 173-178 60-65 compression 61012 and
molding, solvent maxillofacial
casting surgery
2.2 Synthesis and Properties of Poly(e-caprolactone)

Poly(e-caprolactone) (PCL) is an aliphatic polyester that is widely recognized for its
biodegradability, biocompatibility, and ease of processing, making it a material of
interest in both biomedical and environmental applications. According to literature, PCL
is synthesized via (i) ring-opening polymerization (ROP) (ionic- or metal-catalyzed, and
coordination insertion method) of the cyclic monomer e-caprolactone, (ii) cyclic ketene
acetals using radical ring-opening polymerization (rROP), and (iii) 6-hydroxycaproic acid
polycondensation, as shown in Figure 2.1 (Guarino et al., 2017). ROP remains the most
widely used method due to its high efficiency, ability to control molecular weight, and
compatibility with large-scale production. Moreover, the ROP of e-caprolactone process
is highly sensitive to the choice of catalysts, which include stannous octoate, aluminum

alkoxides, as well as zinc-based and tin-based complexes. The choice of a catalyst
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affects the molecular weight distribution of the resulting PCL, which in turninfluences its
mechanical and thermal properties (Chaipakdee et al., 2025). For example, the zinc-
cobalt double-metal cyanide complex [Zn-Co(lll) DMCC] produced higher molecular
weight PCL, which exhibits better tensile strength and elongation at break, but may
compromise processability due to its increased viscosity (Liu et al., 2020). The recent
literature has increasingly focused on alternative synthesis routes, including enzyme-
catalyzed and organo-catalytic polymerization, to address concerns about the residual
toxicity of tin-based catalysts such as stannous octoate in biomedical applications
(Gong et al., 2021; Dias et al., 2022; Fernandez-Tena et al., 2023). In one study, the role
of steric hindrance in the catalytic efficacy during polymerization was investigated. For
this purpose, tin(lV)-based catalysts such as tetramethyltin, dimethyldiphenyltin,
triphenyltin chloride and tetraphenyltin were utilized and compared. The latter was
reported to be effective in promoting propagation and thus produce PCL with high
molecular weight, narrow dispersity, and low oligomer content. The resulting polymer
exhibited superior tensile strength and elongation at break compared to the PCL

synthesized using other catalysts (Gong et al., 2021).

0

e-caprolactone

CH,

(o}
6-Hydroxycaproic acid

Figure 2.1. Various synthetic routes for the production of PCL (Adapted from (Meneses et al.,
2022), Open Access).
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In terms of properties, PCL is semi-crystalline, with spherulites consisting of lamellae
oriented in parallel and separated by amorphous regions with a reported degree of
crystallinity of ca. 40%, a melting temperature in the range of 58-64 °C, and a glass
transition temperature in the range of -65 to -60 °C (see Table 2.1) (Woodruff and
Hutmacher, 2010; Selikane et al., 2024; Kumalo et al., 2025). These thermal properties
contribute to its high flexibility and low-temperature processability. Mechanical studies
have shown that PCL typically exhibits moderate tensile strength (10-40 MPa) and
remarkable elongation at break (up to 600%), depending on the molecular weight, degree
of crystallinity, and the processing conditions (Chen et al., 2023; Ikhtiarini et al., 2025).
While its mechanical properties are suitable for applications requiring ductility, the
softness of the materials and low modulus have motivated the use of PCL in blends or
composites to improve structural performance. From a degradation standpoint, PCL
undergoes slow hydrolytic degradation of its ester linkages, followed by microbial action,
especially under composting or enzymatically active conditions (Guarino et al., 2017).
PCL degrades quickly, within months, under conditions such as warm temperature (~30-
40 °C), active microbial community, moisture, and slightly acidic conditions (pH ~5-7).
However, it takes years to degrade under conditions such as limited microbial activity
and low temperature. High crystallinity and hydrophobicity of PCL also slow the
degradation rate (Ghanem et al., 2024; D’Amario et al.,, 2025). While this slow
degradation rate is beneficial for long-term biomedical uses such as scaffolds and drug
delivery systems, it limits the effectiveness of PCL in short-lifespan packaging or
agricultural applications unless it is blended with polymers with fast biodegradation
kinetics or reinforced with hydrophilic fillers. The literature also highlights the limited
polarity and hydrophobic nature of PCL, which often leads to poor compatibility with
polar fillers and polymers. This has driven a considerable amount of research into
surface modification, grafting, and compatibilization strategies to enhance its interfacial
interactions in composites. Recent efforts include the functionalization of PCL chains
and incorporation of nanofillers, such as NC, to improve both the mechanical and
thermal performance of PCL-based materials while retaining biodegradability (Xu, Chen

and Wu, 2018).

13
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

2.3 Synthesis and Properties of Poly(Lactic Acid)

Poly(lactic acid) (PLA) is one of the most extensively studied biodegradable aliphatic
polyesters due to its bio-based origin, good mechanical strength, and biocompatibility.
According to (Farah et al., 2016; Luyt and Malik, 2018), PLA is primarily synthesized via
(i) direct polycondensation of lactic acid, (ii) azeotropic dehydrative condensation, and
(iii) ROP of lactide, as illustrated in Figure 2.2. The ROP method is more favorable
industrially due to the ability to achieve high molecular weight polymers and control over
stereochemistry (Luyt and Malik, 2018). The synthesis process is typically catalyzed by
tin(ll) octoate, which allows for tuning of the molecular architecture of the polymer

(Yamane and Sasai, 2003; Widjaja et al., 2023).
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Figure 2.2. Different synthetic methods for the production of PLA (Adapted from (Refinetti et
al., 2014), Open Access).

In general, PLA consists of crystalline domains formed by thin plate-like stacks of folded
polymer chains, connected to amorphous zones by chain folds and tie molecules
(Saeidlou et al., 2012). However, its physicochemical properties are closely linked to its
stereochemistry. Research highlights that poly(L-lactic acid) is semi-crystalline with the
degree of crystallinity of ca. 20-40% and exhibits a higher melting point (~170-180 °C),
while poly(D,L-lactic acid) is mostly amorphous with the degree of crystallinity of ca. 0-

10% and is more ductile (Yamane and Sasai, 2003). These differences influence
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mechanical and thermal performance, with poly(L-lactic acid) showing higher tensile
strength and modulus, whereas poly(D,L-lactic acid) offers better flexibility. The
mechanical properties of PLA are well-established. (Woodruff and Hutmacher, 2010)
reported tensile strengths in the range of 50-70 MPa. However, the inherent brittleness
and low impact resistance of PLA are frequently cited drawbacks, prompting research
into plasticization, copolymerization, and blending with more ductile polymers such as
PCL or poly(butylene adipate-co-terephthalate) (PBAT). PLA is biodegradable, primarily
via hydrolysis followed by microbial action. However, it is worth noting that
biodegradation rates are significantly influenced by crystallinity, molecular weight, and
environmental conditions. While industrial composting can achieve efficient
biodegradation, PLA tends to persist under ambient conditions, raising concerns about
its suitability in certain applications without additional modifications (Yamane and

Sasai, 2003; Karpova et al., 2024).

2.4 Nanocellulose: Extraction Methods and Characterization Techniques

Nanocellulose (NC) is a renewable and biodegradable nanomaterial typically derived
from lignocellulosic biomass (Sikhosana et al., 2023). It has emerged as a promising
reinforcing agent in biopolymer composites due to its high mechanical strength, low
density, and ease of surface modification. Studies in the literature have identified three
main types of NC, namely cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs),
and bacterial nanocellulose (BNC), each with distinct structural and physical
characteristics (Hassan et al., 2012; Qiao et al., 2022; Chen et al., 2023). Extraction
typically begins with chemical pre-treatments of the starting biomass, such as alkaline
delignification and bleaching to remove lignin and hemicellulose, yielding purified
cellulose suitable for nanoscale processing. Figure 2.3 provides extraction methods,
highlighting how they lead to different types of NC, namely CNCs (Figure 2.3a) and CNFs
(Figure 2.3b). Each method has distinct effects on the properties of the resulting NC,
which can further influence the performance of the final bio-nanocomposites. CNCs
(Figure 2.3a) are mainly obtained via acid hydrolysis, with sulfuric acid being the most
commonly used reagent. It breaks the amorphous cellulose regions and crystallizes the
cellulose into highly ordered crystalline structures. However, this method can

compromise thermal stability, prompting interest in alternative acids or enzymatic
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hydrolysis to mitigate such effects. CNFs (Figure 2.3b), on the other hand, are extracted
through mechanical fibrillation methods including high-pressure homogenization and
grinding, often aided by chemical or enzymatic pre-treatments such as 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation to enhance fibrillation
efficiency and reduce energy demand (Chitbanyong et al., 2020; Mokhena and John,
2020; Motloung et al.,, 2024). In contrast, BNC is biosynthesized by microbial
fermentation and is valued for its ultrafine network structure, high purity, and superior
water-holding capacity, which make it especially suitable for biomedical applications
(Chen et al., 2023). The characterization of NC has been reported in the literature, with
various studies highlighting how morphological, structural, and thermal properties
influence their performance in polymer nanocomposites (Chitbanyong et al., 2020;
Mokhena and John, 2020; Kurniawan et al., 2023). Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are frequently used to evaluate NC
dimensions and morphology. According to the literature, sulfuric acid-derived CNCs
typically appear as rigid, rod-like particles with lengths ranging from 100 to 300 nm and
diameters between 5 and 20 nm, while CNFs exhibit entangled fibrillar structures several
microns in length. X-ray diffraction provides insights into crystalline and polymorphic
forms. CNCs extracted via acid hydrolysis typically exhibit higher crystallinity indices (ca.
60-90%) due to removal of amorphous regions (Kusmono et al., 2020; Mohomane et al.,
2022). Such high crystallinity enhances stiffness and thermal resistance, making CNCs

suitable for reinforcing semi-crystalline polymers such as PCL and PLA.
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(a) Crystalline region ~ Amorphous region

Cellulose fibrils Cellulose chain CNCs

(b) Crystalline region  Amorphous region
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Figure 2.3. Schematic of the extraction of (a) CNCs and (b) CNFs from cellulose fibers via
acid hydrolysis and mechanical process, respectively. The right-hand side represents a
maghnified view of the boxed region on the left to show cellulose at nanoscale (Adapted from
(Phanthong et al., 2018), Open Access).

Fourier transform infrared spectroscopy (FTIR) is widely used to confirm chemical
composition and surface functional groups. The literature reports characteristic
cellulose bands at ~3340cm™ (O-H stretching), ~2900 cm™ (C-H stretching), and
~1050 cm™ (C-O-C stretching), with additional peaks in modified NC, indicating
successful surface functionalization (Xu etal., 2018; Motloung et al., 2024). Forinstance,
esterification with citric acid or silanization with organo-silanes leads to peak shifts or
the appearance of new bands, reflecting changed interfacial behavior.
Thermogravimetric analysis (TGA) has been used to evaluate thermal stability, showing
that CNCs produced via sulfuric acid hydrolysis degrade at lower temperatures (~180-
250°C) due to the presence of sulfate ester groups (Gan and Chow, 2019). Differential
scanning calorimetry (DSC) is used to observe transitions such as glass transition
temperature (Tg) and to evaluate the influence of NC on the thermal behavior of polymer
blends. The literature shows the importance of applying multiple complementary

techniques to fully characterize NC and predict its behavior in specific composite
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applications. Without such a comprehensive understanding, optimizing its reinforcing

potentialin PLA, PCL, and PLA/PCL blend matrices remains a challenge.

2.5 Poly(e-caprolactone)/nanocellulose Bio-Nanocomposites: Preparation

and Property Enhancements

The incorporation of NC into PCL matrices has gained significant attention in recent
years. Thisis mainly because of its potential to address the limitations of neat PCL, such
as low stiffness and moderate thermal resistance. The literature highlights various
preparation techniques for PCL/NC bio-nanocomposites, with melt blending and
solution casting being the commonly used (see Table 2.2). Melt blending offers the
advantage of scalability and solvent-free processing, although achieving uniform NC
dispersion remains a challenge due to its hydrophilic nature and tendency to
agglomerate within the hydrophobic PCL matrix (Avella et al., 2022; Qiao et al., 2022). On
the other hand, solution/solvent casting, often using chloroform or dichloromethane as
solvents, facilitates better initial dispersion but is limited by environmental and
processing drawbacks (Hassan et al., 2012; Xu et al., 2018; Rashtchian et al., 2020;
Mondal etal., 2021; Liand Wu, 2022; Chen et al., 2023). Electrospinning has emerged as
an effective technique for fabricating nanofiber-based PCL/CNCs scaffolds (Hivechi et
al., 2021). In these systems, CNCs were well-aligned within the fibers, contributing to
anisotropic mechanical enhancement. For example, electrospun mats containing CNCs
from cotton waste fiber demonstrated up to 50% tensile strength improvement at 1 wt.%
CNCs loading. However, at concentrations beyond 4 wt.%, CNCs tend to agglomerate,
adversely affecting elongation at break and reducing toughness. Therefore, an optimal
loading of 2-3 wt.% is often recommended to balance strength and flexibility (Hivechi et
al., 2021). Toovercome dispersion issues, research has shown that surface modification
strategies such as acetylation, silanization, or surfactant treatment of NC can be useful.
PCL-grafted CNCs, obtained via ring-opening polymerization of caprolactone monomer
using the “grafting from” approach, have also been reported (Ye et al., 2025). For
example, (Avella et al., 2022) demonstrated that treated CNCs improved interfacial
adhesion and dispersion within PCL, resulting in enhanced mechanical performance
compared to unmodified fillers. In another study, grafting CNFs with PCL (CNFs-g-PCL)

improved the dispersibility of CNFs in the PCL matrix, which led to improved mechanical
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properties. Melting temperatures of the composites also increased, which improved the

thermal processability of PCL (Ma et al., 2024).

In terms of property enhancements, numerous studies confirm that the addition of NC
significantly improves the mechanical performance of PCL. The tensile strength, Young’s
modulus, and elongation at break have all shown measurable increases at low NC
loadings (typically < 5 wt.%) (Hassan et al., 2012; Luzi et al., 2015; Xu et al., 2018; Qiao
et al., 2022; Chen et al., 2023). These improvements are attributed to the high aspect
ratio and rigidity of NC, which contribute to effective stress transfer at the filler-matrix
interface when dispersionis well controlled. In one study, (N’Gatta et al., 2025) designed
3D-printed bioactive composite scaffolds for bone tissue engineering using fused
deposition modeling, incorporating PCL, CNCs, and silver nanoparticles (AgNPs). The
binary PCL/CNCs composite displayed significantly higher stiffness and ductility
compared to the ternary PCL/CNCs/AgNps system, highlighting CNCs’ role in enhancing
the mechanical performance of the composite scaffolds. In another study,
(Chanthavong et al., 2025) fabricated green composites based on PCL and polyvinyl
alcohol (PVA) blend reinforced with polyethylene oxide (PEO)-modified cellulose
microfibers. Interestingly, the incorporation of just 1 wt.% cellulose into the PCL-PVA
blend significantly increased the tensile strength (Khoshkava and Kamal, 2013). The
observed enhancement in tensile strength underscores the reinforcing ability of
cellulose on the mechanical properties of these composite materials. Thermal behavior
has also been positively affected; TGA and DSC analyses from multiple studies indicate
that NC can enhance the thermal stability and crystallinity of PCL composites, although
this effect is strongly dependent on the type of NC and its dispersion quality (Mondal et
al., 2021; Avella et al., 2022; Li and Wu, 2022; Chen et al., 2023). Moreover, NC acts as a
nucleating agent, promoting faster crystallization kinetics, which is particularly
advantageous for applications requiring rapid processing or dimensional stability (Chen
et al., 2023). From a biodegradation point, incorporation of hydrophilic NC into PCL
increases the hydrophilic character of PCL/NC composites, potentially enhancing water
penetration, hydrolysis of ester bonds, and access for microbial/enzymatic attack.

Factors such as dispersion of NC on the PCL matrix and the reduced crystal size of NC
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contribute to increasing the degradation rate. Poor dispersion reduces water uptake,
which hinders biodegradation. If the addition of NC significantly increases the
crystallinity of the composite, the biodegradation rate decreases since the crystalline
domains are less accessible to microbes and water compared to amorphous regions
(Hong et al., 2021; Jeon et al., 2023). To summarize, the literature shows that NC is an
effective, bio-based reinforcement for PCL. It offers multifunctional improvements that
broaden the applicability of PCL in biomedical, packaging and environmental contexts,

provided that interfacial compatibility and dispersion are properly managed.
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Table 2.2. Summary of poly(e-caprolactone)/nanocellulose bio-nanocomposites with source, structure, and application insights.

Application
Composite Source Filler (wt.%) Fabrication Method Enhanced Properties References
Area
Tensile modulus, storage modulus,
2.5,5.0,7.5, biodegradability properties, and moisture (Hassan et al
PCL/CNCs Sugarcane bagasse Solution casting | barrier. Maximum increase in Young’s modulus | Food packaging 2012) v
10.0,12.5, and 15.0 was about 77%, and it was achieved at 12.5
wt.% CNCs loading.
PCL/CNCs Commercial 10 Melt blend.lng and Rheological performance,.c.rossllnklng, and Shapg-mgmory (Avella et al., 2022)
pressing thermal stability. applications
PCL/CNCs Marme algae 0.5.1.0, and 2.0 Solvent casting Thermal stability, Young’s modulus, and tensile Packaging (Mondal etal.,
biomass strength. 2021)
PCL/CNCs Purchased 1.0,3.0,5.0,and 7.0 Solvent casting Nucleation and crystallinity for all composites. Energy storage (Li and Wu, 2022)
Heterogeneous nucleation, crystallization rate,
PCL/CNCs Sugarcane bagasse 2.0 Solution casting | and improved tensile strength of PCL from 16.5 Packaging (Chen etal., 2023)
MPa to 17.8 MPa.
PCL/CNCs Orange peel 2.0 Solution castin Heterogeneous nucleation, crystallization rate, Packagin (Chen et al., 2023)
gep ) g and improved tensile strength of PCL. ging ”
. . . Heterogeneous nucleation, crystallization rate, .
PCL/micro-cellulose Wheat bran 2.0 Solution casting . . Packaging (Chen et al., 2023)
and improved tensile strength of PCL.
Tearing strength increased by 68%, and oxygen
o 30 .
PCL/CNCs Starch 10,3.0,and5.0 | Solutioncasting | ransmission rate (from 1740 to 1250 cm™/m Packaging (Xu et al., 2018)
per day) and gas permeability were improved for membrane
the composite with 1.0 wt.% CNCs.
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(Rashtchian et al.,

PCL-CaAlg/CNCs Cotton 1.0and 5.0 Solution casting Degradation rate and hydrophilicity. Wound dressing 2020)
Tensile strength and Young’s modulus

05 1.0 5.0 ) increment of 7.5% at 10 wt.% CNFs and 76% at .

PCL/CNFs Rice straw T Melt blend.lngand 15 wt.% CNFs, respectively. Hydrophilicity at 15 Pac;kagmg and (Qiao et al., 2022)

10.0, and 15.0 pressing wt.% CNFs. biomedical
Nucleated crystallization.

PCL/CNCs Cotton waste fiber 0.5,1.0,1.5, Electrospinnin Hydrophilicity and crystallization activation | Tissue engineering (Hivechi et al.,

2.5, and 4.0 P g energy at 1.0 wt.% CNCs content. and wound dressing 2021)

Young’s modulus and rigidity improved for all
samples. Melting temperature increased.

