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ABSTRACT

This study developed polylactic acid (PLA) composites reinforced with chitosan (CS) and sugarcane bagasse-derived fillers,
including untreated sugarcane bagasse (SCB), ultrasound-assisted-alkaline-treated sugarcane bagasse (UASCB), and
ultrasound-assisted-alkaline-acid-treated (UAASCB). The objective was to improve the structural and functional properties of
PLA composites through fiber treatment and chitosan incorporation. Fiber treatments significantly increased the cellulose
content and crystallinity of SCB, with the best result reaching 71.7% cellulose and 91.36% crystallinity after 30 min of 4 wt%
NaOH treatment followed by 45 min of 2 N sulfuric acid treatment. Composite characterization was carried out using FTIR,
XRD, SEM, and tensile testing. In this study, pure PLA showed a tensile strength of 6.69 + 2.8 MPa and a tensile modulus of
313.26 + 34 MPa. The PLA-CS-UASCB composite showed a comparable tensile strength (6.31 + 4.4) MPa with a slight
increase in tensile modulus (360 + 84) MPa. In contrast, the PLA-CS-UAASCB composite displayed lower tensile strength
(2.92 + 0.2) MPa and tensile modulus (271.51 + 27) MPa. The PLA-CS-UASCB composite demonstrated the highest anti-
microbial activity, reducing the growth of E. coli by 20.28% and S. aureus by 28.33%. This research offers a promising foundation
for further development of sustainable PLA-based biocomposites tailored for multifunctional and environmentally friendly
applications.

1 | Introduction human body makes this material a biomaterial option worth
further investigation [1, 2]. Poly--lactic acid (PLLA) and poly-p-
lactic acid (PDLA) are the first-generation biodegradable
polymeric implant materials that do not exhibit toxic and
mutagenic effects. In addition, they possess several desirable
characteristics for use in tissue engineering, orthopedic appli-
cations, surgical sutures and drug-delivery systems including
excellent mechanical strength, cytocompatibility, a suitable
degradation rate, and good thermal stability. Furthermore, the
thermoplastic nature of PLA enables its widespread use as a

The growing demand for sustainable material in industrial and
medical applications has created a strong urgency to develop
and adopt biocomposites as eco-friendly, renewable and
biodegradable alternatives. Among various polymer options,
polylactic acid (PLA) has emerged as a leading matrix in bio-
composites. Polylactic acid (PLA), a biodegradable polymer
produced from agricultural crop or waste, is widely used in
automotive and packaging industry as well as biomedical field,
including in composite form. Its biocompatibility with the
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polymer for 3D printing [2-4]. The tensile strength and flexural
strength of L-PLA have been reported to range from 11.4 to
82.7 MPa and from 45 to 145 MPa, respectively, making PLA an
excellent biomaterial for orthopedic implants [5, 6].

Despite being a promising material for bone implant applica-
tions due to its biodegradability, biocompatibility, and ease of
processing, the use of PLA is limited by its poor thermal sta-
bility, low gas barrier properties, and brittleness. PLA exhibits
intrinsic brittleness and low toughness (less than 10% elonga-
tion at break) [2]. These limitations can be mitigated by
reinforcement with natural fibers [1, 7]. The primary compo-
nent of natural fibers are cellulose, hemicellulose, and lignin.
Among these, cellulose is primarily responsible for the
reinforcing effect in polymer matrices due to its high surface
area, high tensile strength, and good biocompatibility [4].
Consequently, natural fibers have strong potential as alter-
natives to synthetic fibers such as carbon and glass fibers for
polymer reinforcement [4, 8]. Additional advantages of natural
fibers over synthetic fibers include low density, low cost, com-
parable mechanical properties, reduced health risk, renewabil-
ity, recyclability, and biodegradability [8]. Various natural fibers
have been reported as excellent reinforcement for PLA matri-
ces, including banana, sisal, jute, wheat, flax, straw, sugarcane,
cotton, silk, bamboo, kenaf and coconut [4]. Sugarcane bagasse
(SCB), a readily available byproduct of the sugar industry with
cellulose content of 40%-50%, is a particularly attractive, low-
cost reinforcement material with high tensile strength [9, 10].

