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ABSTRACT

An innovative microcrystalline cellulose (MCC) natural fibre powder-reinforced PLA biocomposite was investi-
gated using the hand lay-up technique. The polymer matrix composite (PMC) samples were prepared by varying
the weight percentages (wt.%) of both PLA matrix and MCC reinforcement: pure PLA/100:0, 90:10, 80:20, 70:30,
60:40 and 50:50 wt.%, respectively. From the results obtained, MCC powder, with its impressive aspect ratio,
proved to be an ideal reinforcement for the PLA, exhibiting exceptional mechanical properties. It was evident that
the 80:20 wt.% biocomposite sample exhibited the maximum improvement in the tensile, flexural, notched
impact, compressive strength and hardness by 28.85%, 20.00%, 91.66%, 21.53% and 35.82%, respectively com-
pared to the pure PLA sample. Similarly, during the thermogravimetric analysis (TGA), the same 80:20 wt.% bio-
composite sample showed a minimum weight loss of 20% at 400°C, among others. The morphological study using
Field Emission Scanning Electron Microscopy (FE-SEM) revealed that the uniform distribution of cellulose rein-
forcement in the PLA matrix actively improved the mechanical properties of the biocomposites, especially the
optimal 80:20 wt.% sample. Importantly, it was evident that the optimal PLA/cellulose biocomposite sample could
be a suitable and alternative sustainable, environmentally friendly and biodegradable material for semi/structural
applications, replacing synthetic and traditional components.
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1 Introduction

Polylactic acid (PLA), a versatile and promising bioplastic, is poised to revolutionize the plastics
industry [1]. Its biodegradability, compostability and recyclability under certain conditions make it an
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environmentally friendly alternative to traditional plastics [2]. While PLA’s versatility is impressive, its low
heat threshold, susceptibility to cracking and gas permeability limitations require careful consideration for
specific applications [3]. To overcome these limitations, PLA can be blended with additives such as
natural fibres to improve its performance and functionality [4]. To overcome these limitations and open
up exciting new possibilities for PLA, blending it with additives such as natural fibres can significantly
improve its performance and functionality [5]. With dwindling fossil resources and a growing need for
sustainability, bio-based polymers derived from renewable resources are becoming a compelling
alternative. Both the versatility and sustainability of PLA make it a leading material for diverse
applications: packaging, prosthetics, automotive and electronic components, among other innovative
materials [6].

PLA has been used as a suitable matrix for several polymer matrix composites (PMCs), especially with
cellulose fibres. Fonseca et al. [7] recommended cellulose fibres as a cost-effective and environmentally
friendly alternative for reinforcement, improving mechanical properties due to enhanced adhesion with
the biodegradable matrix. Crews et al. [8] demonstrated that cellulose improved the thermal stability and
mechanical properties of bioplastics. The cellulose was extracted from plant biomass and showed higher
thermal stability. Ponsuriyaprakash et al. [9] found that a composite of 20% cellulose fibre and 80%
acrylonitrile butadiene styrene (ABS) polymer gave the best properties, with a 37% improvement in
tensile behaviour compared to pure ABS. Ponsuriyaprakash et al. [10] suggested that the incorporation of
cellulose into ABS composites improved crystallinity, mechanical properties and temperature resistance
with a 20% cellulose blend. Ponsuriyaprakash et al. [11] reported that hand layup is widely used in the
fabrication of PMCs due to its simplicity. Parameswaranpillai et al. [12] investigated PLA/cellulose
nanocomposites which showed significant property improvements over PLA/cellulose fibre composites
and the processing techniques tailored the mechanical properties of the nanocomposites.

Liu et al. [13] reported that the incorporation of cellulose nanowhiskers (CNWs) into PLA is expected to
provide novel functionalities to electrospun composite nanofibres in the fields of tissue engineering and
membranes. Mokhena et al. [14] investigated the potential of cellulose nanomaterials as fillers to stabilise
and enhance the behaviour of PLA. PLA is widely used as a replacement for petroleum-based polymers,
but its low thermal resistance and heat distortion are relatively low. Yetis et al. [15] found that high lignin
microfibrillated cellulose (MFLC) was a cost-effective option for improving the properties of PLA
composites, and surface modification of MFLC improved its dispersibility in the PLA matrix. Singh et al.
[16] proposed a process for the preparation of biocomposites using PLA and cellulose fibres.
Improvements in physicochemical properties and thermal stability were observed. Kasuga et al. [17]
investigated PLA composites with hydroxyapatite (HA) fibres for bone plate applications and found that
HA fibres improved the modulus of elasticity, which was low in PLA compared to natural bone. Vinyas
et al. [18] investigated the use of carbon fibres, nylon glass fibres and a PLA + polyethylene terephthalate
glycol (PETG) polymer blend by fused deposition modelling to improve the mechanical behaviour of the
PLA composite. Zakaria et al. [19] discussed the potential of PLA to bind with various additives and
improve its properties, highlighting its biodegradability and biocompatibility.