Sustainable

PCL/CNFs-g-PCL |Hardwood kraft pulp| 10.0, 20.0, and 30.0 3D printing Tensile strength enhanced by 45.5% at CNFs-g- products (Maetal., 2024)
PCL 30.0 wt.% loading.
Balanced tensile strength and flexibility ; ; i
1.0, 2.0, and 3.0 . Tissue engineering
PCL/CNCs Purchased Wt% Wet spinning (Young’s modulus of 0.27 GPa). and anterior (Rocha et al., 2025)

Biocompatibility.

cruciate ligament

Note: PCL = polycaprolactone; CNCs = cellulose nanocrystals; CNFs = Cellulose nanofibrils; wt.% = weight percentage.
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2.6 Poly(Lactic Acid)/nanocellulose Bio-Nanocomposites: Preparation and
Property Enhancements

The integration of NC into PLA has been extensively studied as a strategy to overcome
the inherent drawbacks of PLA, such as brittleness, low impact strength, and slow
crystallization rate. The literature presents a variety of preparation methods for PLA/NC
bio-nanocomposites, such as solvent casting, injection molding, melt blending, electro-
spinning, and extrusion. Solvent casting, often used in early-stage studies, enables good
initial dispersion of NC in PLA due to solvent-assisted mixing (Luzi et al., 2015; Miao and
Hamad, 2016; Gan and Chow, 2019; Gond and Gupta, 2020; Khoo et al., 2023). However,
industrial relevance has driven growinginterest in melt processing techniques, which are
environmentally favorable and scalable (Pracella et al, 2014; Wongthanaroj et al., 2022;
Wu et al., 2022; Ahmad et al., 2023). Despite its advantages, melt processing poses
challenges related to the incompatibility between hydrophobic PLA and hydrophilic NC,
often leading to agglomeration. Relative to PLA, unmodified NC has a higher surface
energy owing to its polar nature at ambient conditions. A direct consequence of the
surface energy difference is poor compatibility and thus weak interfacial adhesion
between the two components, leading to a non-uniform distribution of the nano-filler in
the polyester matrix. Surface modification of NC has been shown to lower its sur-face
energy, improving the polymer-filler interaction and thus achieving uniform dispersion
(Khoshkava and Kamal, 2013). To address this, researchers have investigated surface
modification techniques, such as grafting with glycidyl methacrylate, to enhance
interfacial adhesion and dispersion of NC in PLA (Pracella et al., 2014). Grafting of PLA
chains onto NC surfaces results in more homogeneous composites and superior
mechanical behavior (Ye et al., 2025). For example, incorporation of poly(ethylene glycol)
(PEG)-grafted CNCs into PLA through electrospinning enhanced mechanical properties
such as tensile strength and elongation at break. Properties such as thermal stability,
hydrophilicity, and enzymatic degradation rate were also enhanced by CNCs-g-PEG
incorporation (Gongetal., 2025). Incorporation of CNFs-g-PLA to PLA through 3D printing
improved thermal stability and mechanical properties such as Young’s modulus and
tensile strength (Ma et al., 2024). Significant mechanical property enhancements have

been reported with the addition of NC to PLA (Table 2.3). As highlighted in the literature
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(Pracella et al., 2014; Gond and Gupta, 2020; Gond et al., 2022; Wu et al., 2022; Ahmad
et al., 2023; Khoo et al., 2023), tensile strength and Young’s modulus of PLA composites
increased notably with the incorporation of well-dispersed CNCs or CNFs, even at low
filler contents (< 5 wt.%). These enhancements are largely due to the high stiffness and
aspect ratio of NC, which enable efficient stress transfer across the matrix—filler
interface. However, a trade-off in elongation at break is often observed, attributed to
restricted polymer chain mobility, unless plasticizers or compatibilizers are introduced.
Beyond mechanical improvements, thermal stability and crystallization behavior of PLA
are positively influenced by NC (Islam et al., 2025). Studies using DSC and TGA show that
NC can act as a nucleating agent, accelerating PLA crystallization and enhancing its
thermal resistance (Gan and Chow, 2019; Gond et al., 2022; Ahmad et al., 2023; Khoo et
al., 2023). These effects are especially pronounced with CNCs due to their high surface

area and crystalline nature.

From the biodegradation point, well-dispersed hydrophilic CNCs on the PLA matrix
improve water uptake and increase the accessibility of ester bonds to microbes and
hydrolysis, which speeds up the degradation rate (Trivedi and Gupta, 2024).
Biodegradation is slowed by poor dispersion of CNCs on the PLA matrix or strong CNCs-
PLA interfacial adhesion, which lowers water penetration and polymer chain mobility
(Kelnar etal., 2023). Forexample, Manzano et al. reported that the incorporation of CNCs
alone into PLA decreases the degradation rate of the PLA/CNCs composite by 20%, but
incorporating CNCs with micro-fibrillated cellulose into PLA increased the
biodegradation of the composite by 60% under composting conditions. This might be
due to the increased crystallinity of PLA by the high crystalline CNCs, which hinders
microbial access and reduces water uptake. On the other hand, the inclusion of micro-
fibrillated cellulose improved water uptake (Galera Manzano et al., 2021). The literature
confirms that NC is a highly effective, renewable nanofiller for PLA. It enables the
development of biodegradable composites with tailored mechanical and thermal

properties for use in biomedical, packaging, and environmental applications.

24
© Central University of Technology, Free State



Central University of
Technology, Free State

Table 2.3. Summary of poly(lactic acid)/nanocellulose bio-nanocomposites with source, structure, and application insights.

Composite Source Filler (wt.%) Fa;z::(:ldon Enhanced Properties Application Area References
Acid hydrolysis of cellulose was performed by
sulfuric acid (S-CNCs) and phosphoric acid
(P-CNCs). Both P-CNCs and S-CNCs improved
Sugarcane i thermal stability of PLA. i (Gan and Chow,
PLA/CNCs bagasse fiber 10.0 Solvent casting Packaging 2019)
TGA results had shown that PLA/P-CNCs exhibited
higher thermal stability than PLA/S-CNCs
nanocomposites.
Improvement in water resistance, thermal stability,
Sugarcane 1.0, 2.0, 3.0, o . and mechamcal_propertles_such as tensile and .
PLA/CNFs bagasse Injection molding | flexural strength, impact resistance, and fracture |Sustainable products| (Gond et al., 2022)
g 4.0,and 5.0 toughness was observed in nanocomposites with 2
wt.% CNFs loading.
PLA/CNCs Sugarcane g 160 and 15.0| Solvent casting | MProved thermatstability and tensile strength at Packaging (Khoo et al., 2023)
bagasse 10.0 wt.%
1.0,2.0,3.0,and | Solution casting . 0 Packaging, (Miao and Hamad,
PLA/CNCs Softwood pulp 50 and co-extrusion Improved storage moduli at 3.0 wt.%. Medical 2016)
PLA/CNCs Purchased 1.0, 3.0,and 5.0 Melt blending Improved tensile properties at 3.0 wt.%. Packaging (Pracella et al., 2014)
PLA/CNCs Neptune grass 1.0 and 3.0 Solvent casting Accelerated degradation at 3.0 wt.%. Food packaging (Luzi et al., 2015)
Melt blending and | Tensile strength increased from 57.9 to 79.6 MPa. .
PLA/CNCs Wood pulp 0.5 injection molding Crystallinity increased from 35.9 to 42.5%. Packaging (Wuetal., 2022)
. Thermal stability increased at 2.0 wt.% CNCs, and . .
PLA/CNCs Purchased 0.75, 1.0, Single sF:rew tensile strength increased by 18.2% at 1.0 wt.% 3D blgmgdlcal (Ahmad et al., 2023)
and 2.0 extrusion applications.
CNCs.
Solvent-free cast |Reduced microbial growth, therefore, increased the . (Wongthanaroj et al.,
PLAVCNCs Purchased 2.0 extrusion shelf life of food that is oxygen sensitive. Food packaging 2022)
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PLA/CNCs-PEG Cotton

0.5,1.0,2.0and
4.0, and 8.0

Electrospinning

Central University of

Technology, Free State

Tensile strength and elongation at break improved
by factor of 2.8 and 1.9, respectively, at 4.0 wt.%
CNCs-PEG loading, while thermal stability
increased with increasing CNCs-PEG content.
Hydrophilicity and enzyme degradation rate
increased for all CNCs-PEG-containing samples
compared to neat PLA.

Sustainable products

(Gong et al., 2025)

Hardwood kraft

PLA/CNFs-g-PLA
pulp

30.0

10.0, 20.0, and

3D printing

Young’s modulus significantly increased at 20.0
wt.% CNFs-g-PLA loading. Tensile strength
increased by 20.8% at 20.0 wt.% CNFs-g-PLA
loading. Thermal stability is also enhanced by 20.0
wt.% CNFs-g-PLA loading.

Sustainable products

(Ma etal., 2024)

PLA/MCNCs Purchased 1.25

Solution casting

Enhanced crystallinity, biodegradation rate under
soil burial, and mechanical properties (tensile
strength by 34.6% and elongation at break by
84.3%).

Agriculture and
packaging

(Wu et al., 2025)

PLA/CNCs and

PLA/CNCs-g-ECO Purchased 1.0

Melt blending and
(solvent casting
followed by melt

blending)

CNCs-g-ECO improved dispersion, acted as a
nucleating agent, increased crystallinity, and
thermal stability.

Sustainable products

(Wahbi et al., 2025)

Note: PLA = poly(lactic acid); CNCs = cellulose nanocrystals; MCNCs = Mineralized cellulose nanocrystals; PEG = poly(ethylene) glycol; ECO = Epoxidized canola oil TGA =

Thermogravimetric analysis; wt.% = weight percentage.
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2.7 Poly(Lactic Acid)/poly(e-caprolactone) Biopolymer Blends: Morphology,
Compatibility and Properties

PLA and PCL blends have attracted considerable interest in the literature to
synergistically combine the desirable properties of both polymers, thereby overcoming
individual limitations. Table 2.4 summarizes the key findings from studies on PLA/PCL
blends pre-pared mainly via melt blending, which remains the most widely used method
due to its industrial relevance and scalability. PLA, characterized by high stiffness and
brittleness, and PCL, known for its flexibility and toughness, are inherently immiscible
due to differences in polarity and crystallinity, which results in phase-separated
morphologies (Shin and Han, 2017; Botlhoko et al., 2018; Dadras et al., 2020; Zhu et al.,
2020). Morphological studies using SEM and TEM consistently reveal a dispersed
droplet-matrix or co-continuous phase morphology, depending on the blend
composition and processing conditions (Shin and Han, 2017). The degree of miscibility
dictates the extent of molecular-level interactions between the polyesters, which in turn
strongly influences the development of the blend morphology, and thus the mechanical
properties and thermal behavior of the blends (Gumede et al., 2022; Vala et al., 2025). In
one study, incorporating 10 wt.% of PCL in the blends improved the crystallinity of PLA,
and the highest crystallinity was achieved at 20 wt.%, owing to the nucleating effect of
PCL, which promotes the crystal formation of PLA. Interestingly, the crystallinity was
significantly decreased with the utilization of higher PCL content (i.e., > 20 wt.%). This
was attributed to the disruption of the PLA crystal structure by excess PCL, which hinders
the effective chain arrangement (Eryildiz et al., 2025). In contrast, (lvanov et al., 2025)
reported that an increase in PLA crystallinity was not observed until the PCL content in
the blends reached ca. 40 wt.%. The relatively low crystallinity of PLA at lower PCL
loadings was attributed to the characteristic sea-island morphology observed in these
immiscible blend systems (Figure 2.4). The study further demonstrated that the optimum
size of the PCL (i.e., dispersed phase) was strongly dependent on the crystallinity of the
PLA (i.e., continuous phase). Indeed, the low PLA crystallinity resulted in the formation
of larger PCL spheres (=1 ym), whereas higher PCL crystallinity promoted finer phase
dispersion, leading to smaller PLA droplets (0.5 pm) in the 30PLA/70PCL blend (Figure

2.4). In other studies, this PLA/PCL blend ratio (i.e., 80/20) was also used to fabricate the
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blends, and itwas found that both the mechanical and thermal properties of the resulting
3D printed scaffolds were significantly improved (Eryildiz et al., 2025; Kiani et al., 2025).
(Vala et al., 2025) reported the preparation of PLA/PCL blends using PCL derivatives,
where PCL was chemically modified with either maleic anhydride or glycidyl
methacrylate. It was shown that the functionalization of PCL enhanced interfacial
adhesion and consequently led to improved thermal stability of the blends. In general, at
low PCL content, PCL droplets are dispersed within the PLA matrix, which typically leads
to improved impact resistance but limited enhancement in ductility. At higher PCL
loadings (>30 wt.%), co-continuous morphologies can form (Figure 2.4), resulting in
balanced stiffness and toughness (Botlhoko et al., 2018). The major challenge reported
in the literature is the limited compatibility between PLA and PCL. This is evident in
blends with 30/70 and 80/20 PLA/PCL ratios, which exhibit uneven dispersion of PLA
phases (Shin and Han, 2017; Zhu et al., 2020). This leads to weak interfacial adhesion
and poor stress transfer, resulting in com-promised mechanical performance (Shin and
Han, 2017; Zhu et al., 2020). To address these compatibility challenges and further
enhance the mechanical, thermal and functional properties of PLA/PCL blends, recent
research has focused on reinforcing these systems with NC, ushering in a new
generation of bio-nanocomposites with improved interfacial interactions and

sustainability performance.
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Figure 2.4. SEM micrographs of PLA/PCL blends at 95/5, 70/30, 60/40, and 30/70 w/w blend
ratios at low (20 pm) and high (5 pm) magnifications. Arrows guide the reader to the PLA and
the PCL phases. (Reproduced from (Ilvanov et al., 2025), Open Access).
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Table 2.4. Processing methods and performance outcomes of poly(lactic acid)/poly(e-
caprolactone) blends.

Blenc} . Fabrication Key Processing Findings/Impact on Composite -
Composition Technique Characteristics Performance Applications | References
(PLA/PCL wt.%)
. High temperature, Incompatible blends; poor interface (Zhu et al.,
30770 Melt blending direct mixing adhesion; uneven PLA phase dispersion. Not reported 2020)
100/0, 90/10, Stiffness, strength, elongation at break,
80/20, 70/30, thermal stability, and activation energy
60/40, 50/50, Melt blending High temperature, balancing were enhanced for (60/40) Packaging, |[(Shinand Han,
40/60, 30/70, direct mixing PLA/PCL blend. However, other blends Biomedical 2017)
20/80, 10/90, and showed poor compatibility and mechanical
0/100 properties.
80/20 Melt blending ngh tempgrgture, Large, d|spers§d particle s.|zes; poor Not reported (Shin and Han,
direct mixing mechanical properties. 2017)
100/0, 90/10, . All blends showed poor comp.a.tibility. '
80/20,70/30, and | Melt blending High temperature, | Based on results, blend containing 30% Packaging, |(Dadrasetal.,
’0/100 ’ direct mixing PCL had superior thermal properties Biomedical 2020)
compared to other blend ratios.

Note: PLA = Poly(lactic acid); PCL = Poly(e-caprolactone).

Property-wise, PLA/PCL blends exhibit a unique balance of mechanical, thermal, and
barrier characteristics that can be tailored by adjusting the blend ratio and
compatibilization approach. The literature reports that the addition of PCL generally
improves the elongation at break and impact strength of PLA, mitigating its brittleness,
while the stiffness and tensile strength tend to decrease proportionally with increasing
PCL content (Botlhoko et al., 2018). Thermal analysis via DSC shows that blending can
modify the crystallization behavior of both polymers, sometimes resulting in separate
melting peaks indicative of phase immiscibility, although compatibilized blends can
exhibit enhanced crystallinity due to improved phase interactions (Dadras et al., 2020).
Furthermore, PLA/PCL blends maintain biodegradability and have been investigated for
applications in packaging and biomedical devices (Botlhoko et al., 2018; Dadras et al.,

2020).
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2.8 Poly(Lactic Acid)/poly(e-caprolactone)-Based Composites Hybrid
Reinforcements: Processing and Performance

The development of PLA/PCL-based composites reinforced with fillers, such as NC and
other bio- or inorganic reinforcements, has emerged as a promising approach to
simultaneously enhance mechanical and thermal properties beyond what is achievable
with single fillers. The literature shows that reinforcement strategies improve interfacial
adhesion, dispersion, and composite functionality (Malinowski, 2016; Botlhoko et al.,
2018; Dadras et al., 2020; Kalita et al., 2020; Slouf et al., 2020; Rytlewski et al., 2022;
Chen et al., 2023). Processing methods for these nanocomposites typically involve melt
blending, solvent casting, extrusion, injection molding, and 3D printing, with melt
blending being the most industrially viable. However, achieving uniform dispersion and
stronginterfacial bonding remains a major challenge (Ilhan et al., 2025), often addressed
through surface modification of fillers or compatibilizers tailored to interact with both the
polymer matrix and the various fillers. Performance-wise, studies summarized in Table
2.5 report that composites of PLA/PCL exhibit improved tensile strength, modulus, and
toughness compared to neat PLA/PCL blends (Malinowski, 2016; Rao et al., 2019;
Rytlewski et al., 2022; Chen et al., 2023). For example, the PLA/PCL/TEMPO-oxidized
bacterial cellulose (TOBC) composite, manufactured via 3D printing and using TEMPO
oxidation surface modification, showed a 17.4% increase in tensile strength, alongside
a 208% increase in elongation at break. This indicates improved ductility and strength,
making it well-suited for biomedical applications where flexibility and resilience are
important. The enhanced crystallinity (~60%), associated with TOBC, also supported
better structural integrity (Chen et al., 2023). In contrast, the PLA/PCL/microcrystalline
cellulose (MCC) composites demonstrated improved hydrophilicity and accelerated
biodegradation, valuable attributes for a sustainable packaging solution. The melt
extrusion and blending fabrication technique ensures effective dispersion of MCC at 1.0-
3.0 wt.%, contributing to a moderate crystallinity (~45%) that balances mechanical
performance and environmental degradability (Kalita et al., 2020). Interestingly, MCC
composites did not report additional surface modification, suggesting a natural
compatibility between MCC and the PLA/PCL matrix. Incorporation of 1.0 wt.% CNCs, as
well as CNCs-g-PCL and CNCs-g-PLLA nanofillers, into the PLA/PCL matrix via melt-
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blending-accelerated biodegradation, improved compatibility, which enhanced
mechanical properties such as elastic modulus and tensile strength (Sessini et al.,
2018). CNCs, PCL-PEG-PCL tri-block copolymer (BCP), and BCP-CNCs were
incorporated into the PLA/PCL (60/40) matrix for phase compatibility improvement.
BCP10-CNCs1.0 enhanced interfacial interaction, 10.0 wt.% BCP enhanced the
crystallinity of PCL, and the porosity increased with CNCs content in the blend (Salmani
etal., 2024).

The “optimal” NC content largely depends on the polyester (i.e., PLA or PCL), blend ratio
(for PLA/PCL blends), morphology, and chemical modification of NC, the presence or
absence of a compatibilizer, processing method, as well as target properties. For
example, in one study, 3 wt.% NC was found to be optimal for dispersion and overall
properties in PLA (Sikhosana et al., 2023); however, another study reported an optimal
NC contentof4wt.% in PCL (Vidakis et al., 2024). Although the optimal values are system
specific, relatively low nanofiller contents (< 5 wt.%) lead to substantial enhancements
in mechanical properties. Since NC has a high surface area, low concentrations permit
even distribution within the matrix, promoting effective stress transfer. However, at high
loadings, thefiller particles aggregate, owingto strong intermolecular hydrogen bonding.
These agglomerates no longer reinforce, but rather act as stress concentrators, initiating
cracks and thus weakening the mechanical properties of the composites. Concerning
the plastic deformation mechanism, PLA, being glassy at ambient conditions, is
dominated by crazing and crack propagation. In contrast, PCL shows ductile behavior,
allowing shear yielding and necking. However, in PLA/PCL blends, the deformation
mechanism largely depends on interfacial adhesion, blend composition, and
temperature (Batakliev et al., 2025). Blending PLA with PCL, as well as the incorporation
of CNCs into either matrix, can significantly influence the phase composition of these
polyesters. For instance, CNCs have been shown to enhance the crystallinity of PCL
(Hivechi et al., 2021; Li and Wu, 2022; Qiao et al., 2022; Chen et al., 2023). Similarly, it
has been reported to accelerate the crystallization kinetics of PLA, thereby increasingits
overall crystallinity (Wu etal., 2022, 2025; Wahbi et al., 2025). These observations clearly

highlight the role of CNCs as an effective nucleating agent within these matrices,
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promoting a more ordered and less amorphous polymer structure. Nevertheless, this
nucleating effect is not exclusive to CNCs; as the dispersion of PCL in PLA (continuous
phase) has also been found to facilitate faster crystallization kinetics, while the
incorporation of PLA into PCL (continuous phase) similarly contributes to an increase in

crystallinity (lvanov et al., 2025).

Concerningthe mechanism of biodegradation, warm and moist conditions are essential,
and hydrolysis is central to, and thus the initiating and rate-determining step in the
process. Both PCLand PLA are aliphatic polyesters, comprising ester linkages along their
backbones. It therefore logically follows that they are both susceptible to hydrolytic
cleavage, albeit to varying degrees, depending on factors such as crystallinity, molecular
weight, and hydrophobicity. Relative to NC, which is rich in hydroxyl groups, both PCL
and PLA are hydrophobic; therefore, incorporation of cellulose nanofiller in either
polyester’s matrix reduces the lipophilic-to-hydrophilic ratio of the resulting composite
material, enhancing the water uptake and thus promoting hydrolysis. In the case of
blends, the PCL-PLA interface is typically a region of structural discontinuity, owing to
the immiscibility between the two polyesters. In addition, NC has been shown to often
localize in these regions and compatibilizes the two components. Therefore, given the
fibrous and porous nature of cellulose, these weak interfacial areas increase water

diffusion into the blend composites and accessibility for microbial attack.