Extensive investigations have been conducted on natural-fiber-
reinforced plastics, reflecting their widespread use and signifi-
cant potential across diverse engineering, industrial, and med-
ical applications. The investigations encompass both untreated
and chemically treated natural fibers. Chemical treatments are
primarily intended to improve fiber-matrix interfacial adhesion
and, consequently, to enhance tensile strength and elastic
modulus [8, 11]. Alkali treated SCB at 30 wt% has been reported
to enhance tensile and flexural strength of polyethylene by 41%
and 72%, respectively, when maleic anhydride is used as a
coupling agent [12]. Untreated rice husk fiber has been studied
as a reinforcement for PLA, despite still yielding tensile strength
lower than 67 MPA, which is the tensile strength value of neat
PLA [13]. The addition of cellulose nanocrystal (CNC) at 1 wt%
has improved the tensile strength of neat PLA by 18% although
increasing CNC content to 2wt% reduces the tensile strength
again [14]. Microcrystalline cellulose (MCC) isolated from
wheat straw is used as reinforcement for PLA and shows im-
proved mechanical properties of neat PLA [15].

PLA is widely employed in tissue engineering and orthopedic
implants. Consequently, PLA-based biocomposites with en-
hanced antibacterial properties is of critical importance. Chit-
osan (CS) is a linear polysaccharide which is derived from
chitin, a natural polysaccharide found in the exoskeleton of
insects, fungal cell wall, arthropods, and marine crustaceans. Its
structure consists of two repeating subunits: N-acetylated-p-
glucosamine and S(1 — 4) linked p-glucosamine [16, 17]. The
amino group (NH?) of CS can form electrostatic interactions
with bacterial cell surface, thereby conferring antibacterial
properties to CS [18]. Being known for its antimicrobial activity
against both Gram-positive and Gram-negative bacteria, CS can

therefore be incorporated into PLA-based composites to further
enhance their biological functionality [19].

To date, PLA-Chitosan-treated-SCB fiber biocomposites have
not been systemically investigated despite their promising
potential. In this work, the properties of PLA—chitosan-treated
SCB composites are examined. The effects of ultrasonic wave-
assisted alkali treatment, as well as subsequent acid treatment,
on SCB and their relationship to the mechanical properties of
PLA-Chitosan-treated-SCB fiber are evaluated. In addition, the
antibacterial performance of the reinforced composites against
Gram-positive and Gram-negative bacteria is assessed.

2 | Materials and Methods
2.1 | Materials

Sugarcane bagasse (SCB) was obtained from sugar factory in
Malang, Indonesia. Chitosan (degree of deacetylation > 75%,
low molecular weight 50-190 kDa) was supplied by Sigma
Aldrich. Polylactic acid (PLA) pellet (PT. Citra Murti Selaras and
Edic Gripseddas, Tangerang, Indonesia) were used as the poly-
mer matrix. Sodium hydroxide (NaOH) pellets (Merck Millipore)
and sulfuric acid (H,SOy4, 95%, Mallinckrodt) were used for pre-
treatment. Nutrient Broth (NB), Nutrient Agar (NA), Plate Count
Agar (PCA) media, and buffered peptone water (BPW) used for
microbial analysis were purchased from Merck (GranuCult,
Darmstadt, Germany). Staphylococcus aureus (Gram-positive)
and Pseudomonas aeruginosa (Gram-negative) were used as test
organisms [19].

2.2 | Preparation of SCB Particles

Sugarcane bagasse was washed thoroughly to remove
impurities. The washed bagasse was then subsequently sun-
dried. The dried SCB was subsequently ground into powder
using a disk mill machine (FFC type 23 A, with a speed of
5800 rpm, power 3 kW, Shandong Ji Mu Disk Mill Machinery),
as described by Fatmawati et al. [20]

2.3 | Particle Size Analysis of SCB

The milled SCB was weighed and subjected to particle size
distribution analysis using a standard sieve set (Retsch,
Germany). Sieving was performed sequentially from the largest
to the smallest mesh sizes, with a collection pan positioned at
the bottom. The process was continued until no further change
in mass was observed for any sieve or the pan, ensuring com-
plete separation of particle fraction. The retained mass on each
sieve was recorded, and the particle size distribution was cal-
culated as the mass fraction of each size range relative to the
total sample mass. The dry SCB powder used in this study
consisted of particles in the size range of 0.4-1.41 mm (73%),
0.21-0.4 mm (13.45%), and < 0.074 mm (4.45%).