A comprehensive review of the intrinsic and functional properties of PLA, including strategies to
improve its properties and potential applications, was provided by Farah et al. [20]. Ecker et al. [21]
investigated PLA and PLA/wood biocomposites and found that injection moulded samples exhibited
higher impact strength after water uptake, while 3D printed samples showed a slight reduction in tensile
modulus with higher wood content. Wong et al. [22] reported that the mechanical behaviour of PLA
composites was dependent on variations in the physiological state due to the low glass transition
temperature. Ruksakulpiwat et al. [23] concluded that injection moulded jute fibre reinforced PLA
produced higher modulus and impact strength compared to compression moulded biocomposites. Bahar
et al. [24] investigated wood-PLA biocomposites as insulators in the building sector and found that a
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blend containing 30% wood particles gave good results. Xiang et al. [25] stated that the determination of
PLA content in PLA + polybutylene adipate terephthalate (PBAT) blends is challenging due to their
overlapping degradation profiles. However, thermogravimetric analysis (TGA) combined with magnesium
oxide (MgO) provided a clear solution. Based on the aforementioned literature, it was evident that the
present study was an attempt to fill a research gap in green biocomposite technology.

This research focused on an innovative biocomposite material of the PLA polymer reinforced with
cellulose fibre powder using a hand lay-up technique. Particularly, the chemical, physical, morphology,
mechanical and thermal properties of the cellulose-reinforced PLA composites were extensively
investigated by varying the weight percentages (wt.%) of both PLA and cellulose materials in the
following respective ratios: 100:0, 90:10, 80:20, 70:30, 60:40 and 50:50 (wt.%). The experiments were
carried out by the techniques of chemical analysis, Fourier Transform InfraRed Spectroscopy (FT-IR),
X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Tensile, Flexural, Impact, Hardness,
Compression tests and Thermogravimetric Analysis (TGA).

2 Materials and Methods

2.1 Materials

This work investigated the properties of materials chosen for biocomposite development. Polylactic acid
(PLA) sourced from Green Dot Biopak (City of Gujarat, India) exhibits desirable traits for bio-composites,
including low density (1.24 g/cm?), high melting point (170°C), and good mechanical strength (tensile
strength: 60 MPa, flexural strength: 108 MPa). FE-SEM analysis confirms a smooth PLA morphology
(Fig. 1). Microcrystalline cellulose (MCC), chosen for its potential to enhance bio-composites, is derived
from softwood pulp, which was extracted and discussed in detail in the methods part. Dichloromethane,
obtained from Sisco Research Laboratory (City of Mumbai, India), acts as a solvent due to its ability to
dissolve the PLA and achieve the necessary slurry consistency for composite preparation. In essence, this
study lays the groundwork for bio-composite development by characterizing the key materials-PLA,
MCC, and dichloromethane. Their properties provide a promising foundation for further research in this area.

Figure 1: Microstructureof PLA

2.2 Methods

Manufacturing Process of Cellulose

The raw material started as bleached softwood pulp with fluffy white fibres. These fibres are rich in o-
cellulose, the desired form for MCC production. The extraction process is shown in Fig. 2a. MCC is a
versatile and widely used material with applications in pharmaceuticals, food and cosmetics. It is obtained
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from wood pulp, mainly from softwoods such as pine, spruce or fir, due to their higher alpha-cellulose
content. Furthermore, Fig. 2b shows the microstructure of the cellulose powder analysed by FE-SEM,
which appeared with cross-linked fibres. This natural wood-based powder had a unique combination of
properties, including a low weight or density of 0.36 g/cm’®, a high porosity of 76% and a fine particle
size of 109 um, making it an ideal candidate for reducing the weight and cost of biocomposite materials.
It also has a small particle size distribution, which contributed to its ability to improve the thermal and
mechanical properties of the biocomposite, exceeding the strength of unfilled polymer matrices [26—28].
Raharjo et al. [29] stated that alterations in molecular weight, crystallinity, distribution, compositions, and
temperature during preparation may not affect the mechanical properties of the composite material.