Nanoclay fillers such as montmorillonite (MMT) and organo-modified MMT (O.MMT)
enhance the mechanical performance of the composites primarily by improving the
interface interaction between the PLA and PCL phases. Surface functionalization of MMT
nanoclay promotes better polymer compatibility and increases tensile strength,
essential for applications like printing plates (Rao et al., 2019). The O.MMT variant
notably doubles the indentation modulus compared to neat PCL, indicating a significant
increase in stiffness, which is desirable for rigid packaging materials (Slouf et al., 2020).
These composites were typically prepared via melt blending, a method that effectively
distributes nanoclay particles within the polymer matrix. Synthetic additives such as

Pluronic and triallyl isocyanurate (TAIC) serve as compatibilizers that enhance
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mechanical properties by improving the miscibility of PLA and PCL. TAIC, added via melt
blending, not only increases strength and modulus but also reduces phase separationin
PLA/PCL blends, expandingits use in both packaging and biomedical fields (Malinowski,
2016). Pluronic, incorporated at 2.5to 7.5 parts per hundred and processed through melt
blending, improves tensile strength at optimal blend ratios, targeting packaging
applications (Rytlewski et al., 2022). Additionally, the inclusion of natural biopolymer
reinforcements such as SFNPs improves the thermal stability and compatibility of
PLA/PCL composites without the need for surface modifications. Melt blending these
SFNPs at 1.0 wt.% offers benefits suitable for food packaging, where thermal resistance
and safety are priorities (Dadras et al., 2020). Meanwhile, higher loading of natural fibers,
such as flax fiber, at 20 wt.%, significantly enhances mechanical properties through
extrusion and injection molding, demonstrating their potential for robust packaging
materials (Rytlewski et al., 2022). In general, this diverse range of fillers and fabrication
methods highlights the adaptability of PLA/PCL composites. NC and natural fibers
contribute to environmental sustainability and biodegradability, while nanoclays and
synthetic compatibilizers address mechanical performance challenges related to phase
incompatibility. The choice of surface modification, filler loading, and processing
technique is crucial in tuning the final properties for targeted applications, whether in

packaging, biomedical devices, food packaging, or printing technologies.
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Table 2.5. Overview of poly(lactic acid)/poly(e-caprolactone)-nased composites with various fillers.

PLA/PCL ; ; inati
Composite Name Filler Type and | Filler Ctzntent Fabrication Enhanced Properties Application Area References
Ratios Source (wt.%) Method
10% PCL content increased
tensile strength and
100/0, 95/5, [TEMPO-oxidized elongation at break by 17.4%
PLA/PCL/TOBC 90/10, 85/15, bacterial 1.5 3D printing |and 208% compared to that of Biomedical (Chenetal., 2023)
and 80/20 cellulose neat PLA, respectively.
Crystallinity increases with
increasing PCL content.
Micro-
90/10 and crystalline Melt extrusion | Enhanced hydrophilicity and . .
PLA/PCL/MCC 80/20 cellulose (MCC) 1.0 and blending | accelerated biodegradation. Packaging (Kalita et al., 2020)
from cotton
Enhanced shape-memory
CNCs, CNCs-g- response, accelerated . .
. . . . Biomedicine and .
PLA/PCL/CNCs 70/30 PCL and CNCs- 1.0 Melt blending biodegradation, elastic . (Sessini et al., 2018)
. food packaging
g-PLLA modulus, and tensile
strength.
Cellulose Enhanced water uptake for all
nanocrystals CNCs (0.5, 1.0 samples. BCP10-CNCs1.0
PLA/PCL/CNCs, (CNCs) from and 2.0) enhanced interfacial
PLA/PCL/BCP, and 60/40 cotton and Solvent casting | interaction. 10.0 wt.% BCP Biomedical (Salmani et al., 2024)
PLA/PCL/BCP-CNCs pcL-pEG-pcL | BCP (5:0,10.0 enhanced crystallinity of PCL.
(BCP) tri-block and 20.0) Porosity increased with CNCs
copolymer contentin blend.
. . Higher tensile strength and
PLA/PCL/MMT gojg0  |Montmorillonitel, 4 and6.0| Meltblending | compatibilityat4.0wt.% | Printingplates | (Rao etal., 2019)
nanoclay (MMT) MMT
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Silk fibroin
e 100/0, 90/10, | nanoparticles Enhanced thermal stability
PLAn/:ri,L/::t'i(cT:;OIn 80/20, and (SFNPs) from 1.0 Melt blending | and compatibility for 70/30 | Food packaging | (Dadras et al., 2020)
P 70/30 silkworm blend by 1.0 wt.% SFNPs.
cocoons
100/0, 90/10, Improved tensile strength for
PLA/PCL/ 85/15, 80/20, |  Synthetic . blends with 10, 15, and 20 . .
PLuronic 75/25. and Pluronic 2.5,5.0,and 7.5| Melt blending Wt.% PCL content at 2.5 parts Packaging (Rytlewski et al., 2022)
70/30 per hundred.
80/20, 60/40, Triallyl Improved strength, modulus, Packaging and
PLA/PCL/TAIC 40/60, and isocyanurate 3.0 Melt blending and hindered phase Biomged?cal (Malinowski, 2016)
20/80 (TAIC) separation for 20 PLA/80 PCL.
Solvent castin Improved PLA phase
PLA/PCL/MMT 70/30 Montmorillonite 1.0 . & dispersion and better Biomedical (Zhu et al., 2020)
Melt blending . . .
interface interaction.
PLA/PCL/ Organophilic Improved indentation
20/80 Montmorillonite 2.0 Melt blending |modulus by 50% compared to Packaging (Sloufetal., 2020)
O.MMT (0.MMT) that of PCL.
PLA/PCL/CNCs 70/30 CNCs 1.0, 2.0, 3.0, Melt extrus'lon Improved (.:ompatlblllt.y and Vgrlogs (Motloung et al., 2020)
(purchased) and 5.0 and blending mechanical properties. applications

Note: CNCs = cellulose nanocrystals; MCC = Microcrystalline cellulose; O.MMT = Organo-modified montmorillonite; PCL = Poly(e-caprolactone); PLA = Poly(lactic acid); SFNPs = Silk

fibroin nanoparticles; TAIC = Triallyl isocyanurate; TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl; TOBC = (TEMPO)-oxidized bacterial cellulose.
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2.9 Conclusions, Challenges, and Future Perspectives

The incorporation of nanocellulose (NC) into biodegradable polymers such as PLA and
PCL has gained considerable attention in overcoming the inherent limitations of PLA and
PCL. This includes the brittleness of PLA and the weak thermal and mechanical stability
of PCL. This study focuses on the structure—property correlations and performance
factors of PLA/NC, PCL/NC, PLA/PCL, and PLA/PCL/NC systems. The addition of NC
functions as a reinforcing and nucleating agent, increasing stiffness, modulus, and, in
some circumstances, biodegradation rate, depending on dispersion and surface
functioning. Surface modification of NC (e.g., acetylation, silanization, or grafting with
compatibilizers such as PLA or PCL chains) was found to be the most efficient in
improving interfacial adhesion and dispersioninside hydrophobic matrices. For PLA/PCL
composites, compatibilization with reactive agents and optimal blend ratios (usually
70/30 or 60/40 PLA/PCL) were discovered to be crucial for balancing stiffness, ductility,
and biodegradability. The addition of NC to the PLA/PCL matrix increased mechanical
reinforcement, crystallinity control, and interphase stability, provided that good
dispersion was achieved. Key parameters influencing overall blend performance include
NC surface chemistry, dispersion uniformity, blend content, degree of crystallinity, and
processing technique and conditions. A synergistic balance between hydrophilic NC and
the immiscible PLA/PCL phases can be achieved through appropriate compatibilization
or surface functionalization, resulting in better structural integrity and adaptable
degradation profiles. The cost of NC production, energy-intensive extraction and
modification processes, and dispersion issues in polymer matrices continue to be
barriers to large-scale implementation from an industrial and economic standpoint.
However, the increasing demand for bio-based, compostable materials, as well as
advancements in reactive extrusion and continuous NC manufacturing technologies,
make these systems more and more viable for packaging, biomedical scaffolds, and

agricultural films.

Overall, the integration of NC into PLA, PCL, and their blends provides a viable pathway

toward high-performance, biodegradable composites.
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Despite the promising potential of bio-nanocomposites, several challenges must be
addressed to facilitate their widespread adoption and further advancement. These
challenges include processing, interface compatibility, environmental assessments,
and application enhancements. One significant challenge is based on optimizing the
processing techniques for bio-nanocomposites to ensure consistent material properties
and performance. Factors such as physical, chemical, and mechanical characteristics
of the constituent materials must be carefully considered to prevent variations that
could render the nanocomposite unsuitable for its intended use. Interface compatibility
between polymer components, particularly in blends such as PLA and PCL, presents
another hurdle. Immiscibility and weak interface interactions can limit the overall
performance of the composite, necessitating the development of effective
compatibilizers to enhance toughness and ensure homogeneity. Another challenge is
industrial scalability, NCs’ high cost and restricted availability, mostly due to energy-
intensive extraction and purification, continue to be major challenges to
commercialization. NC production costs typically vary from ZAR 173.16 to ZAR 346.32
per kg, whereas commodity fillers like CaCO; cost less than ZAR 34.63 per kg.
Furthermore, establishing uniform dispersion of NCs inside hydrophobic polymer
matrices necessitates surface modification or solvent-assisted compounding, which
increases processing steps and costs. Regulatory aspects include adhering to food-
contact requirements in packaging applications. PLA is already certified for food
packaging, but NCs must adhere to purity and migration standards, particularly if made
from plant sources containing residual lignin or hemicellulose. In biomedical
applications, both PLA and PCL are approved by the Food and Drug Administration for
specific implantable and drug-delivery applications; nevertheless, NCs must
demonstrate biocompatibility and cytotoxicity before being integrated into medical
devices. Comprehensive life cycle assessments (LCAs) are essential for evaluating the
overall environmental impact of bio-nanocomposites. Assessments should cover the
entire life cycle from component extraction to final disposal. This will ensure that bio-
nanocomposites contribute positively to environmental sustainability and economic
efficiency. Enhancing the properties and applications of bio-nanocomposites requires

ongoing research and innovation.
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Despite higher raw material costs, CNCs-reinforced PLA and PCL composites can
reduce environmental impact through renewable sourcing and faster biodegradation,
enabling compliance with extended producer responsibility and biodegradability
certification frameworks. As NC production becomes more cost-effective, industrial
adoption is expected to advance in specialized high-value industries such as biomedical
scaffolds or biodegradable barrier films before spreading to commodity sectors. Future
research should further explore the design, processing, and characterization of NC-
reinforced PLA/PCL blend nanocomposites to improve breakage resistance,
hydrophilicity, and water barrier properties in food packaging applications, as well as
enhance cell attachment and drug release kinetics in biomedical applications. Key areas
of focus should include optimizing dispersion methods, tailoring surface chemistry for
interfacial compatibility, and understanding the synergistic effects of ternary systems on
biodegradation, crystallinity, and functional performance. Exploring new applicationsin
electronic devices, energy production, and environmental remediation will further
expand the scope of bio-nanocomposites and contribute to sustainable technologies.
Addressing the aforementioned challenges and advancing this line of investigation holds
substantial promise for developing high-performance, scalable, and truly sustainable
materials for packaging, agriculture, biomedical devices, and other environmentally

critical sectors.
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Abbreviations

AgNPs Silver nanoparticles

CNCs Cellulose nanocrystals

CNFs  Cellulose nanofibers

DSC Differential scanning calorimetry

FTIR Fourier transform infrared spectroscopy
MCC Microcrystalline cellulose

MMT Montmorillonite

NC Nanocellulose

O.MMT Organically modified montmorillonite
PBAT Poly(butylene adipate-co-terephthalate)
PCL Poly(e-caprolactone)

P-CNCs Phosphoric acid cellulose nanocrystals
PEG Poly(ethylene) glycol

PEO Poly(ethylene oxide)

PVA Poly(vinyl alcohol)

PLA Poly(lactic acid)

ROP Ring-opening polymerization

rROP Radical ring-opening polymerization
S-CNCs Sulfuric acid cellulose nanocrystals
SEM Scanning electron microscopy

SFNPs Silk fibroin nanoparticles
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TAIC Triallyl isocyanurate

TEM Transmission electron microscopy
TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl
TGA Thermogravimetric analysis

TOBC (TEMPO)-oxidized bacterial cellulose
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Abstract

Biodegradable materials have gained significant attention as alternatives for petroleum-
based non-biodegradable polymers. This study investigates biodegradable
nanocomposites based on poly(e-caprolactone) (PCL) and poly(lactic acid) (PLA),
reinforced with 1, 3 and 5 wt.% cellulose nanocrystals (CNCs) extracted from sugarcane
bagasse, via melt blending, i.e., PCL/CNC and PLA/CNC. DSC, SEM, WAXS/SAXS, FTIR,
TGA and biodegradation tests were used to evaluate the influence of CNCs on the
thermal, morphological, structural and biodegradation properties of the polymers. The
results showedthat CNCs enhanced the crystallinity of PLA only at 1 wt.% CNCs loading,
while PCL crystallinity increased at 3 and 5wt.% CNCs loading. The incorporation of
CNCs did not improve the thermal stability of either polymer. The biodegradation rate of
PCL/CNCs nanocomposites increased with the increasing CNCs loading, with weight
losses of 6.3%, 12.1% and 36.4% for 1, 3 and 5 wt.% CNCs, respectively, compared to
5.4% for neat PCL over 112 days. For PLA, only 3 and 5 wt.% CNCs loading significantly
accelerated biodegradation, resulting in weight losses of 8 and 82.2%, respectively, over
the same period. The novelty of this study lies in the systematic comparative evaluation
of sugarcane-derived CNCs on both PLA and PCL nanocomposites under identical
processing and characterization conditions, providing new insights into how a single
renewable nanofiller influences two major biodegradable polymers. These findings
demonstrate that CNCs derived from agricultural waste can accelerate the
biodegradation of PCL and PLA, offering a promising route for developing sustainable,

environmentally friendly polymeric materials.

Keywords: poly(e-caprolactone); poly(lactic acid); cellulose nanocrystals;

biodegradable; sugarcane bagasse

3.1 Introduction and Background
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The global demand for sustainable and biodegradable materials has driven significant
interest in biopolymers such as poly(lactic acid) (PLA) and poly(e-caprolactone) (PCL).
PLA is derived from renewable resources such as corn starch, providing degradation
under specific conditions. PLA is known for its high tensile strength and biodegradability
yet suffers from brittleness and low thermal stability (Wang et al., 2023). PCL, despite
being a synthetic polymer, also offers biodegradable characteristics while promising
alternatives to conventional petroleum-based plastics (Fernandez-Tena et al., 2023) PCL
exhibits excellent flexibility and thermal stability but degrades more slowly and has lower

mechanical strength (Kurakula, Rao and Yadav, 2020).

A growing body of research has shown that the incorporation of nanoscale
reinforcements, such as cellulose nanocrystals (CNCs), can further enhance the
performance of biopolymer matrices without affecting their biodegradable features
(Ngwenya et al.,, 2025). CNCs are rod-like crystalline domains derived from native
cellulose, characterized by their high surface area, mechanical strength and
biodegradability. Among the various lignocellulosic biomass sources (Selikane et al.,
2022; Sylvia T. Sikhosana et al., 2023), sugarcane bagasse, an abundant agricultural
byproduct, offers a cost-effective and sustainable source for the production of CNCs.
CNCs extracted from sugarcane bagasse not only contribute to value-added waste
utilization but also serve as excellent nanofillers due to their relative compatibility with
biopolymer matrices (Mahmud and Anannya, 2021; Gond et al., 2022; Chen et al., 2023;
Khoo et al, 2023; Sriwong et al, 2023).

Incorporating CNCs into PLA and PCL matrices has been shown to influence key material
properties, including thermal behavior, crystallinity, morphology, mechanical
performance and biodegradability (Ngwenya et al., 2025). The degree of these effects
depends on factors such as CNCs dispersion, interfacial interaction and polymer blend
composition. Numerous studies have investigated PCL/CNCs composites, detailing
different nanocellulose sources, compositions, fabrication techniques and improved
properties across various target applications. It is clear that the incorporation of CNCs
has a profound effect on enhancing the properties of PCL such as tensile modulus,

thermal stability and barrier properties. For example, PCL/CNCs prepared by solution
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casting demonstrate promising enhancements in several key properties, including
tensile modulus, biodegradability and moisture barrier behavior (Hassan et al., 2012).
Similarly, PLA/CNCs composites exhibit improvements in mechanical, thermal and
barrier properties, tailored for applications such as packaging, medical engineering and

automotive industries (Zhao et al., 2018; Gond et al., 2022; Khoo et al, 2023).

Despite these prior studies, few investigations have systematically evaluated the effect
of sugarcane bagasse-derived CNCs on both PLA and PCL with respect to their thermal,
structural, morphological and biodegradation behaviour under identical processing and

characterization conditions.

The novelty of this study lies in providing a comprehensive comparative analysis of the
influence of sugarcane bagasse-derived CNCs on both PLA and PCL matrices,
elucidating their synergistic impact on multiple performance parameters (thermal,
structural, morphological, and biodegradation properties) in a single, systematic
framework. Through detailed characterization, the work seeks to elucidate how the
addition of a renewable nanofiller influences the performance of these biopolymers,
providing insights into the development of advanced, eco-friendly materials for

sustainable applications.

3.2 Materials and methods
3.2.1 Materials

Cellulose nanocrystals

Saccharum officinarum, commonly known as sugarcane (Figure 3.1a), is a grass species
that belongs to the family Poaceae, class Liliopsida, and order Poales. It is a globally
cultivated cash crop and the primary feedstock for sugar production (Zhao et al., 2018;
Gan and Chow, 2019; Wani et al., 2023). After sugar extraction through milling, the
remaining fibrous residues are known as bagasse (Figure 3.1b). In this study, bagasse
was collected from a farm in KwaZulu-Natal, South Africa. It typically comprises

approximately 40-50% cellulose, 25-35% hemicellulose and 5-10% lignin (Alokika et al.,
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2021; Melesse, Hone and Mekonnen, 2022). The focus of this study was on cellulose
because of its high tensile strength, biodegradability, biocompatibility and chemical
modifiability characteristics in line with those of the PCL and PLA, making it a key interest
in green composite development (Chaka, 2022; Fitch-Vargas et al., 2023; S. T. Sikhosana
etal., 2023).

Cellulose extraction:

Figure 3.1 illustrates the process of extracting CNCs from sugarcane bagasse. Ground
sugarcane bagasse (40 g) (Figure 3.1b) was screened to 30-mesh particle size, and de-
waxed using a 2:1 (v/v) toluene:ethanol mixture for six hours to remove surface waxes
and extractive. The de-waxed bagasse (Figure 3.1c) was then treated with 800 mL
distilled water at 80°C for two hours to remove soluble impurities. Delignification was
achieved using a 1.3% sodium chlorite solution, maintaining pH between 3.5 and 4.0 with
6 M acetic acid, repeated until a cream white product was obtained (Figure 3.1d). The
delignified fibers were further treated with 2% NaOH for two hours, followed by 5% NaOH
at 90°C for two hours. The residue was filtered, washed to a neutral pH, and oven-dried

at 105°C for six hours (Figure 3.1¢) (Alokika et al., 2021; Zhu et al., 2022).
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Figure 3.1. Extraction of CNCs from sugarcane bagasse.

Cellulose nanocrystals extraction:

The dried cellulose (Figure 3.1e) was subjected to acid hydrolysis using 50% H,SO, at a
cellulose-to-acid ratio of 1:10 g/mL at 45°C for one hour, with constant stirring using a
homogenizer. To terminate the reaction, 10-fold ice-cold distilled water was added,
followed by centrifugation at 10 000 rpm for 15 minutes (three cycles, at 10°C). The
collected sediment was dialyzed against distilled water for ~48 hours until a neutral pH
was achieved. The resulting suspension (5mg/mL ) was sonicated for 10 minutes in an
ice bath to prevent overheating. The resulting CNCs (Figure 3.1f) were obtained by freeze-
drying the suspension (0.2wt.% in distilled water) at reduced pressure and low
temperature, producing a light brownish fine powder while preserving particle integrity
and porosity (Padhi, Singh and Routray, 2023; Asadnia and Sadat-Shojai, 2025; Dabhi et
al., 2025). Table 3.1 presents the percentage yield of cellulose and CNCs. From 40 g of
sugarcane bagasse, 10.5 g of cellulose was obtained (26.3% yield), which was further

convertedinto 7.7 g of CNCs (19.25% yield). These values indicate an efficient extraction
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process, consistent with literature ranges (18-25%). Furthermore, the yield provides
sufficient CNCs for subsequent incorporation into the selected polymer matrices,

namely PCL and PLA.

Table 3.1 Extraction yield of cellulose and cellulose nanocrystals from sugarcane

bagasse
Mass of the Mass of % yield of Mass of CNCs % yield of
Sample ground powder cellulose cellulose (8) CNCs
() (8)
Sugarcane 40 10.5 26.3 7.7 19.25
bagasse

Note: CNCs = cellulose nanocrystals
Poly(lactic acid)

PLA granules were purchased from 2M BIOTEC LLP 180 Annal Gandhiadigal Salai,
Ramanathapuram 623501, TN in India. It has a glass transition temperature (T,) of 55—

60°C, a melting temperature (T,,) of 145-155°C, and a density of 1,23 g/cm?.