2.4 | Experiment Design of SCB Pretreatment

The overall experimental procedure in this study is illustrated
in Figure 1. Alkaline pretreatment was conducted using various
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FIGURE 1 | Schematic diagram of experimental methodology used in this study.

TABLE 1 | Formulation and variation in composite composition.
Composite sample PLA, wt% CS, wt% Untreated- or treated-SCB, wt%
Neat PLA 100 0 0
PLA-CS 99 1 0
PLA-CS-SCB 96 1 3
PLA-CS-UASCB 96 1 3
PLA-CS-UAASCB 96 1 3

NaOH concentrations of 0% (water-treated), 4%, 8%, and 12%
(wt/wt) for 30 min. Based on the result of this step, the opti-
mum NaOH concentration, determined from the maximum
cellulose content of the treated SCB powder, was selected to
investigate the effect of different Ultrasonic-assisted (UA)
treatment times of 15, 30, 45, and 60 min. Subsequently, the
treatment condition, defined by NaOH concentration and
treatment time that yielded the highest cellulose content in the
treated SCB powder, was chosen for further processing prior to
acid treatment. Acid treatment was then carried out using 2N
H,SO, for 30min. All experiments were carried out in
duplicates.

2.5 | Alkaline Pretreatment With Ultrasonic
Assistance

Milled SCB powder was mixed with 300 mL of 4% (wt/wt)
NaOH solution at a solid-to-liquid ratio of 1:20 (g/mL). The
suspension was sonicated for 30 min using a 20 kHz ultrasonic
bath. Following treatment, the slurry was filtered through filter
paper, and the solid residue was thoroughly washed with dis-
tilled water until a neutral pH was attained. The washed residue
was subsequently dried at 50°C until a constant mass was

achieved. The same procedure was repeated using NaOH con-
centrations of 0%, 8%, and 12%, as well as for sonication times of
15, 45, and 60 min.

2.6 | Acid Hydrolysis

A 2N Sulfuric acid solution (100 mL) was prepared, and 10 g
of cellulose obtained from the alkaline pretreatment was
weighed. The cellulose was then mixed with 100 mL of 2N
H,SO, and subjected to hydrolysis under reflux at 45°C for
45 min. Following hydrolysis, the suspension was filtered,
and the solid residue was washed with distilled water until
neutral pH was achieved. The washed material was subse-
quently dried in a vacuum oven at 50°C until constant mass
was obtained.

2.7 | Composite Fabrication

The composite formulation was prepared according to Table 1.
All materials were dried at 80°C for 4 h prior to blending. After
drying the materials with a total mass of 25g were blended,
placed within stainless steel cup and heated in a glycerol bath to
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maintain a mixing temperature of 180°C for 25 min. The mix-
ture was stirred using a stainless-steel impeller at 50 rpm. The
blended mixture was then transferred into an ASTM D638 type
I test specimen silicone mold, with the mold specifications as
described by Suteja et al. [21]

2.8 | Analysis Methods
2.8.1 | Chemical Composition Analysis

The chemical composition of untreated and treated SCB fibers
was determined using the Chesson-Datta gravimetric method
[22, 23]. This procedure quantified water-extractive, cellulose,
hemicellulose, and lignin contents through sequential extrac-
tion, filtration, drying, and spent-solid weight measurement of
the raw and treated SCB powders. Each analysis was performed
in duplicates.

2.8.2 | Composites Characterization

Chemical structures were analyzed using Fourier-Transform
Infrared (FT-IR) spectroscopy (FTIR) to identify functional
group. The FTIR was performed on SHIMADZU IRTracer-100
instrument, and FTIR spectra were recorded in the range of
4000-400 cm ™.

The material crystallinity was determined from diffractograms
obtained from Xray diffraction (XRD) using Cu Ka radiation
over a 20 range from 10° — 50°. The morphology of untreated
SCB, treated SCB, and the resulting composites was examined
via scanning electron microscopy (SEM). The crystallinity of
untreated SCB and treated SCB was evaluated using Segal
method, which employs the ratio of the crystalline peak
(Ioo2 — Inm) to the total intensity (Ip;), as expressed in Equa-
tion 1 [24, 25]. Peak intensities were evaluated after peak
smoothing using Savitzky-Golay filter and background sub-
traction was fitted using cubic spline.