Remove Residual Acid and By Products

Remove Impurities

Spray Drying

-y

Y \ - 4]
Wood Chip Wood Fibre

Acid Hydrolysis Ball Milling

Improves Cellulose Crystallinity /
Neutralization

Prevent Degradation of Cellulose

Pine Wood Cellulose

Figure 2: (a) Manufacturing process and (b) microstructure of the cellulose

This section describes the process for creating microcrystalline cellulose (MCC) from wood pulp. It
involves several steps: pulping (chemical or mechanical) to isolate cellulose fibers, followed by bleaching
for purification. Next, acid hydrolysis refines the cellulose by breaking down amorphous regions and
increasing crystallinity [13]. The material is then meticulously washed and neutralized to prevent
degradation. Finally, mechanical refining breaks down the cellulose fibers into tiny crystals with a high
surface area. The process concludes with drying techniques like spray drying to yield a final product of
white, free-flowing MCC powder.

After the chemical composition analysis, the prepared MCC consists 41.7% of a-cellulose, 19.5% of
hemicellulose, 17.1% of lignin, 4.3% of wax and 7.3% of ash. The wax contents were removed
completely from the fibers after the ethanol-toluene treatment. Cavallo et al. [30] specified that the
presence of lignin nanoparticles deliberated the UV-blocking, antioxidant and antibacterial properties to
the developed composite material, but it is explicitly at the higher reinforcement percentage composite.
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2.3 Fabrication Methodology of PLA/Cellulose Biocomposites

PLA goes through depolymerization while processing, which increments the hydroxyl and carboxyl in
PLA. This builds the bond development with cellulose. Additionally, hydrogen bonds between cellulose and
PLA further enhance the adhesion, leading to better stress transfer from the matrix to the bio-composite
fibers. So, it can potential to be interacted with cellulose’s hydroxyl groups and PLA by shown below in
Fig. 3.

H
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-

Figure 3: Bonding group of PLA and MCC adapted with permission from reference [28]. Copyright ©2020,
Springer Publishing

To investigate the effect of varying cellulose content on the PLA bio-composites, as per Fig. 4, the very
first step is the conversion of PLA pellets into a slurry form by adding the required amount (based on pouring
condition) of dichloromethane solvent. The second step is the addition of developed cellulose powder into
PLA slurry by hand lay-up technique (manual mixing) until a visually homogeneous distribution was
achieved using stir stick as per different ratios mentioned in Table 1. The third step is the various ratios
of blended composites were poured into the respective moulds designed as per ASTM standards
(Ponsuriyaprakash et al. [9,10]) and then dried in the room temperature for 24 h.

STEP 2

|

USE ey PLA Slurry

STEP 3

%k

| MOLD Preparation

_ DICHLOROMETHANE _

Micro Crystalline Cellulose

Preparation of PLA Slurry Composite Preparation Specimen Fabrication

Figure 4: Fabrication methodology of the PLA/cellulose biocomposite samples
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Table 1: Summarized mechanical properties of the various samples

Compositions Tensile strength Flexural Impact strength Compression Hardness
(%) (MPa) strength (MPa)  (KJ/m?) strength (MPa) (Shore D)

PLA Cellulose

100 0 52 85 12 65 67

90 10 60 92 17 71 71

80 20 67 102 23 79 75

70 30 59 96 19 73 80

60 40 50 89 15 67 84

50 50 46 81 10 62 91

2.4 Tensile Test

Following ASTM D638 standard (Ponsuriyaprakash et al. [9]), PLA/cellulose biocomposite samples
were prepared in specific dimensions (Fig. 5), using a glass mold. The samples were placed on an Instron
servo-hydraulic machine for in tensile testing. Precision wedge grips securely held the samples when a
controlled load was applied at a constant rate of 5 mm/min. The test continued until the sample fractured,
providing valuable data on the ultimate tensile strength of the material. The gauge length was set based
on the standard at 150 mm for accuracy.