Poly(e-caprolactone)

PCL granules were purchased from 2M BIOTEC LLP 180 Annal Gandhiadigal Salai,
Ramanathapuram 623501, TN in India. It has a glass transition temperature (T,) of -60°C,

a melting temperature (T,) of 40-60°C, and a density of 1,10 g/cm?.

3.3 Sample preparation

Conditioning

Table 3.2 summarizes the drying conditions used to remove residual moisture from PLA,
PCL and CNCs before melt-blending. PLA and CNCs were dried at 50°C, while PCL was
dried at 40°C, all under vacuum overnight. Proper drying at these controlled
temperatures is important for preventing hydrolytic degradation during processing, as
both PLA and PCL are moisture sensitive at elevated temperatures, while CNCs readily

retain bound water due to their hydroxyl-rich surfaces. Ensuring consistent drying
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therefore improved process reproducibility and minimized variations in the resulting

thermal and morphological properties.

Table 3.2 Drying conditions for poly(lactic acid), poly(e-caprolactone) and cellulose

nanocrystals
Material Drying conditions
Poly(lactic acid) 50°C, in vacuum oven, overnight
Poly(e-caprolactone) 40°C, in vacuum oven, overnight
Cellulose nanocrystals 50°C, in vacuum oven, overnight

Melt blending

Table 3.3 shows the compositions of PCL, PLA and CNCs in the nanocomposites
prepared in this study. CNCs were incorporated into each polymer at 1, 3, and 5 wt.% to
investigate the effects of filler concentration, with 1 wt.% representing a low content,
3 wt.% anintermediate level and 5 wt.% a high loading where agglomeration might occur.
A total of 40 g of the combined materials (PCL, PLA and CNCs) were weighed and
processed. Melt blending was carried out using a Brabender Plastograph at 180 °C and
50 rpm for 12 minutes. The blended samples were allowed to cool at room temperature
overnight for recrystallization, and the solidified materials were then compression-
molded using a hydraulic press at 180 °C for five minutes under 50 kPa pressure. This
systematic variation in CNCs concentration allowed for the correlation of filler content
with the thermal, structural and biodegradation performance of the resulting

nanocomposites.

Table 3.3 Compositions of PCL, PLA and CNCs in the prepared nanocomposites.

Sample name PLA (wt.%) PCL (wt.%) CNCs (wt.%)
Neat PLA 100 0 0
Neat PCL 0 100 0
58

© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

Neat CNCs 0 0 100
PCL/CNCs (99/1) 0 99 1
PCL/CNCs (97/3) 0 97 3
PCL/CNCs (95/5) 0 95 5
PLA/CNCs (99/1) 99 0 1
PLA/CNCs (97/3) 97 0 3
PLA/CNCs (95/5) 95 0 5

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals

3.4 Sample characterization

Differential scanning calorimetry

DSC was performed using PerkinElmer DSC 6000. Prior to sample analysis, the DSC
instrument was calibrated using the onset melting temperatures of 419.5°C for zinc,
156.6°C for indium, and also the melting enthalpy of 28 J/g for indium, and 108 J/g for
zinc. Samples (~6.0 mg) were heated from 0 to 180°C (first heating scan), held at this
temperature for three minutes to erase the thermal history, next cooled from 180 to 0°C
(cooling scan), held for one minute at 0°C for conditioning, and finally subsequently
heated from 0 to 180°C (second heating scan). The scanning rate in all steps was 10°C
per minute, and the experiments were conducted using a 20 mL per minute nitrogen flow.

Cooling and second heating scans were used to determine thermal transitions.

Scanning electron microscopy

Samples were cryo-fractured, mounted on aluminium pin stubs using epoxy glue, and
sputter-coated with Iridium using a Leica EM ACE600 Imaging was performed on a JEOL
JSM-7800F Extreme-resolution analytical field emission SEM, at 5 kV, 10 mm working

distance.
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X-ray diffraction analysis

Simultaneous SAXS/WAXS was performed at beamline BL11-NCD, ALBA Synchrotron,
Barcelona, Spain. Samples were placed in DSC pans on a Linkam THMS600 hot stage,
cooled/heated via a liquid nitrogen system. The thermal protocolinvolved: Heat 20°C per
minute from 25 to 180°C, held for three minutes at 180°C, cool 20°C per minute from
180°C to 0°C, held for one minute at 0°C, heat 20°C per minute from 0 to 180°C,
mimicking the employed conditions in the DSC, and taken SAXS/WAXS patterns during
the heating and coolingramps. The X-ray energy was 12,4 keV (A=1,0 A). The X-ray energy
was 12,4 keV (A=1,0A). Two detectors. Calibrated with silver behenate (SAXS) and Cr,0,
(WAXS) standards, were employed: ADSC Q315rdetector, 3 070 x 3 070 pixels, pixel size
102 pmz, distance 6495 mm, tilt angle 0° for SAXS. Rayonix LX255-HS detector,
1920 x 5 760 pixels, pixel size 44 pm?, distance 132.6 mm, tilt angle 21.2° for WAXS. The

scattering intensity versus scattering vector (q = 41tsin8/A) was analyzed.
Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscopy (FTIR) spectra were obtained using a
PerkinElmer Spectrum 100 FTIR spectrometer equipped with a PIKE MiracleTM
attenuated total reflectance, with a diamond crystal. Background scans were collected
before each measurement. Scans were recorded over a range of 4 000 and 650 cm™, at

8 cm™ resolution, with eight scans per sample.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out using PerkinElmer STA 6000 under
20 mL per minute nitrogen. Samples (~23 mg) were heated from 30 to 600°C at a rate of

10°C per minute. Data analysis was done using Pyris software.

Tensile testing

Tensile testing was carried out using AGS-X machine. Tensile specimens with
dimensions of 75 mm length, 5 mm width, 2 mm thickness, and a gauge length of 20 mm

were analyzed. The tensile testing analysis was carried out at 10 mm per minute test rate.
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Biodegradation analysis

Aerobic biodegradability was determined by cutting small specimens of each sample
and burying them in soil (4 cm deep, 39% moisture) at room temperature for 112 days
following ASTM D5988. At 14-day intervals, samples were retrieved, washed with water,
dried at 30°C for one hour, and weighed. Photographs were taken at each pointto visually

monitor degradation.

3.5 Results and discussion
3.5.1 Thermal properties

Differential scanning calorimetry

Thermal properties were analyzed using DSC, focusing on parameters such as
crystallization temperature (7.), glass transition temperature (T,), cold crystallization
temperature (T.), melting temperature (T,), enthalpies (AH) and degree of crystallinity
(Xc), which was calculated using Equation 3.1. These parameters provided insights into
how CNCs influence the thermal transitions of PCL and PLA,as shown in Figures 3.2 to

3.4 and Tables 3.4 and 3.5.

X, = (AHm — AH,,

x 1009 3.1
WAHmo ) o

In Equation 3.1, X is the degree of crystallinity, AH,, is the melting enthalpy of the
measured sample, AH. is the cold crystallization enthalpy of the measured sample,
AH,.° is the melting enthalpy of 100% crystalline polymer, and w is the weight fraction of
a polymerin the blend or composite. The values of AH,,° used for PCL and PLA are 139 J/g
and 93.7 J/g, respectively (Naseem et al., 2022; Fernandez-Tena etal., 2023). DSC results
for neat PLA and neat PCL, and their nanocomposites with 1, 3, and 5 wt.% CNCs are

presented in Figures 3.2 and 3.3 and Tables 3.4 and 3.5.

Figures 3.2a and 3.2b present the cooling and second heating scans for neat PCL and
PCL/CNCs nanocomposites with 1, 3 and 5 wt.% CNCs loading. Figure 3.2a shows that

PCL has a T, of 18.4 °C, which increases with increasing CNCs content, reaching a
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maximum at 3 wt.%. This shift reflects a nucleating effect of CNCs on the PCL matrix. In
contrast, for CNCs content of 5 wt.%, the T.is lower than that of the neat PCL, thus acting
as an anti-nucleating agent, a behavior, in this case, attributed to CNCs agglomeration,

in line with other works in the literature.

Figure 3.2b show the melting behavior, in which two endothermic peaksin both neat PCL
and nanocomposites is present, and attributed to a melting/recrystallization process. At
CNC contents = 3 wt.%, where CNCs act as nucleating agent, the T, positions is slightly
higher than neat PCL, indicating that CNCs improve the thermal stability of the crystals,
but for CNCs content > 3 wt.%, the T,, decreases due to agglomeration, in which CNCs
limit or interrupt the crystallization of PCL. The melting temperatures as a function of

CNCs content are presented in the appendix as Figure A1.

The competition between nucleation effect and anti-nucleating effect (cause by
agglomeration)is also reflected in the X, which displayed highervalues as CNCs content
increase, and next a decrease at the highest CNCs content. Li and Wu reported that
CNCs enhance crystallinity of PCL at low concentrations but decrease it at higher

loadings due to agglomeration (Li and Wu, 2022).

Neat PCL shows two distinct melting peaks at 45.6°C and 52.2°C, suggesting the
coexistence of crystals with different levels of perfection, which might be due to the
crystallization process (Lattimeretal., 1992; Xu, Chenand Wu, 2018). The measured AH,,
of 56 J/g closely matches the AH. of 54 /g, with a T. of 18.4°C and the degree of
crystallinity of 40.3%. For PCL/CNCs, at 1 wt.% CNCs, there is minimal impact on the
transitions, but at 3 wt.%, CNCs act as nucleating agents, increasing T. and ordering PCL
crystals into a single melting peak (Bi et al., 2023; Chen et al., 2023). At 5 wt.% CNCs, the
melting peaks shift to lower temperatures, suggesting CNCs saturation, possibly due to

agglomeration effects.
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Figure 3.2 Differential scanning calorimetry curves: (a) cooling curves for neat PCL and
PCL/CNCs nanocomposites, and (b) second heating curves for neat PCL and
PCL/CNCs nanocomposites containing 1, 3 and 5 wt.% CNCs.

Figure 3.3a and b present the cooling and the second heating scans of neat PLA and
PLA/CNCs nanocomposites with 1, 3 and 5 wt.% CNCs loading. Neat PLA exhibits a T, at
59.6°C, a T, at 113.3°C, and a T, at 149.1°C, with a degree of crystallinity of 7.5%. The
presence of a cold crystallization peak indicates that PLA cannot crystallize completely
during cooling. PLA/CNCs (Figure 3.3b) show reduced T, indicating certain flexibility of
PLA chains in the presence of CNCs, due to poor interaction between hydrophilic CNCs

and hydrophobic PLA. However, only 5 wt.% of CNCs can shift T.. to lower values, as a
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nucleating agent. At all filler loadings, a T.. is detected for PLA, indicating that even in the
presence of CNCs, it cannot crystallize during cooling. The presence of CNCs provokes
a decrease in the T, values with increasing CNCs content (presented in the supporting
information as Figure 1Ab), which can be attributed to agglomeration problems or
interactions that affect the mobility of the chains. Double melting peaks are observed at
3 and 5wt.% CNCs loading, indicating the formation of a'- and a-form crystals due to
disrupted chain alignment during blending (Goffin et al., 2011; Ruz-Cruz et al., 2022). The
reduced crystallinity of PLA at higher CNCs loadings may be attributed to CNCs
agglomeration, which can disrupt polymer chain ordering. This phenomenon also helps
explain the shift in melting behavior observed in the DSC curves (Figure 3.3b). The
presence and extent of CNCs agglomeration will be further examined in the SEM analysis

presented in the following section.

Figure 3.4 presents the effect of incorporating 1, 3 and 5 wt.% CNCs on the degree of
crystallinity of PCL and PLA. On one hand, the results show thatincorporating CNCs into
PCL increased crystallinity at 3 and 5 wt.% CNCs loadings. In particular, 3wt.% CNCs
acted as nucleating agent, increasing the crystallinity of PCL by 14.6%. On the other
hand, the degree of crystallinity of PLA slightly increased by 2.2% only at 1 wt.% CNCs

loading. Increasing CNCs loading (3 and 5 wt.%) decreases the X, of neat PLA.
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Figure 3.3 Differential scanning calorimetry curves: (a) cooling curves for neat PLA and
PLA/CNCs nanocomposites, and (b) second heating curves for neat PLA and
PLA/CNCs nanocomposites containing 1, 3 and 5 wt.% CNCs.
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Figure 3.4 Degree of crystallinity of PCL and PLA in nanocomposites containing 1, 3 and 5
wt.% CNCs.
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Table 3.4 DSC results for PCL and PCL/CNCs nanocomposites containing 1, 3 and 5 wt.%

CNCs.
PCLT./°C&AH./)/g PCLT,/°C &AH,/)/g
Sample PCLX./ %
Tc AHc Tm1 Tm2 AHm
Neat PCL 18.4+0.0 54+0.1 45.6+0.2 52.2+0.1 56+0.4 40.3
PCL/CNCs (99/1) 21.5+0.0 57+0.1 46.3+0.2 52.5+0.2 48+0.4 34.9
PCL/CNCs (97/3) 22.2+0.0 80+0.7 46.1+0.0 - 74x0.4 54.9
PCL/CNCs (95/5) 19.0+0.0 56+0.3 41.1+0.0 45.2+0.3 64+0.2 48.5

Note: PCL = Poly(e-caprolactone); CNCs = Cellulose nanocrystals; AH» = melting enthalpy; AH: = crystallization
enthalpy; AHcc = cold crystallization enthalpy; T. = crystallization temperature; T.c = cold crystallization temperature;

T = glass transition temperature; Tm = melting peak temperature; and X. = degree of crystallinity.

Table 3.5 DSC results for PLA and PLA/CNCs nanocomposites containing 1, 3, and 5 wt.%

CNCs.
PLA T°°IJ/Cg:&AH°°/ PLAT,/°C &AH,,/)/g
Sample P"fCTg / PLAX./ %
ch AHcc Tm1 Tm2 AHm

Neat PLA 59.6+0.1 [ 113.3x0.5| 14%1.5 149.1+0.1 - 21+0.2 7.5
PLA/CNCs 57.6+0.2 | 120.1+0.1 21+1.0 149.0+1.1 | 155.3%0.1 30%0.3 9.7
(99/1)

(PQL7A/{3():NCS 53.6+0.0 | 115.7+0.0 | 21+0.8 142.8+0.0 [150.4+0.2 | 24+0.0 3.3
FQLQ/SC):NCS 46.6%x0.1 | 108.6x0.0 | 20+1.8 133.6+0.0 [ 142.4+0.3| 23+0.4 3.5

Note: PLA = Poly(lactic acid); CNCs = Cellulose nanocrystals; AH» = melting enthalpy; AHc = crystallization enthalpy;
AH.. = cold crystallization enthalpy; T = crystallization temperature; Tcc = cold crystallization temperature; T; = glass

transition temperature; Tm = melting peak temperature; and Xc = degree of crystallinity.

3.5.2 Morphological analysis

Scanning electron microscopy

Figure 3.5 presents SEM micrographs illustrating the morphological characteristics of

neat CNCs, neat polymers (PCL and PLA), and their nanocomposites with 1, 3and 5 wt.%
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CNCs. SEM analysis provides insights into phase compatibility, dispersion and
interfacial interactions of the components. Neat CNCs (Figure 3.5a) appear as rod-like
structures with a length range from 230 nm to 850 nm, consistent with their nanoscale
dimensions (Nang Vu et al., 2024). Neat PCL (Figure 3.5b), in contrast, exhibits a smooth
and homogeneous surface, characteristic of its ductile and semicrystalline nature. Neat
PLA (Figure 3.5c) displays a rough fractured surface, indicative of its brittle nature and
amorphous morphology. These morphological features align with WAXS and SAXS
results, where PLA showed minimal crystalline order, while PCL exhibited broader but

distinct crystalline reflections.

For PCL/CNCs nanocomposites (Figure 3.5d to 3.5f), the fractured surface remains
smooth at low CNCs content, for example, PCL/CNCs (99/1) (Figure 3.5d), with a slight
increase in roughness due to CNCs inclusion. For PCL/CNCs (97/3), the nanocomposite
morphology (Figures 3.5e) suggests an interaction between PCL and CNCs, as CNCs are
embedded in the PCL matrix. DSC results also suggest that 3 wt.% CNCs ordered the
crystals of PCL to be of the same size and increased the crystallinity of the
nanocomposite. At higher CNCs loadings, for example, PCL/CNCs (95/5) (Figure 3.5f),
surface roughness increases significantly, and CNCs aggregates are visible, reflecting

reduced dispersion, which might be due to saturation.

In PLA/CNCs nanocomposites (Figures 3.5g to 3.5i), poor interfacial adhesion is evident,
with edge formation and cracking observed on the fractured surfaces. These defects
increase with CNCs content, highlighting compatibility issues between the hydrophilic
CNCs and the hydrophobic PLA matrix. At 5wt.% CNCs (Figure 3.5i), large CNCs
agglomerates form (see the arrow). The observed CNCs agglomeration at higher loadings
changes surface roughness as well as reduces dispersion uniformity. Gond et al., also
reported in similar observations (Gond and Gupta, 2020; Gond et al., 2022). These
authors evaluated the properties of PLA/CNCs nanocomposites (with CNCs loadings of
1, 2, 3, 4 and 5wt.%). They discovered that higher CNCs loadings (>2 wt.%) in the PLA
matrix result in agglomeration. SEM analysis revealed that at higher CNCs loadings (5
wt.%), nanoparticles tended to agglomerate, disrupting the uniformity of the polymer
matrix. This agglomeration correlates with the DSC results, where a decrease in

crystallinity and a shift in the melting temperature was observed. The reduced
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crystallinity can thus be attributed to the presence of CNCs clusters, which hinder
polymer chain ordering and act as less effective nucleation sites compared to well-

dispersed nanoparticles.

\

(

Neat PCL_

(f)

CNCs

PCL/CNCs (99/1) PCL/CNCs (9773)

Figure 3.5 Morphological features of neat CNCs, neat PCL and PCL/CNCs
nanocomposites, and neat PLA and PLA/CNCs nanocomposites with CNCs
loadings of 1, 3, and 5 wt.%.

3.5.3 Structural analysis

Wide angle X-ray scattering

The WAXS patterns, intensity (/) vs scattering vector (q) (Figure 3.6), provide insight into

the crystalline structures of neat polymers (PCL and PLA), neat CNCs, and their
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nanocomposites with 1, 3 and 5 wt.% CNCs loading. Table 6 presents their crystallinity

(X;,) which was calculated by Equation 2:

X, = 3.2

where I. and [, are respectively the integrated intensities of the crystalline and
amorphous phases. lllustrative example for crystallinity calculation is presented in
appendix Figure A1.

Figure 3.6a presents the WAXS spectra of neat PCL and its nanocomposites with 1, 3 and
5wt.% CNCs. Neat PCL presents broader peaks at g=15.0 and 17.0 nm™", with
crystallinity of 17.9% assigned to its 110 and 200 planes (Sun et al., 2014; Gumede et al.,
2017). Minor peaks around 27.0 and 31.0 nm~" indicate a long-range crystalline order
(Motloung et al., 2020). Neat CNCs reveal sharp, intense peaks at g =26.8, 31.0, 44.1,
51.2and 53.8 nm™", indicating high crystallinity (75.9%). The CNCs peaks are deviated to
higher g values compared to the g values reported in literature which might be due to the
source and processing of CNCs (Motloung et al., 2020; Salmani et al., 2024; Islam et al.,
2025). For example, Motloung et al., presented WAXS results for spray dried CNCs with
g=10.6,14.6, 15.8 and 24.1 nm™". The shift is due to the decreased inter-planar spacing
(d) inthe CNCs. The decrease in d-spacing may be caused by thicker packing of crystals
or a modification process such as drying methods (Kadar, Spirk and Nypelo, 2021).
PCL/CNCs nanocomposite scans show characteristics of PCL peaks with a slight shift
to higher g values, which confirms the interaction of PCL and CNCs. At 1 wt.% CNCs
loading, PCL crystallinity decreased, while it increased at 3 and 5 wt.%. Three weight
percentage CNCs are the optimum loading for better crystallinity. These results are in
agreement with DSC results, where 3 wt.% CNCs acted as a nucleating agent and also

arranged PCL crystals of the same order.

Figure 3.6b presents WAXS patterns for neat PLA, neat CNCs, and their nanocomposites
with 1, 3 and 5 wt.% CNCs. Neat PLA exhibits two sharp crystalline peaks at g values of
11.6 and 13.3nm™", with crystallinity of 8.9%, corresponding to the 110/200 and 203
planes of the a-form crystal structure (Sun et al., 2014; Diez-Rodriguez et al., 2025). The

PLA/CNCs nanocomposites spectra do not show any crystal peaks either for PLA or
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CNCs. Only a halo band from 5 to 17 nm™which corresponds to the amorphous phase
of PLA. This suggests that CNCs were unable to effectively induce crystallization during
the cooling of PLA, probably due to agglomeration observed in SEM, which indicated that

PLA and CNCs were not homogeneously dispersed (Figure 3.5i).
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Figure 3.6 WAXS patterns of (a) neat PCL, neat CNCs and PCL/CNCs nanocomposites with
1, 3 and 5wt.% CNCs, and (b) neat PLA, neat CNCs and PLA/CNCs
nanocomposites with 1, 3 and 5 wt.% CNCs (data obtained from the second
heating at 25°C). (Results taken from second heating at 25°C)
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Table 3.6 Crystallinity of neat polymers (PCL and PLA), neat CNCs, and their
nanocomposites.