% CI = (M) x 100. (1)
002

The crystallinity the composites was evaluated using Equa-
tion 2, where A, is the area of the amorphous hump and Ay
is the total area of all peaks [26].

CI (%) = (1 _ A“’"] % 100. @)

total

The amorphous region was fitted using a cubic spline. The areas
of crystalline peak and amorphous hump were calculated by
trapezoidal integration. All smoothing, background subtraction,
fitting, and area calculations were performed using MATLAB
R2021b.

The mechanical properties of PLA-CS-SCB composites were
evaluated by tensile testing to determine tensile strength and
elastic modulus using universal testing machine according to
ASTM E638-22, standard test method for tensile properties of
plastics [14, 21].

2.8.3 | Antimicrobial Activity

Antimicrobial performance against Escherichia coli and Staph-
ylococcus aureus was evaluated under dynamic contact condi-
tion, based on ASTM E2149 [27, 28]. Both bacterial strains were
maintained on NA plates. Prior to the antimicrobial activity
assay, each culture was grown in NB medium by transferring a
single loopful colony from NA plate and incubating for 18 h at
35°C to obtain approximately 10’ CFU/mL. The resulting broth
cultures were then diluted in BPW. Subsequently, 1 g of com-
posites was added to 50 mL of inoculated nutrient broth and
incubated for 1.5 h under agitation at 100 rpm. One milliliter of
the incubated broth was serially diluted in BPW and mixed with
melted PCA using the pour plate technique. The plates were
incubated at 35°C for 24 h before colony enumeration. The
percentage reduction in bacterial growth was determined from
colony counts (CFU/mL) relative to the control group, defined
as inoculated nutrient broth without composite, using the fol-
lowing equation [29]:

Ny— N

0

%R = x 100, 3)

where Nj is the initial bacterial count in the broth and N is the
count after incubation with composite sample.

2.9 | Statistical Analysis

All experiments in this study were conducted in duplicate, and
the reported measurements and calculations were based on the
corresponding mean values. Statistical analysis of the SCB
treatment was performed using (ANOVA) Microsoft Excel.

3 | Results and Discussion

The particle size distribution analysis revealed that sugarcane
bagasse particle was predominantly composed of particles in the
14/40 mesh size range, accounting for 73.3% of the total mass.
The 40/70 mesh fraction represented 13.45%, while all finer
particle sizes contributed less than 5% each. The marked pre-
dominance of coarse particles indicates that larger particle sizes
dominate the raw material.

3.1 | Effect of Ultrasound-Assisted Alkaline
Pretreatment on Cellulose Content

Figure 2 shows that raw SCB consists of 43.2wt% cellulose,
31.7wt% hemicellulose, 10.7wt% lignin, 10.3wt% water-
extractives, and the remainder ash. The high cellulose content
highlights its potential as a lignocellulosic feedstock for pro-
ducing commercial cellulose derivatives such as CNC and MCC.
The figure also shows that bath ultrasound-assisted alkaline
(UA) treatment using NaOH (0-12%) effectively increased cel-
lulose content while reducing hemicellulose and lignin levels.
The ANOVA results (p < 0.05) confirmed that NaOH concen-
tration significantly influenced the chemical composition.
Increasing the NaOH concentration up to 12% led to an increase
in cellulose content to 54.6 + 0.7%. However, the maximum
cellulose content of 58.9 + 3.7% was achieved with UA
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FIGURE 2 | Effect of ultrasound-assisted alkaline treatment at
varied NaOH concentration on the SCB cellulose content.

treatment at NaOH concentration of 4%. Similarly, Gavrilla
et al., employed bath ultrasound-assisted alkaline pretreatment
and achieved 57% higher delignification compared to conven-
tional alkaline pretreatment [30].