@

(b) ©

)

(e ®

Figure 5: Tensile test samples with: (a) 0, (b) 10, (c) 20, (d) 30, () 40 and (f) 50% reinforcements

2.5 Flexural Test

PLA/cellulose biocomposite specimens (Fig. 6) were tested using a standardised three-point flexure test
was conducted as per ASTM D790 (Ponsuriyaprakash et al. [10]) on a dedicated UTM (Generic Flexure
3PT). The test, conducted at a controlled strain rate of 5 mm/min, provided valuable insight into the
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ability of the material to withstand flexural forces. The reported average flexural strength and modulus values
demonstrated the consistent performance of the biocomposites, highlighting their potential for applications
where both strength and flexibility are required.

(@) (b) (c) (d) (e) (f)

Figure 6: Flexural test samples with: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50% reinforcements

2.6 Impact Test

To assess the impact strength of the PLA matrix and cellulose-reinforced biocomposites, researchers
used an Izod impact test following ASTM D256-07 standard (Ponsuriyaprakash et al. [10]). Six samples
(Fig. 7) of standardized dimensions of 63.5 mm X 12.5 mm x 3.0 mm were tested on a dedicated
pendulum-type machine (Tinius Olsen Pvt. Ltd., Uttarpradesh, India) at a controlled impact rate of
3.55 m/s, delivering 12.5 J of energy over a distance of 615 mm. The reported average impact strength
reflected the consistent performance of the biocomposites under impact conditions, indicating their
potential for applications that require resilience to sudden force.

(@ (b) (c) () (e) ®

Figure 7: Impact test samples with: (a) 0, (b) 10, (¢) 20, (d) 30, (e) 40 and (f) 50% reinforcements



8 JRM, 2024

2.7 Hardness Test

Hardness, a key indicator of resistance of PMCs to deformation, was assessed using Shore D-scale
durometer in ASTM D2240 standard (Ponsuriyaprakash et al. [10]). Each biocomposite sample was
subjected to five hardness measurements on standardized samples of 30 mm x 30 mm x 6 mm (Fig. 8) at
a controlled temperature of 25°C. This approach, employing a reliable durometer (Fasne Test Equipment
Pvt. Ltd., Maharastra, India), provided valuable insights for the mechanical behaviors of the biocomposites.

(@) (b) (c) (d) (e) (®)

Figure 8: Hardness test samples with: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50% reinforcements

2.8 Compression Test

Another set of the same specimens subjected to compressive loading was evaluated by an ultimate
compressive strength (UCS) test in accordance with ASTM D3410 (Ponsuriyaprakash et al. [10]). Six
standardised specimens (Fig. 9) were tested on a dedicated UTM (Generic compression) at a
predetermined load of 50 kN and a controlled deformation rate of 5 mm/min. The average UCS value
demonstrated the remarkable ability of the biocomposites to withstand compressive forces, highlighting
their potential for applications requiring structural integrity.

@_ ® @ @ © ®

Figure 9: Compression test samples with: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40 and (f) 50% reinforcements

2.9 TGA

The heat resistivity and weight loss behavior of PLA/cellulose biocomposites were investigated using
TGA. Test samples of weights of 10 to 15 mg were examined in platinum TGA pans in the presence of
nitrogen. Once dried, the samples were subjected to a heating ramp of 10°C/min from 30°C to 400°C.
Subsequently, the test samples were examined with the same heating ramp.

3 Results and Discussion
3.1 XRD

XRD analysis confirmed the successful incorporation of microcrystalline cellulose into the PLA matrix
composite. Distinct peaks corresponding to activated carbon were observed in the XRD patterns (Fig. 10).
The peak intensity at 20 = 49° corroborated the presence and homogeneous dispersion of the reinforcement
within the PLA matrix. The stronger PLA peak compared to the microcrystalline cellulose peak reflects the
relative abundance of each material in the composite.
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Figure 10: XRD analysis of PLA/microcrystalline cellulose composites
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Figure 11: FT-IR analysis of PLA/microcrystalline cellulose composites