Sample I.1% (I.+1,) 1% Xl %

Neat PLA 0.00349 0.0392 8.9
Neat PCL 0.00756 0.0422 17.9
Neat CNCs 0.01265 0.02357 (75.9)
PCL/CNCs (99/1) 0.00651 0.03871 16.8
PCL/CNCs (97/3) 0.0140 0.06556 214
PCL/CNCs (95/5) 0.00399 0.0237 16.8
PLA/CNCs (99/1) - 0.06553 -
PLA/CNCs (97/3) - 0.06575 -
PLA/CNCs (95/5) - 0.05862 -

Note: PLA = Poly(lactic acid); PCL = poly(e-caprolactone); CNCs = cellulose nanocrystals

Small angle X-ray scattering

Figure 3.7 presents SAXS profiles for neat PCL, neat PLA, neat CNCs and their
nanocomposites with 1, 3 and 5wt.% CNCs loadings. SAXS provides insights into
nanoscale morphology by analyzing periodicities of crystalline and amorphous layers.
Table 3.7 presents the long period (L), representing the average spacing of lamellar
structures, which was calculated using Equation 3.3, and lamellar thickness (l.)

calculated using Equation 3.4:

2T
L= 3.3

Qmax

where g4, 1S the position of the peak maximum in nm~".
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lo=L.Xy 3.4

where L is long period in nm and X, is the crystallinity.

Figure 3.7a presents SAXS patterns for neat PCL, neat CNCs and their nanocomposites
with 1, 3 and 5wt.% CNCs. Neat PCL exhibits a broader and more intense SAXS peak,
with an L value of approximately 16.5 nm, suggesting the presence of semicrystalline
lamellae with limited order (Gumede et al., 2017). Neat CNCs do not show any peakin
the SAXS range due to the lack of lamellar or long-range periodicity, CNCs are single
crystallites, not lamellar systems. The addition of 1 and 5 wt.% CNCs to PCL resulted in
very weak SAXS peaks, while the incorporation of 3 wt.% CNCs resulted in a broad
intense SAXS peak, with an L value of approximately 13,7 nm, which is below that of neat
PCL. This means that the spacing between crystalline lamellae (crystal + amorphous
thickness) is smaller, suggesting that at 3 wt.% CNCs facilitate lamellar organization.
These results are in agreement with WAXS and DSC results where it is observed that
3 wt.% CNCs improved the crystallinity of PCL. Figure 3.7b presents the scans of neat
PLA, neat CNCs and their nanocomposites. Neat PLA and its nanocomposites show very
weak or absent SAXS peaks, indicating a mostly amorphous structure, supported by the
broad, lessintense peaks in WAXS. SAXS profiles of intensity (/) as afunction of scattering
vector (q) are presented in the appendix (Figure A5), and they provide information like

that presented in Figure 3.7.
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Figure 3.7 SAXS patterns of (a) neat PCL, neat CNCs and PCL/CNCs nanocomposites with

1, 3 and 5wt.% CNCs, and (b) neat PLA, neat CNCs and PLA/CNCs
nanocomposites with 1, 3, and 5 wt.% CNCs (data obtained from the second
heating at 25°C. (Results taken from second heating at 25°C)

Table 3.7 Small angle X-ray scattering parameters obtained from neat polymers, blends,
and nanocomposites
Sample Qmax ! NM? L/nm l./nm.%
Neat PLA 0.29 21.7 193.1
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Neat PCL 0.40 15.1 270.3
Neat CNCs - - -

PCL/CNCs (99/1) 0.44 14.3 240.2
PCL/CNCs (97/3) 0.46 13.7 293.2
PCL/CNCs (95/5) 0.48 13.1 220.1

PLA/CNCs (99/1) - - -

PLA/CNCs (97/3) - - -

PLA/CNCs (95/5) - - -

Note: PLA = Poly(lactic acid); PCL = poly(e-caprolactone); CNCs = cellulose nanocrystals

Fourier transform infrared spectroscopy

The FTIR scans shown in Figure 3.8 present the characteristic functional groups of neat
PCL, neat PLA, neat CNCs and nanocomposites with varying CNCs compositions.
According to Figure 3.8a, neat PCL exhibits characteristic features, including a strong
C=0 stretching band at 1730 cm™, and prominent C-O-C peaks at 1263 cm™
(asymmetric) and 1173 cm™ (symmetric). Additionally, C-H stretching vibrations are
observed at2 960 and 2 882 cm™". The FTIR spectrum of neat CNCs (Figure 3.8a and 3.8b)
is characterized by a broad O-H stretching band at 3330 cm™, reflecting intra- and
intermolecular hydrogen bonding between hydroxyl groups. C—H stretching occurs at

' and

2977-2892 cm™’, while CH, symmetric bending bands appear at 1437 cm~
1326 cm™', associated with aromatic ring vibrations in polysaccharides. The peak at
1050 cm™' is attributed to C—-O—C stretching and C-H rocking vibrations of the pyranose
ring (Kargarzadeh et al., 2012; Sirvio et al., 2016; Kostryukov et al., 2023; S. T. Sikhosana

et al., 2023; Motloung et al, 2024).

The FTIR spectra of PCL/CNCs nanocomposites are in Figure 3.8a. The spectra are

dominated by the characteristic peaks of PCL, likely due to the relatively low CNCs
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content in the nanocomposites. No peak shifts or new bands were observed, indicating
the absence of chemical interaction between PCL and CNCs. Similar findings have been
reported by Grace et al., Kumalo etal., and Qiao et al. (Qiao et al, 2022; Grace et al.,

2024; Kumalo et al., 2025).
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Figure 3.8 FTIR spectrafor(a) neat PCL, neat CNCs and PCL/CNCs nanocomposites with 1,
3, and 5 wt.% CNCs; (b) neat PLA, neat CNCs and PLA/CNCs nanocomposites
with 1, 3 and 5 wt.% CNCs.

Figure 3.8b presents the FTIR spectra of neat PLA, neat CNCs and PLA/CNCs
nanocomposites with 1, 3 and 5wt.% CNCs loadings. Neat PLA exhibits a medium-
intensity C=0 stretching peak at 1 753 cm™", corresponding to ester carbonyl groups.

C-H stretching vibrations are observed at 2 987 and 2932 cm™', and C-O-C asymmetric
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and symmetric stretching peaks appear at approximately 1 188 cm™ and 1086 cm™,
respectively. In the PLA/CNCs nanocomposites, the spectra are dominated by PLA
peaks, with only slight intensity changes as CNCs content increases. The minor
reduction in intensity at higher CNCs loadings (e.g. PLA/CNCs (95/5)) might be attributed
to hydrogen bonding between CNCs hydroxyl and PLA ester carbonyls, which can reduce
the number of free hydroxyl groups and decrease the O-H stretching intensity. Sample
thickness and CNCs concentration can also influence band intensities. Overall, no peak
shifts or new bands were observed, indicating the absence of chemical interactions
between PLA and CNCs (Dadras Chomachayi et al., 2020; Gond and Gupta, 2020; Kalita
etal., 2020; Gond et al., 2022; S. T. Sikhosana et al., 2023).

3.5.4 Thermal stability

Thermogravimetric analysis

Thermal stability was assessed using TGA, as shown in Figures 3.9 and 3.10. The onset
degradation temperature (Tonser), maximum degradation temperature (Tmnax), and residual
weight (W.esiaue) for neat CNCs, neat polymers, and their nanocomposites are
summarized in Tables 3.8 and 3.9. Figures 3.9a and 3.9b present the TGA and DTG
curves, respectively, for neat PCL, neat CNCs and PCL/CNCs nanocomposites with
varying CNCs loadings. Figures 10a and 10b show the TGA and DTG curves, respectively,
for neat PLA, neat CNCs, and PLA/CNCs nanocomposites. The TGA curve of neat CNCs
shows an initial weight loss around 100°C, attributed to moisture evaporation. Neat
CNCs exhibit a two-step degradation process: the first step corresponds to the
degradation of sulphated cellulose (sulphate-containing CNCs), while the second step
is associated with the breakdown of the interior of non-sulphated crystalline cellulose
(Xing et al., 2018; Wang et al., 2019). The Tonset, Tmax, aNd Wiesiaue Values for CNCs are

reported in Table 8.
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Figure3.9 (a) TGA and (b) DTG curves for neat PCL, neat CNCs and PCL/CNCs
nanocomposites with 1, 3and 5 wt.% CNCs.

The addition of CNCs affects the thermal stability of PCL and PLA nanocomposites
differently. For PCL/CNCs nanocomposites (Figures 3.9a and 3.9b), a low CNCs content
(1 wt.%) slightly improves thermal stability, as indicated by an increased Tonse: cOMpared
to neat PCL. However, at higher CNCs loadings (3 and 5 wt.%), thermal stability
decreases, likely due to chain disruptions induced by CNCs agglomeration, as reported

in Table 3.9. These results align with previous reports by (Hassan et al., 2012; Motloung

etal., 2020).
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In PLA/CNCs nanocomposites (Figures 3.10a and 3.10b), both Tonser and Trax decrease
with increasing CNCs content (Table 3.9), reflecting the incorporation of thermally
unstable CNCs. Despite this reduction in thermal stability, the presence of CNCs
suppresses the escape of volatile degradation products, resulting in an increased char
yield of the nanocomposites. These observations are in agreement with the DSC results,

which show reduced PLA crystallinity at higher CNCs loadings.
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Figure 3.10(a) TGA and (b) DTG curves for neat PLA, neat CNCs and PLA/CNCs
nanocomposites with 1, 3 and 5 wt.% CNCs.
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Table 3.8 Thermal characteristics of CNCs, including onset temperature, peak
temperature and residual weight.

Sample Tlonsetloc Tlmaxloc Tzansetloc T2maxI°C Wresidue /%

CNCs 128.4 168.8 299,4 368.8 26,9

Note: CNCs = Cellulose nanocrystals; Tonset = Onset temperatures; Tmax = Peak temperatures; Wiesiawe = Residual weight

Table 3.9 Thermal characteristics of CNCs, including onset temperature, peak
temperature and residual weight.

Sample PLA Tynset/ °C PLA T/ °C PCL Tonset/°C |  PCL Tnax/°C Wiesiaue /%
Neat PCL - - 298.9 418.0 3.1
PCL/CNCs (99/1) - - 310.3 417.9 3.3
PCL/CNCs (97/3) - - 289.6 417.9 3.9
PCL/CNCs (95/5) - - 243.1 417.9 4.8
Neat PLA 305.8 369.0 - - 0.0
PLA/CNCs (99/1) 282.8 371.0 - - 0.0
PLA/CNCs (97/3) 259.0 366.8 - - 0.4
PLA/CNCs (95/5) 218.6 364.7 - - 1.0

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals; Tonset = Onset
temperatures; Tmax = Peak temperatures; Wiesiave = Residual weight

3.5.5 Biodegradation response and functional integration

Soil burial

The biodegradation of neat polymers and their nanocomposites was evaluated using a
soil burial test, with results presented in Figure 3.11 and Tables 3.10 and 3.11.

Degradation patterns for neat PCL and PCL/CNCs nanocomposites are shown in Figure
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3.11a, while those for neat PLA and PLA/CNCs nanocomposites are presented in Figure

3.11b.

Comparing the neat polymers, PLA degraded by 0.3% over 112 days, whereas PCL
exhibited a weight loss of 5.4% during the same period. Degradation rates are influenced
by factors such as temperature, moisture, pH, and microbial activity. PLA typically
requires higher temperature and humidity, as found in industrial composting conditions
(Muniyasamy et al., 2016; Kalita et al., 2020), while PCL degrades faster in soil because
of its flexibility, enzyme-accessible structure, low Tg, more permeable crystallinity, and
direct susceptibility to microbial attack (Al Hosni, Pittman and Robson, 2019).

Consequently, the soil conditions in this study favored faster degradation of PCL.

The incorporation of CNCs accelerated the degradation of PCL, with higher CNCs
loadings resulting in greater weight loss (Figure 3.11a). Similarly, PLA/CNCs
nanocomposites showed minimal effect at 1 wt.% CNCs, a slightincrease in degradation
at 3wt.% CNCs (8%weight loss at day 112), and a pronounced increase at 5 wt.% CNCs,
reaching 82.2% weight loss over the same period (Figure 3.11b). These results indicate
that CNCs enhance the biodegradability of both PCL and PLA, with the effect being more
pronounced at higher filler loadings. Table 3.11 provides digital images of the neat
polymers and the nanocomposites samples with varying CNCs content at days 0, 42, 84
and 112, which visually correspond to the quantitative degradation data shown in Figure

3.11 and Table 3.10.

To summarize, biodegradation was accelerated significantly at both 3 and 5 wt.% CNCs

loadings, for both polyesters, but it was only more pronounced at 5 wt.% CNCs.
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Figure 3.11 Mass loss (%) as a function of time (days) for (a) neat PCL and PCL/CNCs
nanocomposite with 1, 3 and 5 wt.% CNCs and (b) neat PLA and PLA/CNCs nanocomposites
with 1,3 and 5 wt.% CNCs.

Table 3.10 Thermal characteristics of CNCs, including onset temperature, peak
temperature and residual weight.

Sample Day 0 Day14 | Day28 | Day42 | Day56 | Day70 | Day84 | Day98 | Day112
Neat PCL 100 100 99.4 98.9 98.3 97.1 96.4 95.4 94.6
PCL/CNCs 100 100 99.4 97.7 97.2 96.2 95.3 94.0 93.7
(99/1)

PCL/CNCs 100 99.8 97.9 93.3 91.7 90.5 89.6 88.8 87.9
(97/3)
PCL/CNCs 100 96.2 91.3 88.4 86.3 82.7 71.0 68.6 63.6
(95/5)

81

© Central University of Technology, Free State



Q)

Central University of

Technology, Free State

Neat PLA 100 100 100 100 100 100 | 999 | 999 | 997
PLA/CNCs 100 100 100 100 100 100 9.8 | 998 | 99.8
(99/1)
PLAJCNCs 100 100 100 100 100 | 974 | 972 | 971 | 920
(97/3)
(P;SA/’E) (;NCS 100 | 831 | 721 | 700 | 694 | 571 | 509 | 251 | 17.8

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals
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Table 3.11. Biodegradation of neat polymers, and their nanocomposites containing 1, 3 and 5 wt.% CNCs, with images captured at days 0, 42,

84 and 112.
Day 0 Day 42 Day 84 Day 112
\ | 3
e -‘_..

Neat PLA Neat PCL Neat PLA Neat PCL Neat PLA Neat PCL Neat PLA Neat PCL
PLA/CNCs 99/1 | PCL/CNCs 99/1 PLA/CNCs 99/1 PCL/CNCs 99/1 PLA/CNCs 99/1 PCL/CNCs 99/1 PLA/CNCs 99/1 PCL/CNCs 99/1
PLA/CNCs 97/3 PCL/CNCs97/3 | PLA/CNCs97/3 | PCL/CNCs97/3 | PLA/CNCs97/3 | PCL/CNCs97/3 | PLA/CNCs97/3 | PCL/CNCs97/3

b » 1 as | o,

PLA/CNCs 95/5 PCL/CNCs 95/5 PLA/CNCs 95/5 PCL/CNCs 95/5 PLA/CNCs 95/5 PCL/CNCs 95/5 PLA/CNCs 95/5 PCL/CNCs 95/5
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3.6 Conclusions

This study investigated the fabrication and characterization of PCL/CNCs and PLA/CNCs
biodegradable nanocomposites reinforced with cellulose nanocrystals (CNCs)
extracted from sugarcane bagasse. The addition of CNCs influenced the thermal,
morphological and structural behavior of both polymers in a composition-dependent
manner. The incorporation of CNCs enhanced the biodegradation rate of PCL
progressively with increasing CNCs loading. For PLA, 1 wt.% CNCs showed minimal
effect, a slight increase in degradation at 3 wt.% CNCs (8%weight loss atday 112), and a
pronounced increase at 5 wt.% CNCs, reaching 82.2% weight loss over the same period.
CNCs had minimal effect on the thermal stability of PCL but reduced the thermal stability
of PLA at higher loadings due to the intrinsic thermal instability of CNCs. Incorporation
of 3and 5wt.% CNCs disrupted PLA crystal size and order, leading to reduced
crystallinity and the appearance of double melting peaks. The prepared nanocomposites
maintained properties similar to those of the neat polymers but degrade substantially
faster. These observations were supported by DSC, SEM, WAXS, SAXS, FTIR, TGA, and

soil burial biodegradation analysis.

The study confirms the feasibility of using sugarcane bagasse-derived CNCs to enhance
the performance and biodegradation of PCL and PLA. Furthermore, the results suggest
that agro-waste-derived CNCs hold strong potential as sustainable nanofiller for
reinforcing PCL/PLA blends in packaging and biomedical applications, contributing to
the development of environmentally friendly, high-performance materials. Future work
will include dynamic mechanical analysis (DMA) to further evaluate the performance of

the developed nanocomposites.
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DSC Differential scanning calorimetry
FTIR  Fourier transform infrared spectroscopy
H,SO, Sulphuric acid

NaOH Sodium hydroxide
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PLA  Poly(lactic acid)

SAXS Small angle x-ray scattering

SEM  Scanning electron microscopy
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Abstract

Biopolymers such poly(lactic acid) (PLA) and poly(e-caprolactone) (PCL) have gained
considerable attention as alternative for petroleum-based and non-biodegradable
polymers, in a field of packaging and biomedical. PLA lacks flexibility and thermal
stability, while PCL lacks mechanical strength. PLA/PCL blends are incompatible and
immiscible. To address these drawbacks, 1, 3 and 5 wt.% cellulose nanocrystals (CNCs)
extracted from sugarcane bagasse, were incorporated to 70/30 and 30/70 PLA/PCL. The
influence of CNCs on the thermal, morphological, structural, and biodegradation
properties of the nanocomposites was evaluated. Tensile testing was performed only on
neat PLA, neat PCL, and PLA/PCL blends, as CNCs-reinforced nanocomposite samples
were prone to premature failure. The results showed that CNCs increased the
biodegradation rate and enhanced crystallinity. Thermal stability slightly increased only
at 1 wt.% CNCs loading, while higher loadings (3 and 5 wt.%) led to thermally unstable
nanocomposites. Scanning electron microscopy confirmed improved interfacial
adhesion and reduced phase separation at 1 wt.% CNCs content. For instance, PLA T,
decreased from 113°C (neat PLA) to 91°C at 5 wt.% CNCs, indicating strong nucleating
activity. Similarly, 5wt.% CNCs accelerated biodegradation of 70/30 PLA/PCL to
complete mass loss within 112 days, unlike neat PLA, which lost only 0.3%. These
findings suggest that CNCs derived from agro-waste can effectively enhance the
thermal, structural, and biodegradation performance of PLA/PCL blends, offering a
promising route for developing sustainable and high-performance biodegradable

materials.

Keywords: poly(lactic acid), poly(e-caprolactone), cellulose nanocrystals, blends,

nanocomposites, compatibility, crystallinity, interfacial adhesion, biodegradation.
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4.1 Introduction

The increasing accumulation of plastic waste and its detrimental impact on the
environment have driven global interest towards the development of biodegradable and
renewable alternatives. Among the biopolymers currently being explored, poly(lactic
acid) (PLA) and poly(e-caprolactone) (PCL) have gained considerable attention due to
their biodegradability, biocompatibility, and potential applications in packaging,
biomedical, and environmental sectors. However, both polymers have individual
limitations: PLA is brittle with low thermal stability (Wang et al., 2023), while PCL is
ductile but degrades slowly (Kurakula etal., 2020). Blending PLA with PCL can
complement these drawbacks by combining the stiffness of PLA with the flexibility of
PCL, although immiscibility between the two often leads to phase-separated

morphologies and poor mechanical performance (Fernandez-Tena et al., 2023).

Challenges such as phase separation, limited compatibility, and mechanical property
mismatches have been identified in the PCL/PLA blends, which hinder their widespread
application (Luyt and Malik, 2018; Sessini et al., 2016;Wachirahuttapong et al., 2016).
However, integrating a third component, such as a compatibilizer or filler, into PCL/PLA
blends presents a promising solution to overcome these challenges. By incorporating
cellulose, the resulting PCL/PLA/nanocellulose-based composites can exhibit
enhanced mechanical strength, improved compatibility between components, and
potentially accelerated degradation (Chen et al., 2023; Kalita et al., 2020a; Sessini et al.,
2018).,'thus, making them suitable for a broader range of sustainable applications in the
fields such as packaging, biomedical engineering, and beyond. The impact of
incorporating a third component such astriallylisocyanurate, montmorillonite, flax fiber,
and silk fibroin nanoparticles on the properties of PLA/PCL blends demonstrate
improvements in flexural modulus, compatibility, and mechanical strength. These
findings show the importance of exploring novel composite formulations to overcome
inherent limitations and unlock the full potential of PLA/PCL blends across diverse

applications.