The increase in cellulose content arises from the action of
ultrasonic waves, which create alternating compression and
rarefaction cycles in the liquid medium and thereby induce
cavitation bubble formation. Upon collapse, these bubbles gen-
erate localized hot spots (~5000 K, ~2000 atm) that disrupt lig-
nocellulosic matrix, degrade crystalline cellulose, lyse cell walls,
and promote organic matter solubilization [31]. Because of its
amorphous nature, hemicellulose, is more susceptible to degra-
dation than crystalline cellulose, which leads to a relative en-
richment of cellulose in the biomass following treatment.
Alkaline treatment also cleaves the ester bonds in lignin-cellulose
complexes, solubilizing lignin and thereby increasing cellulose
content while reducing hemicellulose and lignin levels [32].
However, at higher alkali concentration, cellulose chain begin to
break, limiting the net cellulose content, consequently the max-
imum cellulose content is achieved at a NaOH concentration of
4%. Peng, et al. reported that higher NaOH concentrations lead to
the formation of smaller hydrate molecules, which can readily
enter the cellulose structure and form hydrogen bond with cel-
lulose. This process disrupts the original hydrogen-bond network
of cellulose and ultimately leads to cellulose dissolution [33].

Figure 3 shows the composition of SCB after treatment with a
4% NaOH solution at various sonication times. The data dem-
onstrate that the removal of hemicellulose and lignin increased
the cellulose content. The highest cellulose content was
obtained at 30 min, which represents the optimal delignification
condition. Extending the treatment to 40 min caused a reduc-
tion in cellulose content, most likely due to cellulose dissolution
and the loss of soluble components. A similar phenomenon is
also observed in the alkaline cellulose extraction from empty
palm oil fruit bunch and jack fruit leaves, as reported by
Tristantini et al. [34] Longer contact time with alkaline cause
the decrease in hemicellulose and lignin content, which lead to

[water-extractive [_Jhemicellulose [__]cellulose [_llignin
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FIGURE 3 | Effect of UA alkaline treatment time on the SCB cel-
lulose content.

the increase in alkali accessibility to cellulose structure. This
can disrupt the hydrogen-bond of cellulose and lead to disso-
lution as explained above. Previous work on alkaline treatment
of sugar palm fiber reported a decrease in cellulose content at
prolonged treatment [35]. The ANOVA (p > 0.05) result indi-
cates that the selected time range does not have a significant
effect on cellulose content.

3.2 | Effect of Acid Treatment on the Cellulose
Content of UA-Alkaline-Treated-SCB

Acid treatment is used to produce microcrystalline cellulose
(MCC) from SCB-derived cellulose obtained by delignification.
After alkaline delignification, the amorphous part of cellulose
can be selectively degraded by acid hydrolysis, resulting in a
more crystalline material with high rigidity that is suitable for
use as a reinforcing agent [36]. The treatment is carried out
because MCC has a large specific surface area, which enhances
the interaction between the matrix and the reinforcing material,
thereby improving the mechanical properties [15]. Figure 4
shows the effect of subsequent sulfuric acid treatment on the
composition of SCB. Acid hydrolysis with H,SO, selectively
degrades hemicellulose by cleaving glycosidic bonds in the
amorphous regions and can also solubilize portions of lignin
through bond breakage, while the crystalline cellulose fraction
remains comparatively stable. Consequently, the cellulose
content can increase significantly. Following acid treatment, the
cellulose content of UA-treated SCB increases markedly. Adel
et al. also reported that combined sonication and acid pre-
treatment produced the highest degree of delignification and
the greatest enrichment of cellulose content in rice hulls and
bean hulls compared with untreated material or sonication
alone [37].

3.3 | FT-IR Analysis

FT-IR spectra of raw SCB, ultrasound-assisted-alkaline-treated
SCB (UASCB) and ultrasound-assisted-alkaline-acid-treated
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FIGURE 5 | FTIR spectra of (a) treated SCB and (b) PLA
composites.