3.2 FT-IR

FT-IR analysis revealed the presence and distribution of cellulose within PLA-MCC composites (0—
50 wt.% MCC). Peaks between 19003500 cm™ ' corresponded to cellulose stretching vibrations, with the
characteristic peak at 1650 cm ' confirming its presence. The intensity of these peaks (including the one
at 2950 cm ') increased with increasing MCC content (Fig. 11), indicating successful dispersion
throughout the PLA matrix. Chemical treatment significantly enhanced the peak at 1050 cm ' and
reduced the intensity of cellulose peaks (740, 1050, 1650, 2350, 2950, and 3490 crnfl). This suggests a
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decrease in detectable cellulose content, potentially improving the mechanical properties of the composite
fibers since high cellulose content can be detrimental. Additionally, chemical treatment seems to eliminate
these cellulose peaks entirely.
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Figure 12: Distribution of cellulose within the samples with (a) 90:10 and (b) 50:50 wt.%

3.3 FE-SEM

The FE-SEM images of low and high presence of cellulose fibres in the PLA matrix is presented in
Fig. 12. It was observed that the surface became rougher with increasing wt.% of cellulose, as observed
at 10 wt.% compared to 50 wt.% in Fig. 9a,b, respectively. With the highest presence of cellulose, the
50:50 wt.% biocomposite sample, the surface showed an uneven distribution of reinforcement. This
phenomenon caused an accumulation of reinforcement, leading to failure. In Fig. 3, the yellow mark
indicated the presence and distribution of cellulose reinforcement in the matrix. It also confirmed that the
behavior of the presence of cellulose influenced the absorption and deflection of the externally applied
load. The different magnification scale values were used in the FE-SEM analysis because it was difficult
to identify the location of the bond between matrix and reinforcement in samples with different ratios.

Il Tensile Strength

70 4 B sTDEV

E (3 (=2
o o o
1 1 1

Tensile Strength (Mpa)
S 8

10 H

0 10 20 30 40 50
% of Reinforcements (wt%)

Figure 13: Tensile behavior of neat PLA and PLA/cellulose biocomposite samples
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3.4 Tensile Behavior

Optimizing the cellulose content was crucial to maximizing the tensile strength of the biocomposites, as
shown by the data obtained using a universal testing machine. The strength properties of polymer composites
depend on various factors such as the aspect ratio of fillers, the crystallinity degree of the matrix, the optimum
filler content and the interfacial bond between the filler and matrix. Fig. 13 shows the remarkable
strengthening effect with increasing cellulose content, reaching a maximum at 20 wt.%. However,
biocomposite samples above this threshold showed a significant decrease in tensile strength. This may be
due to some factors such as low strain, non-uniformity in the structure and potential defects. The above
findings provided valuable insights for tailoring cellulose reinforcement strategies to achieve optimal
tensile performance in similar biocomposites.

Figure 14: FE-SEM of post tensile tested biocomposite sample with 80:20 wt.%, depicting: (a) PLA-
cellulose bonding interaction, (b) distribution of cellulose and (c) cracked area

Importantly, the present study on PMCs found that the addition of 20 wt.% cellulose to the PLA matrix
significantly increased their tensile strength. This can be associated with improved cellulose-PLA interfacial
bonding as observed by microstructural analysis in Fig. 14a—c. FE-SEM images provided visual evidence of
this improved bonding and uniform distribution of cellulose fibres within the PLA matrix. When the amount
of the MCC was above 20 wt.% in the polymer matrix, the tensile strength gradually decreased. This was
mainly attributed to the agglomeration problem of the MCC in the PLA matrix. The results showed that
the higher content of the MCC fibres adversely affected the interfacial bond between the filler and PLA
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matrix. Moreover, a little microvoids were also observed in the morphological analysis (Fig. 14). Similar
results were observed in previous studies [26,27].

[ Flexural Strength
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Figure 15: Flexural behavior of neat PLA and PLA/cellulose biocomposite samples

3.5 Flexural Behavior

The choice of the right cellulose content was crucial to optimise the flexural strength of the PLA/
cellulose biocomposites, as shown in Fig. 15. Pure PLA performed relatively poorly in terms of strength
and stiffness compared to other biocomposites, except for the sample with the same ratio or highest
MCC. It was observed that the addition of MCC significantly increased the flexural strength of the
samples compared to the unreinforced or pure PLA sample. The maximum flexural strength was obtained
with the biocomposite sample containing 20 wt.% cellulose. However, exceeding this limit can be
detrimental as the material became increasingly brittle and its performance under flexural loading was
compromised. This implies that design and engineering of PLA-based biocomposites with optimal
flexural strength and functionality can be achieved.