A comprehensive study by Sessini etal., 2018, conducted an investigation on 70/30

PLA/PCL (M70PLA) blend and its composites, incorporating 1 wt.% CNCs, CNC-g-PLA,
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and CNCs—-g-PCL. M70PLA/CNCs composite exhibited a notable increase in thermal
stability compared to neat M70PLA. The M70PLA/CNCs composite showed to be 11°C
more thermally stable than neat M70PLA at Ts«. This observation shows the potential of
cellulose-based reinforcements in improving the thermal properties of biocomposites
(Sessini etal., 2018). Chen et al. (2023) evaluated the thermal transitions of PLA, PCL,
and PLA/PCL composites reinforced with 2,2,6,6-tetramethylpiperidine—1-oxyl
(TEMPO)-oxidized bacterial cellulose (TOBC). Differential scanning calorimetry (DSC)
results revealed that the addition of TOBC promoted the crystallization of PLA, leading to
increased crystallinity compared to neat PLA. Moreover, the cold crystallization
temperature was found to be influenced by the PCL content in the composite, indicating
the synergistic effects of polymer blending and cellulose reinforcement on thermal
behavior. Research by Kalita et al. (2020a) explored the biodegradation rate of neat PLA,
neat PCL, their blends, and PLA/PCL/microcrystalline composites under composting
conditions. The results revealed that PCL exhibited a higher biodegradation rate
compared to PLA. The addition of microcrystalline composites to the PLA/PCL blend

proved to enhance the biodegradability of the composites.

A study by Motloung et al. (2020a) investigated the effect of cellulose nanocrystal (CNCs)
loading (1, 2, 3, 4 and 5 wt.%) on the properties of a PLA/PCL (70/30) blend processed in
a twin-screw extruder. These authors discovered that 2wt.% CNCs improved
compatibility, increased mechanical properties such as impact strength, and further
nucleated the crystallization of PCL. The incorporation of CNCs did not affect the thermal
stability of the blend. Salmani et al. (2024) investigated the compatibility of a PLA/PCL
(60/40) blend with 0.5, 1.0 and 2.0 wt.% CNCs (from cotton) prepared through solvent
casting. These authors reported that 2,0 wt.% CNCs reduced the size of PCL droplets

which is the dispersed phase.

This study aimed to enhance compatibility and improve overall composite performance
using CNCs. CNCs derived from agricultural waste have been identified as effective
nanoscale reinforcements. CNCs are renewable, biodegradable, and possess excellent
mechanical properties and high aspect ratios, making them ideal candidates for polymer
reinforcement. However, the impact of CNCs on polymer blends depends significantly

on their dispersion, interfacial interactions, and concentrations. Previous studies have
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shown that excessive CNCs can lead to agglomeration, reducing the performance
benefits expected from nanofiller incorporation (Kalita etal., 2020b; Sessini et al.,

2018b; Ye et al., 2025).

This study focused on the fabrication and comprehensive characterization of
PLA/PCL/CNCs nanocomposites using CNCs extracted from sugarcane bagasse — an
abundant agricultural byproduct. Most previous studies have used CNCs obtained from
cotton, bacterial cellulose, or commercial sources. Very few have reported PLA/PCL
composites reinforced with CNCs derived from sugarcane bagasse, an abundant agro-
waste. Thus, our study addressed this gap by systematically comparing two blend ratios
(70/30 and 30/70 PLA/PCL) with varying CNCs loadings (1-5wt.%) extracted from
sugarcane bagasse. The main objective of this study was to investigate the thermal,
morphological, structural, and biodegradation effects of CNCs at varying loadings on
PLA/PCL blends with different composition ratios. The manuscript is organized as
follows: It starts with a description of the materials and methods used for
nanocomposite preparation and characterization followed by the results and discussion
onthermal, morphological, structural, and biodegradation behavior andfinally, the main

conclusions of the work.

4.2 Materials and methods
4.21 Materials

Cellulose nanocrystals

Saccharum officinarum, commonly known as sugarcane (Figure 4.1a), is a grass species
that belongs to the family Poaceae, class Liliopsida, and order Poales. It is a globally
cultivated cash crop and the primary feedstock for sugar production (Zhao et al., 2018;
Gan and Chow, 2019; Wani et al., 2023). After sugar extraction through milling, the
remaining fibrous residues are known as bagasse (Figure 4.1b). In this study, bagasse
was collected from a farm in KwaZulu-Natal, South Africa. It typically comprises
approximately 40-50% cellulose, 25-35% hemicellulose and 5-10% lignin (Alokika et
al., 2021; Melesse et al, 2022). The focus of this study was on cellulose because of its

high tensile strength, biodegradability, biocompatibility and chemical modifiability
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characteristics in line with those of the PCL and PLA, making it a key interest in green
composite development (Chaka, 2022; Fitch-Vargas et al., 2023; Sikhosana et al.,
2023).

Cellulose extraction:

Figure 4.1 illustrates the process of extracting CNCs from sugarcane bagasse. Ground
sugarcane bagasse (40 g) (Figure 4.1b) was screened to 30-mesh particle size, and de-
waxed using a 2:1 (v/v) toluene:ethanol mixture for six hours to remove surface waxes
and extractive. The de-waxed bagasse (Figure 1c¢) was then treated with 800 mL distilled
water at 80°C for two hours to remove soluble impurities. Delignification was achieved
using a 1.3% sodium chlorite solution, maintaining pH between 3.5 and 4.0 with 6 M
acetic acid, repeated until a cream white product was obtained (Figure 4.1d). The
delignified fibers were further treated with 2% NaOH for two hours, followed by 5% NaOH
at 90°C for two hours. The residue was filtered, washed to a neutral pH, and oven-dried

at 105°C for six hours (Figure 4.1¢) (Alokika et al., 2021; Zhu et al., 2022).

4 Milling,
drying and
grounding

Sugarcane

Bleaching
and alkali
treatment

L and freeze
drying

Figure 4.1 Cellulose nanocrystals extraction from sugarcane bagasse.
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Cellulose nanocrystals extraction:

The dried cellulose (Figure 4.1e) was subjected to acid hydrolysis using 50% H2SO4
at a cellulose-to-acid ratio of 1:10 g/mL at 45°C for one hour, with constant stirring
using a homogenizer. To terminate the reaction, 10-fold ice-cold distilled water was
added, followed by centrifugation at 10 000 rpm for 15 minutes (three cycles, at 10°C).
The collected sediment was dialyzed against distilled water for ~48 hours until a
neutral pH was achieved. The resulting suspension (5mg/mL ) was sonicated for 10
minutes in an ice bath to prevent overheating. The resulting CNCs (Figure 4.1f) were
obtained by freeze-drying the suspension (0.2 wt.% in distilled water) at reduced
pressure and low temperature, producing a light brownish fine powder while
preserving particle integrity and porosity (Padhi, Singh and Routray, 2023; Asadnia
and Sadat-Shojai, 2025; Dabhi et al., 2025). Table 4.1 presents the percentage yield
of cellulose and CNCs. From 40 g of sugarcane bagasse, 10.5g of cellulose was
obtained (26.3% yield), which was further converted into 7.7 g of CNCs (19.25% yield).
These values indicate an efficient extraction process, consistent with literature ranges
(18-25%).

incorporation into the selected polymer matrices, namely PCL and PLA.

Furthermore, the vyield provides sufficient CNCs for subsequent

Table 4.1 Extraction yield of cellulose and cellulose nanocrystals from sugarcane
bagasse
Mass of the Mass of % yield of Mass of CNCs | %yield of CNCs
Sample ground powder cellulose cellulose (8)
(8 (g
Sugarcane 40 10.5 26.3 7.7 19.25
bagasse

Note: CNCs = cellulose nanocrystals

Poly(lactic acid)

PLA granules were purchased from 2M BIOTEC LLP 180 Annal Gandhiadigal Salai,

Ramanathapuram 623501, TN in India. It has a glass transition temperature (T,) of 55—

60°C, a melting temperature (T,) of 145-155°C, and a density of 1,23 g/cm?.
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Poly(e-caprolactone)

PCL granules were purchased from 2M BIOTEC LLP 180 Annal Gandhiadigal Salai,
Ramanathapuram 623501, TN in India. It has a glass transition temperature (T,) of =60 °C,

a melting temperature (T,,) of 40-60°C, and a density of 1,10 g/cm?.
4.3 Sample preparation

Conditioning

Table 4.2 summarizes the drying conditions used to remove residual moisture from PLA,
PCL and CNCs before melt-blending. PLA and CNCs were dried at 50°C, while PCL was
dried at 40°C, all under vacuum overnight. Proper drying at these controlled
temperatures is important for preventing hydrolytic degradation during processing, as
both PLA and PCL are moisture sensitive at elevated temperatures, while CNCs readily
retain bound water due to their hydroxyl-rich surfaces. Ensuring consistent drying
therefore improved process reproducibility and minimized variations in the resulting

thermal and morphological properties.

Table 4.2 Drying conditions for poly(lactic acid), poly(e-caprolactone) and cellulose

nanocrystals
Material Drying conditions
Poly(lactic acid) 50°C, in vacuum oven, overnight
Poly(e-caprolactone) 40°C, in vacuum oven, overnight
Cellulose nanocrystals 50°C, in vacuum oven, overnight

Melt blending

Atotal of 40 g of each material (neat, blend, and composite) was weighed and processed.
Melt blending was carried out using a Brabender Plastograph at 180 °C, 50 rpm for 12
minutes. Blended samples were allowed to cool overnight at room temperature for
recrystallization. The solidified materials were then compression-molded using a

hydraulic press at 180°C for 5 minutes under 50 kPa pressure. Table 4.3 shows the
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compositions of the neat polymers, blends, and nanocomposites prepared in this study.
Two blend ratios were selected (PLA/PCL = 70/30 and 30/70) to represent PLA-rich and
PCL-rich systems, thereby allowing evaluation of how CNCs influence each matrix.
CNCs were incorporated at 1, 3, and 5 wt.% to investigate concentration effects, with
1 wt.% representing low filler content, 3 wt.% an intermediate level, and 5 wt.% a high
loading, where agglomeration effects might appear. This systematic variation makes it
possible to correlate CNCs concentration with structural, thermal, and biodegradation

performance.

Table 4.3 Weight percentage composition of poly(lactic acid), poly(e-caprolactone) and
cellulose nanocrystal samples

Sample name PLA (wt.%) PCL (wt.%) CNCs (wt.%)
Neat PLA 100 0 0
Neat PCL 0 100 0
Neat CNCs 0 0 100
PLA/PCL (70/30) 70 30 0
PLA/PCL (30/70) 30 70 0
PLA/PCL/CNCs (29.7/69.3/1) 29.7 69.3 1
PLA/PCL/CNCs (29.1/67.9/3) 29.1 67.9 3
PLA/PCL/CNCs (28.5/66.5/5) 28.5 66.5 5
PLA/PCL/CNCs (69.3/29.7/1) 69.3 29.7 1
PLA/PCL/CNCs (67.9/29.1/3) 67.9 29.1 3
PLA/PCL/CNCs (66.5/28.5/5) 66.5 28.5 5

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals.

4.4 Sample characterization

Differential scanning calorimetry

DSC was performed using PerkinElmer DSC 6000. Prior to sample analysis, the DSC
instrument was calibrated using the onset melting temperatures of 419.5°C for zinc,
156.6°C for indium, and also the melting enthalpy of 28 J/g for indium, and 108 J/g for
zinc. Samples (~6.0 mg) were heated from 0 to 180°C (first heating scan), held at this
temperature for three minutes to erase the thermal history, next cooled from 180 to 0 °C

(cooling scan), held for one minute at 0°C for conditioning, and finally subsequently
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heated from 0 to 180°C (second heating scan). The scanning rate in all steps was 10°C
per minute, and the experiments were conducted usinga 20 mL per minute nitrogen flow.

Cooling and second heating scans were used to determine thermal transitions.

Scanning electron microscopy

Samples were cryo-fractured, mounted on aluminium pin stubs using epoxy glue, and
sputter-coated with Iridium using a Leica EM ACE600 Imaging was performed on a JEOL
JSM-7800F Extreme-resolution analytical field emission SEM, at 5 kV, 10 mm working

distance.

X-ray diffraction analysis

Simultaneous SAXS/WAXS was performed at beamline BL11-NCD, ALBA Synchrotron,
Barcelona, Spain. Samples were placed in DSC pans on a Linkam THMS600 hot stage,
cooled/heated via a liquid nitrogen system. The thermal protocolinvolved: Heat 20°C per
minute from 25 to 180°C, held for three minutes at 180°C, cool 20°C per minute from
180°C to 0°C, held for one minute at 0°C, heat 20°C per minute from 0 to 180°C,
mimicking the employed conditions in the DSC, and taken SAXS/WAXS patterns during
the heating and coolingramps. The X-ray energy was 12,4 keV (A=1,0 A). The X-ray energy
was 12,4 keV (A=1,0A). Two detectors. Calibrated with silver behenate (SAXS) and Cr,05
(WAXS) standards, were employed: ADSC Q315rdetector, 3 070 x 3 070 pixels, pixel size
102 pm?, distance 6495 mm, tilt angle 0° for SAXS. Rayonix LX255-HS detector,
1920 x 5760 pixels, pixel size 44 pmz, distance 132.6 mm, tilt angle 21.2° for WAXS. The

scattering intensity versus scattering vector (q = 41tsin8/A) was analyzed.
Fourier transformed infrared spectroscopy

Fourier transformed infrared spectroscopy (FTIR) spectra were obtained using a
PerkinElmer Spectrum 100 FTIR spectrometer equipped with a PIKE MiracleTM
attenuated total reflectance, with a diamond crystal. Background scans were collected
before each measurement. Scans were recorded over a range of 4 000 and 650 cm™, at

8 cm™ resolution, with eight scans per sample.
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out using PerkinElmer STA 6000 under
20 mL per minute nitrogen. Samples (~23 mg) were heated from 30 to 600°C at a rate of

10°C per minute. Data analysis was done using Pyris software.

Tensile testing

Tensile testing was carried out using AGS-X machine. Tensile specimens with
dimensions of 75 mm length, 5 mm width, 2 mm thickness, and a gauge length of 20 mm

were analyzed. The tensile testing analysis was carried out at 10 mm per minute test rate.

Biodegradation analysis

Aerobic biodegradability was determined by cutting small specimens of each sample
and burying them in soil (4 cm deep, 39% moisture) at room temperature for 112 days
following ASTM D5988. At 14-day intervals, samples were retrieved, washed with water,
dried at 30°C for one hour, and weighed. Photographs were taken at each pointto visually

monitor degradation.

4.5 Results and discussion
4.5.1 Thermal properties

Differential scanning calorimetry

Thermal transitions and their enthalpies were analyzed using DSC, focusing on
parameters such as crystallization temperature (7.), glass transition temperature (7g),
cold crystallization temperature (T..), melting temperature (T, ), enthalpies (AH) and
degree of crystallinity (X;) calculated using Equation 4.1. These parameters provide
insights into the interactions between PLA, PCL, and CNCs, as shown in Figures 4.2 and

4.3, and Table 4.4.
X, = (AHm — AH,,

) x 100 4.1
WAHmo
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Xc:isthe degree of crystallinity; AH,, is the melting enthalpy of the measured sample; AH..
is the cold crystallization of the measured sample; AHm° is the melting enthalpy of a
100% crystalline polymer; and w is the weight fraction of the polymer in the blend or
composite. The values of AHm° used for PLA and PCL are 93.7 J/g and 139)J/g,
respectively (Patricio and Bartolo, 2013). DSC results for neat PLA and neat PCL, their
blends, and their blend nanocomposites with 1, 3, and 5 wt.% CNCs are presented in

Figures 4.2 and 4.3 and Table 4.4.

Figures 4.2a and 4.3a show the cooling and second heating scans for the neat polymers
and their blends. Neat PLA exhibits a T, at 59.6°C, a T.. at 113.3°C, and a T,, at 149.1°C,
with a degree of crystallinity of 7.5%. The presence of a cold crystallization peak reflects
the slow crystallization of PLA, and during cooling, it cannot crystallize completely.
Therefore, PLA finishes the crystallization process during heating. In contrast, neat PCL
shows two distinct melting peaks at 45.6°C and 52.2°C, suggesting the coexistence of
crystals with different levels of perfection, which might be due to the crystallization
process (Lattimer etal., 1992; Xu etal., 2018). The measured AH,, of 56 J/g closely
matches the AH. of 54 J/g, with a T. of 18,4°C and crystallinity of 40.3%.

For PLA/PCL blends, DSC curves (Figures 4.2a and 4.3a) reveal transitions dominated by
the major component. The PLA/PCL (70/30) blend retains dominant PLA thermal
features, while the (30/70) blend is PCL-dominated. The AH,, of PCL in the 30/70 blend
(30 J/g) far exceeds that in the 70/30 blend (8 J/g), reflecting the influence of PCL on the
overall thermal behavior. The T. of the PLA/PCL blends slightly enhanced to higher
temperatures due to the presence of PLA (Motloung et al., 2020a). The unchanged T,
values support phase immiscibility, consistent with SEM-observed phase separation.
However, the improved dispersion in PLA/PCL (70/30) blend suggests partial
compatibility, since T. shows broad and suppressed peak while T, slightly shifted to
higher temperatures, in line with SEM findings. Theoretical scans and experimental
scans DSC for 70/30 and 30/70 PLA/PCL blends are presented in the appendix Figure A2.

Experimental scans follow theoretical scans, and they evidence immiscibility.

The incorporation of CNCs into PLA/PCL blends affects crystallinity, depending on the
concentration and matrix ratio. In the PLA/PCL (30/70) system (Figures 4.2b and 4.3b),
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the incorporation of CNCs slightly increased T., suggesting nucleation of PCL
crystallization for all samples. The incorporation of CNCs increases the degree of
crystallinity of PCL for PCL-rich nanocomposites with the increasing CNCs content,
while it only increased the degree of crystallinity of PLA only at 1 wt.% CNCs loading
(Figure 4.4a). For PLA-rich nanocomposites (Figure 4.4b), the degree of crystallinity of
PCL significantly increased at 1 and 3 wt.% CNCs loading and decreased it at 5 wt.%
CNCs, but not below that of the blend, while PLA degree of crystallinity only increased at
1 wt.% CNCs loading.