SCB (UAASCB) are shown in Figure 5a. The three samples
display two main absorption regions at high wavenumber
(3500 — 2800cm™1) and low wavenumbers (1700 — 500cm™1),
respectively. They have similar FTIR spectra peak curve, which
demonstrated that their chemical compositions are similar
throughout the chemical treatment. The broad absorption band
at 3336 and 1603 cm~! shows —OH stretching and bending
vibration. The peak at 3336 cm™! represents the presence of
hydrogen bonded ~OH bond in cellulose, hemicellulose and
lignin [38, 39]. This peak is narrowed but shows higher inten-
sity after treatment. This indicates that stronger —OH vibration
and may imply increase crystallinity as amorphous constituents
such as hemicellulose and lignin are partly eliminated during
the treatment. This is also caused by more ordered cellulose
chain and less water absorbed [40, 41]. Absorption at 2910 cm ™!
shows symmetry and asymmetry stretching vibration from CH,.
Peak at 1159 cm~!shows an absorption of asymmetry C—O—C
bond. Whereas the absorption at 1031 cm~! and 897 cm™! shows
C—0—C bond stretching at beta-(1,4)-glycosidic [15]. The
absorption band at 1423 cm~! represented C—H bending
vibration [14]. Additionally, a peak at 1723 cm™! [37], assigned
to C=0 stretching of ester groups in lignin and hemicellulose,
was observed in SCB samples but absent in the other two
samples, confirming partial removal of these components. The
band at 1024cm™' (C—O bond vibration) also shows more
intense for after treatment as other non-cellulosic components
are removed yielding more ordered cellulose structure and
hence increase crystallinity [41].

The FTIR of PLA composites in this study is shown in
Figure 5b. The broad absorption at 3369 cm™! shows stretching
vibration of —OH and N—H bond of chitosan and cellulose [29].
At 2995 cm~! and 2945 ¢cm™! shows the symmetry and asym-
metry of CHj stretching vibration. A strong peak at 1747 cm™!
indicates C=0 bond from keto ester of PLA [42]. Meanwhile,
at 1080 cm™" and 1042 cm™! indicates stretching of C—O. The
absorption band at 869 cm™! represented beta—(1-4)-glycosidic
bending [15, 43]. The interaction between PLA, SCB, and
chitosan is observed at the peak of 3369 cm~!, indicating
hydrogen bonding between PLA and chitosan as well as
between PLA and cellulose [42, 43].

3.4 | X-Ray Diffraction of Treated SCB and
Composites

The X-ray diffraction patterns of the raw SCB, UA-alkaline
treated SCB (UASCB), and UA alkaline and acid treated SCB
(UAASCB) are illustrated in Figure 6a. The figure indicates that
sugarcane bagasse contains both crystalline and amorphous
regions. A strong diffraction peak was observed at 20 = 22°, a
smaller peak at 26 = 34°, and a secondary peak adjacent to the
main peak at 26 = 15 — 19°, which are characteristic of crys-
talline cellulose. The sharper crystalline peaks after treatment
indicate an increase in the degree of crystallinity, suggesting
partial removal of amorphous components such as hemi-
cellulose and lignin.

The crystallinity index (CI) of SCB increased progressively with
each treatment, from 64.7% in SCB to 88.95% after ultrasound-
assisted alkaline treatment and finally reached a maximum of
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FIGURE 6 | X-ray diffraction (XRD) patterns of (a) untreated and treated SCB and (b and c) PLA-based composites.

91.36% following acid treatment. These high crystallinity values of
treated SCB show the formation of high degree of structural order,
as reported by Techawinyutham et al. [44] The increasing trend in
CI values of treated SCB demonstrates that both UA alkaline and
acid treatments are effective in reducing the amorphous fraction of
cellulose [45]. This is because the UA alkaline treatment removes
amorphous hemicellulose and lignin, whereas the subsequent acid
treatment causes degradation of remaining amorphous SCB, as
described in Subsections 3.1. and 3.2. The enhancement in
crystallinity is likely due to reagent penetration into the the
amorphous regions, resulting in cleavage of glycosidic bonds, as
reported by Maslennikov, et al. [46]

Crystallinity relates to the degree of structural order in a
material. Crystallinity is an important property of polymers, as
crystalline polymers typically exhibit good mechanical strength,
low gas permeability, low gas permeability (particularly oxygen
and carbon dioxide), and thermal stability [47-49]. Figure 6b
and Figure 6¢ shows the XRD diffractograms of the composites.
Figure 6b illustrates the predominantly amorphous character of