From Fig. 16, the microstructural analysis of the optimal biocomposite showed that it had the most
improved interfacial bonding among the different samples, which allowed for improved load transfer
capability within the biocomposite system. Therefore, this study concluded that the addition of the MCC
to PLA played a significant role in enhancing the flexural behaviour of the PMCs. Furthermore, the FE-
SEM images showed a clear interfacial bonding reaction and uniform distribution of cellulose within the
PLA matrix (Fig. 16).

3.6 Impact Behavior

The impact strengths of the different biocomposite samples varied significantly with their different
reinforcement weight % as shown in Fig. 17. There was a 41.66% increase in impact strength of 17 J/m?
for the 10% w/w sample compared to pure PLA. A further increase in cellulose content to 20% gave the
highest impact strength of 23 J/m? with a huge significant improvement of 91.66% over pure PLA. This
maximum performance can be attributed to the enhanced interfacial bonding together with the uniform
distribution of reinforcement, which effectively absorbs energy and prevents crack propagation. However,
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the addition of more than the threshold of 20 wt.% cellulose resulted in a decrease in impact strength due to
the increased brittleness of the biocomposite samples with higher cellulose content.

Figure 16: FE-SEM of post flexural tested PLA/cellulose biocomposite sample with 80:20 wt.%, showing:
(a) PLA-cellulose bonding interaction, (b) distribution of cellulose and (c) crack area
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Figure 17: Impact behavior of neat PLA and PLA/cellulose biocomposite samples
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Figure 18: FE-SEM of post impact tested PLA/cellulose biocomposite sample with 80:20 wt.%, depicting:
(a) PLA-cellulose bonding interaction, (b) distribution of cellulose and (c) crack path

Impact tests revealed a remarkable improvement in load transfer within the PLA/cellulose
biocomposites at the optimum 80:20 wt.%, as shown in Fig. 18. This improvement can be attributed to
the enhanced bonding between PLA and cellulose as demonstrated by microstructural analysis.

3.7 Hardness Behaviour

The hand lay-up process is very important for the production of high-quality biocomposites, as
described by the hardness data of cellulose-reinforced PLA biocomposites. Fig. 19 shows that increasing
the cellulose content from 10 to 50 wt.% consistently increased the hardness of the materials, unlike other
mechanical properties investigated, which later decreased, especially at the same 50:50 wt.% content
(Table 1). This remarkable trend not only highlighted the reinforcing effect of cellulose but also
established the successful development of biocomposites with minimal pores, voids and uniform fibre
distribution, considering their fabrication by hand lay-up process. The 50:50 wt.% biocomposite sample,
with its impressive 91 Shore D hardness, showed an increase of 35.82% compared to the pure PLA
sample, demonstrating the potential of the hand lay-up method for the production of healthy and high-
performance biocomposites.

3.8 Compression Test Analysis

The compressive strength or bond between cellulose content and PLA of the biocomposites was
commendable as shown in Fig. 20. The addition of cellulose up to 20 wt.% indicated its good reinforcing
property. This was evident from the 21.54% increase in compressive strength from 65 to 79 MPa
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compared to pure PLA. This increase supported better interfacial bonding of PLA with cellulose, which
promoted efficient load transfer between PLA and cellulose particles. However, the compressive strength
of the samples decreased when their cellulose content exceeded the threshold of 20 wt.%, as the stiffness
before deformation was compromised.

Impact Strength
25 - I sTDEV
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0 10 20 30 40 50
% of Reinforcements (wt%)

Figure 19: Hardness behavior of neat PLA and PLA/cellulose biocomposite samples
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Figure 20: Compressive strengths of neat PLA and PLA/cellulose biocomposite samples
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Figure 21: FE-SEM of post compression tested PLA/cellulose biocomposite sample with 80:20 wt.%,
showing: (a) PLA-cellulose bonding interaction, (b) distribution of cellulose and (c¢) crack path

Overall, the combination of microstructural analysis and FE-SEM imaging from Fig. 21 provided
compelling evidence that the incorporation of cellulose in the optimal ratio significantly improved the
mechanical properties of the biocomposites. These results can support the development of more efficient
and high-performance biomaterials for various applications.