Double melting peaks for PLA were observed from the curves with 3 and 5 wt.% CNCs
loading. Melting temperatures vs CNCs content plots are presented in the appendix
Figure A3 for clear understanding of the impact of CNCs on the melting temperatures of
each polymer in the nanocomposite. This suggests that CNCs disrupt the order of PLA
crystals, which is in agreement with SAXS results where no long order (L) peak was
observed at 3and 5 wt.% CNCs loading. In the PLA/PCL (70/30) system (Figures 4.2c and
4.3c), CNCs enhance crystallinity of PCL, notably at 1 and 3 wt.% loading (Figure 4.2b).
Five wt.% CNCs reduces T, which might be due to CNCs agglomeration. Quantitatively,
the cold crystallization temperature (7..) of PLA decreased from 113.3°C in neat PLA to
91.4°C in PLA/PCL (70/30)/5 wt.% CNCs (Table 4.4), confirming the role of CNCs as
nucleating agentsfor PLA. Incorporations of 3and 5 wt.% CNCs shifted T.. of PLAto lower
temperatures, which suggests thatitis actingas a nucleating agent for PLA, for both PLA-
rich and PCL-rich systems. The assumption is that there is poor interacting between
CNCs and both PLA and PCL phases, since CNCs is highly hydrophilic while PLAand PCL
are hydrophobic (Motloung et al., 2020a).
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Figure 4.2 Differential scanning calorimetry cooling curves for (a) neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL blends; (b) 30/70 PLA/PCL blend and 30/70
PLA/PCL blend nanocomposites with CNCs at 1, 3 and 5 wt.%; (c) 70/30 PLA/PCL blend, and 70/30 PLA/PCL blend nanocomposites with CNCs
at1,3and 5wt.%.
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Figure 4.3 Differential scanning calorimetry second heating curves for (a) neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL blends; (b) 30/70 PLA/PCL blend
and 30/70 PLA/PCL blend nanocomposites with CNCs at 1, 3 and 5 wt.%; (c) 70/30 PLA/PCL blend, and 70/30 PLA/PCL blend nanocomposites
with CNCs at 1,3 and 5 wt.% .
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nanocomposites with 1, 3 and 5 wt.% CNCs content.
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Table 4.4 Differential scanning calorimetry results for _ Technology, Free Statesgprolactone) neat polymers, their blends, and their blend
nanocomposites with 1, 3 and 5 wt.% cellulose nanocrystals loading.
PCL Tcand AHc PCL Tm and AHm PcL PLA Tg PLA ch and AHcc PLA Tm &AHm PLA
Sample
T. AH. Tt T2 AHp, Xe T, £ AHc Tmt Tm2 AHn, Xe
Neat PLA - - - - - - 59.6=0.1 113.3+0.5 14+1.5 149.10.1 - 2120.2 7.5
PLA/PCL (70/30) 21.2%0.0 6+0.1 46.6+0.0 52.5%0.2 8+0.3 19.2 59.0%0.0 126.0+0.5 2+1.0 150.6+0.0 - 8+0.2 9.1,
PLA/PCL (30/70) 19.4%0.0 3620.1 45.7+0.4 52.3+0.0 30+0.2 30.8 59.3+0.3 - - 150.40.1 - 1£0.1 36
Neat PCL 18.4+0.0 54%0.1 45.6=0.2 52.2+0.1 56+0.4 40.3 - - - - - - -
PLA/PCL/CNCs
(29.7/69.3/1) 20.70.5 43+1.3 45.6+0.3 52.4%0.3 38+2.2 39.4 150.70.5 2+0.4 7.2
PLA/PCL/CNCs 22.2+0.1 42+4.5 43.00.3 48.0%0.2 41%4.3 434 - 103.8+0.8 9+2.1 143.8+0.2 | 152.50.4 9+2.3 0
(29.1/67.9/3)
PLA/PCL/CNCs 19.9+0.1 47%3.0 40.30.1 43.4%0.5 47+2.9 50.8 - 91.4%1.6 427 139.0¢0.6 | 149.50.5 4%5.3 0
(28.5/66.5/5)
PLA/PCL/CNCs 21.4%0.1 20+0.4 45.70.2 51.50.3 18+2.1 43.6 48.4%0.2 123.9+0.5 1£0.4 151.00.0 - 110.1 15.4
(69.3/29.7/1)
PLA/PCL/CNCs 21.8+0.0 2120.3 42.9+0.3 47.70.3 20%0.6 49.4 - 109.6+1.5 19+3.8 146.0:0.5 | 153.20.1 19+1.8 0.0
(67.9/29.1/3)
PLA/PCL/CNCs
(66.5/28.5/5) 15.6+0.7 5+0.6 36.0%0.7 40.2+0.6 9+1.5 22.7 75.80.9 18+1.4 143.90.2 23+1.4 8

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals; T, — melting peak temperature, AH» — melting enthalpy, Tc - crystallization temperature, AH: —
crystallization enthalpy, Tcc — cold crystallization temperature, AHcc — cold crystallization enthalpy, Tg— glass transition temperature and X. — degree of crystallinity.
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4.5.2 Morphological analysis

Scanning electron microscopy

Figures 4.5, 4.6, and 4.7 present SEM micrographs illustrating the morphological
characteristics of neat polymers, blends, CNCs, and nanocomposites. SEM analysis
provides complementary insights into phase compatibility, dispersion, and interfacial
interactions discussed in DSC, FTIR and X-ray scattering sections. In Figure 4.5a, neat
PLA displays a rough fractured surface, indicative of its brittle nature and amorphous
morphology. Neat PCL (Figure 4.5b), in contrast, exhibits a smooth and homogeneous
surface, characteristic of its ductile and semicrystalline nature. These morphological
features align with WAXS and SAXS results, where PLA showed less crystallinity and no

stack, while PCL exhibited broader but distinct crystalline reflections.

Blends of PLA/PCL (Figures 4.5¢ and 4.5d) demonstrate phase separation, confirming
their immiscibility, as supported by DSC results where the melting temperatures of the
polymersinthe blends correspond to that of neat polymers. Inthe PLA/PCL (70/30) blend
(Figure 4.5¢), PCL microspheres with a diameter range from 250 nm to 1.5 uym are
dispersed within the PLA matrix, suggesting restricted compatibility but effective
dispersion. Although no quantitative droplet size analysis (e.g., via ImageJ) was
performed, the approximate ranges observed (250 nm-1,5 umin PLA-rich blends, versus
~5 um PLA domains in PCL-rich blends) indicated reduced phase size upon CNCs
addition. This qualitative observation supports improved miscibility, consistent with
crystallinity increases from DSC/WAXS. This morphology supports the findings of
Botlhoko etal. (2018) and Motloung etal. (2020a), who noted PCL domains well
dispersed on the PLA matrix at this 70/30 PLA/PCL blend ratio. Conversely, the PLA/PCL
(30/70) blend (Figure 4.5d) exhibits a large PLA sphere with a diameter of 5,25 pm
embedded within a continuous PCL matrix, which suggests increased phase separation

and reduced interfacial interaction (Zhu et al., 2020).
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Figure 4.5 Morphological features of (a) neat PLA, (b) neat PCL, (c) PLA/PCL (70/30) blend,
and (d) PLA/PCL (30/70) blend, captured at a scale of 1 ym

Figure 4.6 shows the morphology of PLA/PCL (30/70) nanocomposites with CNCs at 1, 3,
and 5 wt.% loading. Neat CNCs (Figure 4.6b) appear as rod-like nanoparticles with length
ranges from 230 nm to 850 nm, consistent with their known geometry. At 1 wt.% CNCs
(Figure 4.6¢), the phase boundary between PLA and PCL becomes less distinct, and
dispersion appears improved compared to the PLA/PCL (30/70) blend, suggesting
enhanced interfacial adhesion (Zhu et al., 2020). At 3and 5 wt.% CNCs (Figures 4.6d and
4.6e), surfaces appear rougher with blurred phase boundaries, indicative of possible
plastic deformation due to the flexibility of PCL. These results are in line with WAXS

results showing increased crystallinity with increasing CNCs content.
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Figure 4.6 Scanning electron microscopy morphological features of (a) PLA/PCL (30/70)
blend, (b)neat CNCs, (c) PLA/PCL/CNCs (29,7/69,3/1), (d) PLA/PCL/CNCs
(29,1/67,9/3), and PLA/PCL/CNCs (28,5/66.5/5)

Figure 4.7 illustrates PLA/PCL (70/30) nanocomposites with CNCs. At 1 wt.% CNCs
(Figure 4.7c), the morphology shows dispersed PCL domains within the PLA matrix, but
with slightly reduced droplet size compared to the blend alone. At 3 wt.% CNCs (Figure
4.7d), surface morphology becomes smoother at the interface, suggesting enhanced
interfacial adhesion in PLA and PCL, reflecting optimal CNCs distribution. These results
correspond with the WAXS findings of increased crystallinity. At 5wt.% CNCs (Figure
4.7e), phase boundaries are vanishing, suggesting that CNCs are localized in the minor
PCL phase (Motloung et al., 2020a). This observation corroborates SAXS data, where high

CNCs loadings led to diminished structural ordering.

In summary, SEM confirms that CNCs at 1-3 wt.% enhance dispersion and interfacial
adhesion in PLA/PCL blends, leading to improved compatibility and crystallinity. At
higher loadings (5wt.%), surface irregularities dominate, reducing structural
homogeneity. These morphological observations reinforce the complementary findings

of WAXS and SAXS.
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Figure 4.7 Scanning electron microscopy morphological features of (a) PLA/PCL (70/30)
blend, (b)neat CNCs, (c) PLA/PCL/CNCs (69,3/29,7/1), (d) PLA/PCL/CNCs
(67,9/29,1/3), and PLA/PCL/CNCs (66.5/28,5/5)

4.5.3 Structural analysis
Wide angle X-ray scattering

The WAXS patterns (Figure 4.8) provide insight into the crystalline structures of neat
polymers, CNCs, their blends and nanocomposites. Table 4.5 presents their crystallinity

(X;x) which was calculated by Equation 4.2:

Xey = 4.2

where [. and [, are respectively the integrated intensities of the crystalline and

amorphous phases. Illustrative example is presented in the appendix Figure A4.

Figure 4.8a presents the WAXS spectra of neat PLA, neat PCL and the PLA/PCL blends.
Neat PLA exhibits a broad halo in the q range of 7.0 -15.0 nm™’, reflecting reduced long-
range order and a more amorphous character. Two sharp PLA crystalline peaks at
qvalues of 11.6and 13.3 nm~" with a crystallinity of 8,9%, correspond to the 110/200 and
203 planes of the a-form crystal structure (Sun etal., 2014). In contrast, neat PCL
presents broader peaks at q = 15.0 and 17.0 nm™", with a crystallinity of 17.9%, assigned
to its 110 and 200 planes (Gumede et al., 2017a; Sun et al., 2014). Minor peaks around
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27.0 and 31.0 nm™"in both polymers indicate a long-range crystalline order (Motloung

et al., 2020b).

In the PLA/PCL (70/30) blend, only a broad halo appears in the q range of 7.0-15.0 nm™,
no PLA crystalline peaks, which is unusual since PLA is a dominant component. This
suggests that PLA lack long-range order detectable crystals due to the presence of PCL
in a blend. This might be in line with the DSC results where X; of PLA in a blend is lower
compared to that of neat PLA. The suppressed intensity of the PCL peaks at 15.5 and
17.5nm™ further suggests that PLA inhibits PCL crystallization in the blend. The
crystallinity (Table 4.5) of PLA/PCL (70/30) blend is 3.5%, which is much lower than that
of neat polymers. This suppression corresponds with the dominance of PLA bands in
FTIR for this blend, indicating phase separation but physical compatibility (Motloung
et al., 2020b; Salmani et al., 2024). Conversely, the PLA/PCL (30/70) blend shows clearer
PCL peaks at 15.6 and 17.3 nm™, alongside a shoulder at 16.1 nm™" (assigned to the 111
plane), confirming the structural dominance of PCL in this formulation (Gumede et al.,
2017b; Dodda et al., 2023). These results corroborate with the FTIR data, showing PCL

peak dominance in this composition.

Figure 4.8b shows the WAXS patterns of neat CNCs and PLA/PCL (30/70)/CNCs
nanocomposites with varying CNCs content. Neat CNCs reveal sharp, intense peaks at
q=26.8,31.0, 44.1,51.2, and 53.8 nm™", indicating high crystallinity (53.7%). The CNCs
peaks are deviated to higher g values compared to the q values reported in literature
which might be due to the source and processing of CNCs (Islam et al., 2025; Motloung
et al., 2020a; Salmani et al., 2024). For example, Motloung et al., 2020a, presented WAXS
results for spray dried CNCs with g = 10.6, 14.6, 15.8 and 24.1 nm™". The shift is due to
the decreased interplanar spacing (d) in the CNCs. The decrease in d-spacing may be
caused by thicker packing of crystals or a modification process such as drying methods
(Kadar et al., 2021). When 1 wt.% CNCs is incorporated into the PLA/PCL (30/70) blend,
the WAXS pattern retains the PCL peaks at 14.9 and 17.1 nm™", with minor additional
peaks around 26.8 and 31.0 nm™ resembling CNCs. This suggests the successful
dispersion of CNCs and increased crystallinity by 66.6%. However, in the 3 and 5 wt.%
CNCs loading nanocomposites, the intensity of polymer (PLA and PCL)-related peaks

diminished, and only CNCs peaks remained. This suggests that high CNCs loading
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irregulate crystal ordering, as observed from the SEM results. However, the crystallinity
of the nanocomposites increased due to the increasing of high crystalline CNCs content

in the nanocomposites.

Figure 4.8c presents patterns for the PLA/PCL (70/30) blend and its CNCs
nanocomposites. At a 1 and 3wt.% CNC loading, WAXS scans reveal peaks for both
polymers and CNCs; even PLA crystal peaks that are not present in the PLA/PCL 70/30
blend. This suggests that the incorporation of CNCs increases the crystallinity of the
blend. Although at 1 wt.% CNCs, the amorphous halo is still present. At higher CNCs
loadings (3 and 5 wt.%), peak intensity declines, and amorphous halos disappear, further
indicating increased crystallinity but possibly at the cost of homogeneity. The 5 wt.%
sample retains only the PLA peak at 11,6 nm™, with no detectable PCL signal, implying
suppressed PCL crystallization due to excessive CNCs content. This is consistent with

the DSC degree of crystallinity.

Notably, PLA crystalline peaks that were absent in the PLA/PCL (70/30) blend,
reappeared upon the addition of CNCs, confirming their role as effective nucleating
agents (Figure 4.8c). Similar effects have been reported by (Sessini et al., 2018) for CNCs-

grafted PLA/PCL systems, reinforcing that CNCs enhance crystallinity when optimally

dispersed.
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Figure 4.8 WAXS patterns of (a) neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL blends
(b) neat CNCs, 30/70 PLA/PCL blend and 30/70 PLA/PCL blend nanocomposites
with CNCs at 1, 3 and 5 wt.%; (c) neat CNCs, 70/30 PLA/PCL blend, and 70/30

PLA/PCL blend nanocomposites with CNCs at 1, 3 and 5 wt.%. (Results taken
from second heating at 25°C)
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Table 4.5 Crystallinity of neat polymers, their blends, cellulose nanocrystals and their
nanocomposites

Sample I, (U+,) Xeath
Neat PLA 0.00349 0.0392 8.9
PLA/PCL (70/30) 0.00232 0.0666 3.5
PLA/PCL (30/70) 0.00659 0.0640 10.2
Neat PCL 0.00756 0.0422 17.9
PLA/PCL/CNCs
(29.7/69.3/1) 0.00731 0.0477 15.3
PLA/PCL/CNCs
(29.1/67.9/3) 0.00176 0.0096 8.3
PLA/PCL/CNCs
(28.5/66.5/5) 0.00295 0.0113 26.2
PLA/PCL/CNCs
(69.3/29.7/1) 0.01090 0.0538 20.3
PLA/PCL/CNCs
(67.9/29.1/3) 0.00308 0.01667 18.5
PLA/PCL/CNCs
(66.5/28.5/5) 0.00165 0.01326 12.4
Neat CNCs 0.01265 0.02357 53.7

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals
Small angle X-ray scattering

Figure 4.9 presents SAXS profiles for neat PLA, neat PCL, PLA/PCL blends, and their
nanocomposites with various CNCs loadings. SAXS provides insights into nanoscale
morphology by analyzing periodicities of crystalline and amorphous layers. Table 4.5
presents the long period (L), representing the average spacing of lamellar structures,

calculated using Equation 4.3, and lamella thickness (l.) calculated using Equation 4.4:

2T
L = 4.3

Qmax

where g4 is the position of the peak maximum in nm™.

l,=L.X, 4.4

where L is long period in nm and X, is the crystallinity.
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In Figure 4.9a, neat PLA shows a very weak or absent SAXS peak, indicating a mostly
amorphous structure, supported by the broad, less intense peaks in WAXS. This is also
in agreement with DSC results that indicated a minimal degree of crystallinity. In
contrast, neat PCL exhibits a broader and more intense SAXS peak, with an L value of
approximately 16.5 nm, suggesting the presence of semicrystalline lamellae with limited

order (Gumede et al., 2017b).

Both PLA/PCL 70/30 and 30/70 blends exhibit broader and less intense peaks compared
to neat PCL. This reduction in intensity and peak clarity correlates with the decrease in
PCL content and supports the partial immiscibility observed in SEM and DSC. The
absence of new peaks also supports the notion that PLA and PCL phases remain distinct,

without significant co-crystallization or interpenetration.

In Figure 4.9b, the PLA/PCL (30/70) nanocomposites with CNCs are presented. Neat
CNCs, as expected, do not show any peak in the SAXS range due to their small particle
size and high crystallinity revealed in WAXS. Among the nanocomposites, only the 1 wt.%
CNCs sample shows a broad SAXS peak, indicative of some degree of nanoscale
ordering. The long period (L) of nanocomposite with 1 wt.% CNCs slightly decreases
compared to that of the blend, this means the spacing between crystalline lamellae
(crystal+ amorphousthickness)is smaller. This suggests that at low loadings, CNCs may
facilitate lamellar organization. At 3 and 5 wt.% CNCs, no SAXS peaks are observed,
implying disruption of long-range ordering, possibly due to CNCs incorporation,

consistent diminished peak intensity in WAXS.

Figure 4.9c shows SAXS data for the PLA/PCL (70/30) nanocomposites. Similar to the
30/70 system, only the 1wt.% CNCs sample exhibits a weak SAXS peak, suggesting
some lamellar order. The peak is less intense than the corresponding PLA/PCL (70/30)
blend, indicating possible interference with lamellar packing. The 3 and 5 wt.% CNCs
samples show no observable peaks in this region, further confirming the absence of
nanoscale periodicity at high CNCs content. SAXS profiles of intensity (/) vs scattering
vector (q) are presented in the appendix Figure A6, and they provide information similar
to that presented in Figure 4.9. These findings are supported by WAXS data indicating

increased crystallinity but reduced homogeneity.
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In summary, SAXS analysis confirms that CNCs influence nanoscale structural ordering,
depending on their concentration. At 1 wt.%, CNCs enhance lamellar alignment,
especially in PCL-rich systems, while higher loadings disrupt this order. These
observations support and extend the crystalline trends observed in WAXS, highlighting

the importance of CNCs loading in tuning nanocomposite structure.
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Figure 4.9 SAXS patterns of (a) neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL blends; (b)
neat CNCs, 30/70 PLA/PCL blend and 30/70 PLA/PCL blend nanocomposites
with CNCs at 1, 3 and 5 wt.%; (c) neat CNCs, 70/30 PLA/PCL blend, and 70/30
PLA/PCL blend nanocomposites with CNCs at 1, 3 and 5 wt.%. (Results taken
from second heating at 25°C)

Table 4.6 summarizes the SAXS parameters obtained from neat polymers, blends, and
nanocomposites. Neat PCL, PLA/PCL (70/30), and PLA/PCL (30/70) all displayed a long
period (L) of ~16.5 nm, confirming the presence of semicrystalline lamellar structures.
When CNCs were introduced, only the 1 wt.% nanocomposites retained a measurable
SAXS peak, with a reduced L value of 15.0 nm in the 30/70 system. This suggests that low
CNCs loading promotes tighter lamellar packing, while higher CNCs contents (3 and
5wt.%) disrupted nanoscale periodicity, eliminating SAXS peaks. These results
complement the WAXS analysis, where CNCs acted as nucleating agents at low loading

but interfered with crystal organization at higher loadings.

Table 4.6 Small angle X-ray scattering parameters obtained from neat polymers, blends,
and nanocomposites

Sample Omax L L,
Neat PLA 0.29 21.7 193.1
PLA/PCL (70/30) 0.40 15.7 55.0
PLA/PCL (30/70) 0.40 15.7 160.1
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Sample Qmax L I,
Neat PCL 0.40 15.7 281.0
PLA/PCL/CNCs (29.7/69.3/1) 0.44 14.3 218.8

PLA/PCL/CNCs (29.1/67.9/3) - - -

PLA/PCL/CNCs (28.5/66.5/5) - - -

PLA/PCL/CNCs (69.3/29.7/1) 0.40 15.7 318.7
PLA/PCL/CNCs (67.9/29.1/3) 0.45 14.0 259.0
PLA/PCL/CNCs (66.5/28.5/5) 0.54 116 143.8
Neat CNCs - - -

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals; gmax= peak maximum ; L
=Long period.

Fourier transform infrared spectroscopy

The FTIR spectra shown in Figure 4.10 presents the characteristic functional groups of
neat PLA, neat PCL, CNCs, their blends, and nanocomposites with varying CNCs
compositions. As shown in Figure 4.9a, neat PLA exhibits a medium-intensity C=0
stretching peak at 1 753 cm™', associated with ester carbonyl groups. Additionally, C-H
stretching vibrations are observed at 2960 and 2882cm™, and a prominent C-O-C
asymmetric stretching peak appears around 1188 cm™, along with a symmetric
stretching peak near 1 086 cm™'. Neat PCL, on the other hand, shows its own distinctive
features, including a strong C=0 stretching band at 1 730 cm™, and prominent C-O-C

peaks at 1 263 cm™" (asymmetric) and 1 173 cm™" (symmetric).

When PLA and PCL are blended, the FTIR spectra shows the superimposition of neat PLA
and PCL bands. For example, in PLA/PCL (70/30) and (30/70) blends, the characteristic
ester carbonyl peaks at 1 753 and 1 730 cm™" are still observed with no significant shift,
suggesting the absence of chemical interactions. However, their relative intensities vary

based on composition. The PLA/PCL (30/70) blend shows stronger C-H and PCL-related
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C-O-C peaks (1263 and 1173cm™"), confirming PCL dominance. Conversely, the
PLA/PCL (70/30) blend shows more pronounced PLA spectral features. These results
confirm the immiscibility of PLA and PCL, which align with literature findings(Coates,

2000; Motloung et al., 2020a; Nandiyanto et al., 2019).