PLA, PLA—CS, and PLA—CS—SCB composites. Incorporation of
UAASCB into PLA diminishes the characteristic crystalline
peak of SCB at 26 = 22.17° and gives rise to a very small new
peak near 26 =16.71°, which corresponds to the a crystalline
PLA peak reported by Mazzanti, et al. [50] This indicates the
presence of interactions between PLA and other constituents of
the composites [15, 37]. Rapid cooling of neat PLA specimens
after melting results in low crystallinity [50]. The crystallinity
of PLA-CS-UASCB composite is 5.77%, whereas that of
PLA-CS-UAASCB is 36.92%. This difference may be attributed
to the additional acid treatment applied to UASCB, which
increases the crystallinity of UAASCB (Figure 6a) and conse-
quently enhances the crystallinity of the corresponding com-
posite. The addition of cellulose can increases the crystallinity
of PLA because the high surface area of cellulose can induce a
stronger heterogeneous nucleation effect on PLA, as reported by
Yu, et al. [51] The very low crystallinity of PLA-CS-UASCB is
consistent with that of PLA/banana fiber biocomposites re-
ported by Komal et al. [52] This low crystallinity suggests that
entanglement of the filler components (CS and UASCB)
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restricted the conformational freedom of PLA chains, which is
essential for ordered crystal formation [53]. The amorphous
XRD pattern of PLA-CS-UASCB composite is in agreement
with that of PLA-hemp fiber composites demonstrated by
Mazzanti [50].

3.5 | Morphologies of Treated SCB and
Composites

The scanning electron microscopy (SEM) images of SCB, UASCB,
and UAASCB are presented in Figure 7. SEM observations of SCB
show clear morphological differences among the various treat-
ments. The untreated SCB displays a relatively smooth surface,
with only a few visible fragments likely generated during the
milling process. The particles are generally compact with a sooth
morphology and limited porosity. In contrast sonication in 4 wt%
NaOH disrupts the SCB fibers and promotes extensive removal of
hemicellulose and lignin, leading to the development of voids and
a much rougher surface texture [54]. In addition, disruptions or

fibrillation results of the fiber surfaces increase the available fiber
surface area [38, 55]. As described in Subsections 3.1., ultrasonic
irradiation generates collapsing bubbles that release sufficient
energy to cleave the fibers, remove non-cellulosic components,
and thereby induce voids formation and surface roughening.
Indeed, this increased roughness, together with high aspect ratio
enhances interfacial adhesion in composite fabrication, as reported
by Techawinyutham et al. [44] Some particles appeared fractured,
and residual non-cellulosic materials partially covered their sur-
faces, indicating incomplete lignin removal due to protective waxy
layers and hydrophobic compounds, as described by Ko et al. [54]
SEM image of UASCB indicates that subsequent acid treatment
further degrades lignin and hemicellulose, resulting in larger voids
and cracks as well as rougher surface morphology. This effect is
attributed to penetration into amorphous cellulose regions and
cleavage of the 8 — 1,4 — linkages between repeating units [44].

SEM images of the tensile fracture surface PLA and its
composites (Figure 8) reveal the presence of voids, filler
agglomeration, and interfacial gaps, despite indications of

UASCB
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FIGURE 7 | SEM images of untreated SCB, UASCB, and UAASCB.
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FIGURE 8 | SEM images of the tensile fracture surfaces of PLA and its composites. (a) PLA. (b) PLA-CS composite. (¢) PLA-CS-SCB composite.
(d) PLA-CS-UASCB composite. (¢) PLA-CS-UAASCB composite.
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strong adhesion. The fracture surface of neat PLA appears
relatively smooth compared to the composites. In the PLA-
CS composite, pronounced chitosan agglomeration is
observed. Both strong adhesion and gap are observed
around the agglomerate. The fracture surface of PLA-
CS-SCB shows relatively smoother than those of PLA-
CS-UASCB and PLA-CS-UAASCB, although small voids
are still present. Fiber agglomeration accompanied by
strong adhesion is evident in the micrographs. In contrast,
the PLA-CS-UASCB and PLA-CS-UAASCB composites
exhibit more pronounced interfacial gaps and voids. These
observations may be attributed to the non-compressive
molding method and the relatively large fiber size. Previ-
ous studies have reported that reducing fiber dimensions
and employing compression molding are necessary to miti-
gate the formation of voids [43, 56]. A tensile fracture sur-
face SEM image showing excellent interfacial adhesion in
alkali-treated-SCB-reinforced low-density polyethylene
(LDPE) with maleic anhydride as a coupling agent was re-
ported by Saber, et al. [12] In that study, alkali treatment
improved the interfacial bonding of composites produced
via injection molding. Furthermore, alkali treatment with-
out a coupling agent has been shown to remove waxes from
bagasse fiber and promote strong interactions between the
fibers and LDPE [8].