3.9 TGA Analysis

The percentage weight loss for all samples at specific temperatures using TGA is given in Table 2. A key
objective of adding cellulose fibre to PLA was to extend the temperature range before significant degradation
occurs. The optimum 80:20 wt.% sample showed the lowest weight loss at 400°C (around 20%), indicating
an optimum reinforcement content and the strongest PLA-cellulose interactions. The lowest weight loss
compared to pure PLA indicated a stabilising effect of cellulose.

Significantly, the higher cellulose content resulted in a faster rate of weight loss. This suggests that the
cellulose started to degrade at higher temperatures than the PLA, as shown in Fig. 22. It may have been
shielded by the more thermally stable PLA surrounding it. The increased thermal resistance of the
80:20 wt.% sample can be attributed to two factors: (i) the cellulose may have acted as a shield, trapping
harmful free radicals generated during PLA degradation and (ii) the fibre network hindered the escape of
volatile degradable products.
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Table 2: TGA of PLA/cellulose biocomposites

Compositions (wt.%) TGA
PLA Cellulose Weight loss (%) Temperature (°C)
100 0 25 225
90 10 10 150
80 20 20 250
70 30 35 200
60 40 37 220
50 50 48 210
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Figure 22: TGA of neat PLA and PLA/cellulose bio-composite samples

Parameswaranpillai et al. [12] concluded that cellulose nanocomposites reinforced with PLA fabricated
using the melt compounding method result in better enhancement in tensile strength, but noted that the
processing cost will be higher.

Bhasney et al. [26] determined that commercially available cellulose powder reinforced with PLA and
PP using a twin screw extruder blending technique showed improved characterization results in a composite
containing 80% PLA, 19.7% PP, and 0.3% MCC. This composite also withstood higher weight loss at a low
temperature of 120°C due to its 99.7% polymer content. The present research facilitated comprehension of
the overall performance of the extracted and developed MCC fiber powder with PLA composites.
Consequently, it was concluded that the overall mechanical and thermal properties of PLA were
moderately optimized through the addition of extracted MCC fibre powder.

4 Conclusions

PLA biocomposite samples reinforced with MCC particles with different wt.% were prepared using the
traditional hand lay-up technique and their mechanical (tensile, flexural, notched impact, compression
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strength and hardness) and thermal (TGA) behaviours were obtained. Microstructural and morphological
analyses of the samples were also carried out using FE-SEM. The following conclusions can be drawn
from the experimental results obtained:

e XRD and FESEM analyses confirmed a uniform distribution of MCC particles within the PLA matrix
and excellent PLA-cellulose interfacial adhesion, especially for the optimum sample.

e FT-IR analysis identified characteristic peaks between 1900 to 3500 cm ', indicative of cellulose
presence within the composite. These peaks were used to assess the impact of chemical treatments
on the matrix-fiber interface. Interestingly, the analysis suggests that the chemical reactions not
only reduced the matrix and fiber reinforcement materials but also improved their compatibility,
potentially hindering cellulose reinforcement separation.

¢ The optimum PLA/cellulose bio-composite sample with 80:20 wt.% showed maximum mechanical
properties. The maximum tensile strength was 67 MPa with an increase of 28.85% compared to
neat PLA sample.

¢ The maximum flexural strength was 102 MPa, with an increase of 20.00% over the neat PLA sample.

o The maximum impact strength was 23 J/m* with a significant increase of 91.66%. Also, the maximum
compressive strength was 79 MPa with 21.53% improvement over the pure PLA sample.

e In general, it was evident that the addition of MCC reinforcement comparatively improved the
mechanical strength of the biocomposite samples up to a threshold value of 20 wt.%. However,
further addition of MCC, especially at 50 wt.%, decreased the mechanical properties, except for
ductility and hardness.

o Therefore, the addition of MCC up to 50 wt.% increased the hardness of the sample from 67 to
91 Shore D with an increase from 5.97% to 35.82%.

¢ The same biocomposite sample with 80:20 wt.% recorded the lowest weight loss at 400°C (around
20%) during TGA. Therefore, it exhibited most superior thermal stability and degradation
properties among the neat PLA and PLA/cellulose biocomposite samples.

o Therefore, the optimal 80:20 wt.% PLA/cellulose biocomposite sample could be used for various
engineering applications to benefit from the outstanding properties of the PMC material.
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