Figures 4.10b and 4.10c show the FTIR spectra fornanocomposites incorporating CNCs.
Cellulose nanocrystals exhibit a broad O-H stretching band at 3 330 cm™" due to intra-
and intermolecular hydrogen bonding between hydroxyl groups, characteristic C-H
stretching from 2 977 to 2892 cm™, and a sharp peak near 1040 cm™' due to C-O
stretching and C-H rocking of the pyranose ring. Additional bands at 1437 and
1326 cm™' correspond to CH, bending and polysaccharide ring vibrations, respectively
(Kargarzadeh et al., 2012; Sikhosana et al., 2023; Sirvio et al., 2016). Incorporation of
CNCs into the PLA/PCL (30/70) blends (Figure 4.10b) results in notable changes in C-O-
C peak intensities at 1 173 cm™ for all nanocomposites. The increase in C-O-C intensity
is attributed to CNCs, indicating their presence in the matrix. However, no new peaks
emerge, affirming the absence of covalent bonding. For PLA/PCL (70/30)/CNCs
nanocomposites (Figure 4.10c), notably nanocomposite with 3wt.% CNCs show
increased peak intensities, while 1 wt.% CNCs suppressed the peak intensities. This
might be influenced by the amount of the sample analyzed, hydrogen bonding between
the hydroxyl groups of CNCs and the ester carbonyls of PLA or PCL which can reduce the
number of free hydroxyl groups, thereby decreasing the intensity of the O-H stretching
band. Crystallinity also plays an important role, as CNCs display intensity variations in
crystallinity-sensitive bands. In addition, the broadening of the O-H stretching band at
~3 330 cm™" and subtle shifts in the C=0 stretching peaks (1 753> 1749 cm™") suggest
hydrogen bonding between CNCs hydroxyl groups and PLA/PCL ester carbonyls. No new
covalent bonds formed, but hydrogen bonding between CNCs hydroxyl groups and
PLA/PCL carbonyls contributed to improved compatibility. The results suggest that
CNCs influence the intensity of the peaks but not the position of characteristic peaks

(Dadras Chomachayi et al., 2020; Kalita et al., 2020c).
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Figure 4.10 FTIR spectra of (a) neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL blends; (b) neat
CNCs, 30/70 PLA/PCL blend and 30/70 PLA/PCL blend nanocomposites with
CNCs at1, 3 and 5 wt.%; (c) neat CNCs, 70/30 PLA/PCL blend, and 70/30 PLA/PCL
blend nano-composites with CNCs at 1, 3 and 5 wt.%.

4.5.4 Thermal stability

Thermogravimetric analysis

Thermal stability was assessed using TGA, as shown in Figures 4.11 to 4.13 and Tables
4.6 and 4.7. For neat polymers (Figure 4.11a and 4.11b), neat PLA exhibits a single
degradation step with an onset temperature (Tonser) Of 305.8°C and a maximum
degradation temperature (Tnax) of 369.0°C. In contrast, neat PCL demonstrates higher
thermal stability, with a Tonse: 0f 310.3°C and a T, 0f 418.0°C. These findings correlate
with DSC results, where PCL showed higher crystallinity and thermal resistance

compared to PLA.

For PLA/PCL blends, the TGA and DTG curves (Figures 4.11a and 4.11b) exhibit two-step
degradation patterns, representing the individualdecomposition of PLAand PCL phases.
The onset temperatures (Tonser) Of PLA/PCL (70/30) and (30/70) blends shift to lower
temperatures compared to that of neat PLA. The thermal stability of PLA was expected
to increase, but that did not happen probably due to immiscibility of the two polymers

leading to no improvement in the thermal stability of PLA. This corresponds to findings
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by Motloung et al. (2020a). The blend of PLA/PCL (30/70) shows higher thermal stability
compared to the PLA/PCL (70/30) blend, consistent with the larger PCL fraction. These

outcomes support the immiscibility observed via SEM and the dominant thermal

transitions seen in DSC data.
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Figure 4.2 (a) TGA and (b) DTG curves for neat PLA, neat PCL, 70/30 and 30/70 PLA/PCL
blends

Figures 4.12 and 4.13 show the thermal degradation behavior of PLA/PCL/CNCs
nanocomposites. Onset degradation temperature (Tonse)y Maximum degradation
temperature (Tmax), and residual weight (Wesique) for neat CNCs, neat polymers, their
blends, and the nanocomposites of their blends, are presented in Tables 4.7 and 4.8. The

neat CNCs spectrum presented in both Figures 4.12 and 4.13, and Table 4.7 shows the

122
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

initial weight loss around 100°C due to the evaporation of moisture. Neat CNCs exhibit a
two-step degradation process. The first degradation step corresponds to the degradation
of sulphated cellulose (sulphate-containing CNCs), and the second degradation process
is ascribed to the breakdown of the interior of non-sulphated crystalline cellulose (Wang
et al., 2019; Xing et al., 2018). The char residue of CNCs is higher compared to that of the
blends and nanocomposites. This is due to strong intra- and intermolecular hydrogen
bonding between cellulose chains that stabilize the structure during heating, so instead

of volatilizing completely, the cellulose undergoes dehydration and carbonization,

leaving a stable char.
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2
g 40
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Figure 4.12 (a) TGA and (b) DTG curves for neat CNCs, 30/70 PLA/PCL blend, and 30/70
PLA/PCL blend nanocomposites with CNCs at 1,3 and 5 wt.%.

123
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

Inthe PLA/PCL (30/70) blend (Figure 4.12), the addition of 1 wt.% CNCs slightly enhances
thermal stability, as reflected in increased Tonse: and Thax Values, reported in Table 4.8.
However, higher CNCs loadings (3 and 5 wt.%) reduce thermal stability. In PLA/PCL
(70/30) nanocomposites (Figure 4.13), 1 wt.% CNCs only increases Tonser, While 3 and
5 wt.% lead to thermally unstable nanocomposites. For example (Table 4.8), neat PLA
exhibited Tonset = 305.8°C, while PLA/PCL (30/70)/5wt.% CNCs degraded earlier at
261.1°C, showing that sulphated CNCs catalyze polymer decomposition at high
loadings. These results show that there is no significant thermal stability enhancement
in the blends, due to the incorporation of less thermally stable CNCs which degrade
before the polymers. These results can also confirm the immiscibility/incompatibility
between the two polymers since two degradation steps are observed from the

nanocomposites which are assigned to individual polymers.
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—— PLA/PCL (70/30) \
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DTG
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PLA/PCL blend nanocomposites with CNCs at 1,3 and 5 wt.%

Table 4.7 Thermal characteristics of cellulose nanocrystals, including onset
temperatures, peak temperatures, and residual weight
Sample T1onset! °C Timax/°C T2onset!/ °C Tomax/°C Weesigue ! %
Cellulose
nanocrystals 128.4 168.8 299.4 368.8 26.9
Note: Tonset= Onset temperatures; Tmax = peak temperatures; Wiesiaue = Residual weight
Table 4.8 Thermal stability for neat polymers, their blends and nanocomposites
Sample PLA Typset/ °C PLA T,/ °C PCL Tonset/ °C PCL T;,ax/°C Wesique | %
Neat PLA 305.8 369.0 - - 0,0
PLA/PCL (70/30) 293.1 367.0 402.1 411.0 1.4
PLA/PCL (30/70) 299.5 362.5 380.4 416.1 1.3
Neat PCL - - 310.3 418.0 3.1
F;Q;'jg;/ ;’:)C S 302.6 364.7 379.2 418.7 3.4
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le_sgg;/gcg)c i 287.0 360.6 376.1 415.4 36
2;526;./;’;)08 2611 363.7 373.0 415.4 4.8
FGLQ g%/;:/':)c > 302.1 365.7 390.6 405.1 6.0
(PGL? /972;/5/2)0 s 282.9 364.7 3090.6 413.4 25
22 /57%/;’:)0 > 256.9 364.7 395.8 407.2 3.1

Note: PCL = poly(e-caprolactone); PLA = poly(lactic acid) and CNCs = cellulose nanocrystals; Tonse: = Onset
temperatures; Tmax = peak temperatures; Wiesiave = Residual weight

4.5.5 Mechanical properties

Tensile testing

The tensile behavior of neat PLA, neat PCL and their blends (70/30 and 30/70 PLA/PCL)
is presented in Table 4.9 and Figure 4.14. In a graph of strain (%) versus stress (N/mm?)
presented in Figure 4.14, and maximum values of strain and stress presented in Table
4.9, neat PLA exhibited the highest tensile strength and modulus but fractured at very low
elongation, confirming its brittle nature. In contrast, neat PCL displayed lower strength
but very high elongation at break, consistent with its ductile behavior. These differences
can be attributed to their morphology, where SEM fracture surfaces further supported
these observations, with PLA showing smooth, brittle fracture features and PCL
displaying rougher, fibrillated surfaces typical of ductile failure. These findings are
consistent with a previous report by (Botlhoko et al., 2018), where PLA exhibited high
stiffness but fractured at low strains, while PCL showed high ductility at the expense of

strength.

The 70/30 PLA/PCL blend exhibited reduced tensile strength compared to neat PLA but
slightly improved elongation at break. This indicates that PCL acted as a toughening
agent, imparting ductility to the otherwise brittle PLA matrix. DSC confirmed partial

miscibility between PCL and PLA, which may have facilitated stress transfer across

126
© Central University of Technology, Free State



Q)

Central University of
Technology, Free State

phases. SEMimages revealed phase-separated morphology, explaining why the strength
did not fully match that of neat PLA. The 30/70 PLA/PCL blend exhibited reduced tensile
strength but slightly improved elongation at break compared to neat PLA and PLA-rich
blend. These results align with SEM features where a large PLA sphere was observed in
the PCL matrix, which confirms the incompatibility of the two polymers at this ratio and
contribute to poor tensile strength. Similar phase-separated morphologies have been
observed in PLA/PCL blends by other researchers (Zhu et al., 2020), and this has been

identified as a key factor limiting stress transfer and reducing tensile strength.

Tensile testing could not be performed on the CNCs-reinforced nanocomposites (1, 3,
and 5 wt.%), as the samples fractured during specimen preparation. The brittle nature of
these materials prevented reliable measurements. This limitation reflects the inherent
fragility of the material, rather than a shortcoming in experimental design. Previous
studies on PLA/PCL/CNCs (Motloung et al., 2020a; Salmani et al., 2024), also did not
report tensile testing results, which might be due to these challenges. Nevertheless,
thermal (DSC, TGA) and structural (WAXS, SAXS) analyses revealed that the
incorporation of CNCs influenced crystallinity and thermal stability, suggesting that their
mechanical properties may have been enhanced but at the expense of reduced
toughness. Future work should employ alternative testing methods (e.g., micro-tensile

or DMA) to quantify these effects.
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Figure 4.14 Tensile testing for neat PLA, neat PCL, 70/30, 30/70 PLA/PCL blend

Table 4.9 Maximum strain and stress of poly(lactic acid), poly(e-caprolactone) and
their blends

Sample Maximum strain / % Maximum stress / N/mm?
Neat PLA 12.96+2.2 58.72+0.9
PLA/PCL (70/30) 13.65+1.6 31.57+7.7
PLA/PCL (30/70) 19.51+4.4 9.45+1.2
Neat PCL 3593.82+314.3 15.85+1.6

Note: PLA = poly(lactic acid), PCL = poly(e-caprolactone)

4.5.6 Biodegradation response and functional integration

Soil burial

The biodegradation test for neat polymers, their blends and nanocomposites were
conducted by soil burial and reported in Figures 4.15, Table 4.10 and 4.11. Degradation
patterns for neat polymers and their blends are presented in Figure 4.15a. Neat PLA and
PLA-rich blends did not degrade at all in a period of 84 days while the neat PCL and PCL-

rich blend lost a weight of about 4% in the same period. In a period of 112 days, the neat
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PLA and PLA-rich blend only lost a weight of 0,3%, while the neat PCL and PCL-rich blend
lost 5,5 and 4,5%, respectively. This concludes that the PCL and PCL-rich blend degrade
faster compared to a PLA and PLA-rich blend. Factors such as temperature, moisture,
pH, and microbial activity all impact the degradation rates. PLA typically requires higher
temperature and humidity, as found in industrial composting conditions (Muniyasamy et
al., 2016; Kalita et al., 2020), while PCL degrades faster in soil because of its flexibility,
enzyme-accessible structure, low T, more permeable crystallinity, and direct
susceptibility to microbial attack (Al Hosni, Pittman and Robson, 2019). Consequently,

the soil conditions in this study favored faster degradation of PCL.

For a PLA/PCL (30/70) blend with 1, 3 and 5 wt.% CNCs (Figure 4.15b). The presence of
CNCs sped up the biodegradation and the high percentage of each composite degraded
compared to the blend. The degradation rate and weight loss increase with the
increasing CNCs content in the composites, as seen in Figure 4.15b and Table 4.10. For
the PLA/PCL (70/30) blend with 1, 3 and 5 wt.% CNCs (Figure 4.15c). Low (1 and 3 wt.%)
CNCs loading does not show significant impact on the biodegradation of the
composites, while 5 wt.% sped up the degradation and degraded completely on Day 112.
These results conclude that the addition of CNCs to PLA/PCL blend improved the
biodegradability of a blend, especially for the PCL-rich blend, while for the PLA-rich
blend, only 5wt.% CNCs improved the biodegradability. The most striking result is the
complete degradation of PLA/PCL (70/30)/5 wt.% CNCs within 112 days, compared to
only 0,3% weight loss in neat PLA over the same period. This highlights the dual role of
CNCs in improving crystallinity and enhancing water uptake/microbial colonization,

thereby accelerating biodegradation.
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Figure 4.15 Weight percentage as a function of time in days for (a) neat PLA, neat PCL, 70/30
and 30/70 PLA/PCL blends; (b) 30/70 PLA/PCL blend and 30/70 PLA/PCL/CNC
blend nanocomposites with CNCs at 1, 3 and 5 wt.%; (c) 70/30 PLA/PCL blend,
and 70/30 PLA/PCL/CNCs blend nanocomposites with CNCs at 1, 3 and 5 wt.%

Table 4.10 Weight percentage versus time in days for neat PLA, neat PCL, 70/30 and 30/70
PLA/PCL blends; and 30/70 PLA/PCL/CNC blend nanocomposites with CNCs at
1,3 and 5 wt.%.

Sample Day0 Day14 | Day28 | Day42 | Day56 | Day70 | Day84 | Day98 | Day 112
Neat PLA 100 100 100 100 100 100 99.9 99.9 99.7
PLA/PCL (70/30) 100 100 100 100 100 100 99.9 99.9 99.7
PLA/PCL (30/70) 100 100 99.3 98.9 98.5 97.6 96.6 95.9 95.5
Neat PCL 100 100 99.4 98.9 98.3 97.1 96.4 95.4 94.6
PLA/PCL/CNCs
(29.7/69.3/1) 100 99.6 98.3 97.9 96.5 95.6 94.8 94.2 93.9
PLA/PCL/CNCs
(29.1/67.9/3) 100 97.9 94.6 92.5 90.2 87.6 85.0 84.2 83.6
PLA/PCL/CNCs
1 4 4. 2 76.2 7 . 1 7.
(28.5/66.5/5) 00 | 98 848 | 80 6 69 688 | 68 67.5
PLA/PCL/CNCs
(69.3/29.7/1) 100 100 100 100 100 100 99.9 99.9 99.9
PLA/PCL/CNCs
(67.9/29.1/3) 100 100 100 100 99.8 99.7 99.7 99.7 99.4
PLA/PCL/CNCs
(66.5/28.5/5) 100 80.9 64.7 50.0 45.4 35.0 8.0 2.2 0.00
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Table 4.11 Biodegradation analysis images for neat PLA, neat UL sus /v ana surssvu PLA/PUL blends, and their nanocomposites with 1, 3 and 5 wt.% CNCs,
taken at days 0,42, 84 and 112
Day O Day 42 Day 84 Day 112
Neat PLA Neat PCL Neat PLA Neat PCL Neat PLA Neat PCL Neat PLA Neat PCL
: |
PLA/PCL (70/30) | PLA/PCL(30/70) | PLA/PCL(70/30) | PLA/PCL(30/70) | PLA/PCL(70/30) | PLA/PCL(30/70) | PLA/PCL (70/30) | PLA/PCL (30/70)
PLA/PCL/CNCs PLA/PCL/CNCs PLA/PCL/CNCs PLA/PCL/CNCS PLA/PCL/CNCS PLA/PCL/CNCs PLA/PCL/CNCs PLA)F’CL/CNCS
(69.3/29.7/1) (29.7/69.3/1) (69.3/29.7/1)
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4.6 Conclusion

This study demonstrated the fabrication and characterization of PLA/PCL biodegradable
nanocomposites reinforced with CNCs extracted from sugarcane bagasse. The
incorporation of CNCs influenced the thermal, morphological, and structural behavior
of PLA/PCL blends in a composition-dependent manner. The incorporation of CNCs
improved the biodegradation rate, crystallinity, interfacial adhesion, and slightly (only at
1wt.% CNCs) thermal stability. Tensile testing confirmed that PLA exhibited higher
strength compared to PCL and PLA/PCL blends, whereas mechanical testing of CNCs-
reinforced nanocomposites could not be performed due to premature sample fracture,
reflecting their brittle nature. The enhancements observed in the thermal behavior,
morphology, structure, and biodegradation were supported by DSC, SEM, FTIR, WAXS,
SAXS, TGA, and soil burial biodegradation test results. In general, the findings confirmed
that sugarcane bagasse-derived CNCs can enhance the performance of PLA/PCL
systems, providing a sustainable approach to developing high-performance
biodegradable materials for diverse applications such as food packaging and

biomedical.
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Chapter 5
CONCLUSIONS

This thesis investigated the fabrication, characterization, and performance of
biodegradable nanocomposites based on poly(lactic acid) (PLA), poly(e-caprolactone)
(PCL), and their blends reinforced with cellulose nanocrystals (CNCs) derived from
sugarcane bagasse. The research was driven by the need to address the limitations of
individual biodegradable polymers and to explore sustainable reinforcements from agro-

waste resources.

Thefirst part of the study focused on CNCs-reinforced PLA and PCL systems. CNCs were
shown to influence thermal, morphological, and structural properties in a composition-
dependent manner. While CNCs incorporation enhanced crystallinity and significantly
improved biodegradation, it also reduced the thermal stability of PLA at higher loadings
and disrupted crystal ordering. In PCL, CNCs accelerated biodegradation progressively
with increasing content, with little effect on thermal stability. These findings highlighted

the polymer-specific effects of CNCs and their potential as functional reinforcements.

The second part of the study examined PLA/PCL blends and their CNCs-reinforced
nanocomposites. Blending PLA with PCL improved flexibility compared to neat PLA,
although mechanical strength remained lower. The addition of CNCs improved
interfacial adhesion, crystallinity, and biodegradation, with 5wt.% CNCs achieving
complete mass loss within 112 days, compared to negligible degradation in neat PLA.
However, CNCs offered only limited thermal stability benefits, with improvements
observed at a 1 wt.% loading but reductions at higher concentrations. Tensile testing
confirmed superior mechanical strength of neat PLA compared to PCL and PLA/PCL
blends, while CNCs-reinforced nanocomposites could not be tested due to premature

failure during specimen preparation.
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For PCL/CNCs and PLA/CNCs, the effect of CNCs is mainly in the biodegradation.
Properties such as thermal stability were not significantly affected by the incorporation
of CNCs to PLC or PLA, this might be due to the undispersed CNCs. However, when a
second polymeris used, PLA/PCL/CNCs, it seems thatthe CNCs effectis bigger, not only
impacting the biodegradation but also other properties, and this might be related to the
CNCs located at the interphase or acting as compatibilizing agent and therefore

exploiting the properties of both polymeric matrices.

Taken together, the findings demonstrate that sugarcane bagasse-derived CNCs are
effective reinforcements for biodegradable polymer systems, capable of enhancing
crystallinity, morphology, and biodegradation performance. The outcomes provide clear
evidence of the potential of agro-waste-derived nanocellulose in advancing sustainable

polymer research and applications.

Future work should focus on optimizing processing strategies to overcome the
brittleness of CNCs-reinforced nanocomposites, enabling the evaluation of reliable
mechanical performance. Additionally, exploring surface modifications of CNCs and
compatibilization strategies could further enhance their dispersion, interfacial adhesion,

and property balance within PLA/PCL matrices.

This thesis confirms the viability of integrating nanocellulose from agricultural residues
into biodegradable polymer systems and contributes valuable insights toward the
development of next-generation sustainable materials for packaging, biomedical, and

environmental applications.
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APPENDIX

2 °
51
50 [
ey
ey
4l

T /°C

a |
a3l
o[l = PCL Tm1
® PCLT, .

41 H

T T T T T T T T
0 1 2 3 4 5

CNCs content (wt.%)

156 - . b)
154 |

152 -

148 L
146 |-
144 |-

T I°C

142 [ .
140 |-
138 |-
1867 = PLAT
134 f ® PLAT

132 T T T T T T T T T T T
0 1 2 3 4 5

CNCs content (wt.%)
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Figure A2 DSC theoretical and experimental curves for (a) PLA/PCL (70/30), and (b) PLA/PCL
(30/70).
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Figure A4 Concept of calculating crystallinity from WAXS curve on origin.

Source: Physical concept (2021)
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CNCs, 30/70 PLA/PCL blend and 30/70 PLA/PCL blend nanocomposites with CNCs at 1,
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