3.6 | Tensile Property of the Composites

Tensile specimens fabricated from PLA and its composites
exhibit different colors, which may be attributed to the
characteristics of fillers and the pretreatment applied to the
reinforcing fibers. Figure 9 shows the tensile specimens of
PLA and its composites. PLA specimen (Figure 9a) shows a
transparent appearance, whereas the composites appear
opaque (Figure 9b-d). The dark brown color of PLA-CS-SCB
composite may be attributed to the native lignin in SCB that
has not been removed. Alkaline treatment removes a sig-
nificant portion of the lignin in SCB and consequently
results in the yellowish-brown color of the PLA-CS-UASCB
composite. The PLA-CS-UAASCB composite appears black,
which may be due to the presence of residual H,SO, within
the fiber pores that can act as a catalyst for carbonization
during melt processing, thereby producing black char [57].
Banerjee et al. fabricated fiber-reinforced PLA composite
using alkaline-treated flax and pinecone fibers via hot com-
pression molding, yielding specimens with a translucent
amber-brown matrix color and clearly visible fibrous inclu-
sions [58]. Techawinyutham et al. prepared rice husk sub-
jected to successive alkali-acid-bleaching treatment for
epoxy reinforcement and obtained specimens with opaque
medium to dark brown color [44].

FIGURE 9 | Photographs of the prepared specimens: (a) PLA, (b) PLA-CS, (c) PLA-CS-SCB, (d) PLA-CS-UASCB, and (e) PLA-CS-UAASCB.
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FIGURE 10 | Stress-strain curve of the experiment specimens.

TABLE 2 | The tensile strength and modulus of the experiment

specimen.

Tensile

strength Tensile
Composite (MPa) modulus (MPa)
Neat PLA 6.69 + 2.8 313.26 + 34
PLA-CS 12.60 + 10 546.35 + 74
PLA-CS-SCB 7.73 £ 5.6 384.21 + 205
PLA-CS-UASCB 6.31 + 4.4 360.02 + 84
PLA- 2.92 + 0.2 271.51 + 27
CS-UAASCB

Figure 10 shows stress-strain curves of the fabricated composite
specimens, which exhibit distinct stress-strain behaviors. The
corresponding tensile strength and tensile modulus values are
summarized in Table 2. The PLA specimens (dashed and solid
red lines) show a clear yield strength point followed by
strain-softening. Similar strain softening behavior in PLA has
been reported by Mokhena et al. [59] However, other studies
have described PLA as exhibiting ductile behavior, character-
ized by a necking and plateau region after short strain softening
[13, 50, 60, 61]. The tensile strength and tensile modulus of the
PLA specimens in this study are approximately one order of
magnitude lower than the values reported in the literature,
which are 50-70 MPa and 3 GPa, respectively [58]. This reduc-
tion may be attributed to PLA chain scission during open
heating. The shortening of the polymer chain may result from
by hydrolytic or thermo-oxidative degradation caused by ex-
posure to air and moisture at high temperature. Consequently,
these degradation mechanisms lead to decreases in tensile
strength and tensile modulus [62, 63]. Nevertheless, another
study on the mechanical properties of 3D-printed PLA and
similarly reported a low tensile strength of 9.45MPa and a
tensile modulus of 415 MPa [64]. Strain-softening behavior is
also observed in PLA-CS composite specimens (dashed and
solid black lines). These composites exhibit the highest tensile
strength and modulus. In contrast, two PLA-CS-SCB speci-
mens (dashed and solid green lines) show different behavior.

One specimen exhibits brittle with relatively higher tensile
stress and stiffness, indicating limited capacity for energy
absorption through plastic deformation (dashed green line).
Meanwhile, the other specimen shows non-linear elastic
behavior followed by a plateau and subsequent strain softening,
indicating a less rigid material (solid green line). Owing to this
contrasting deformation, the average tensile strength and elastic
modulus of PLA-CS-SCB are higher than those of neat PLA.
Two specimens of PLA-CS-UASCB exhibits its brittle behavior,
as indicated by the presence of only elastic region (dashed and
solid blue lines), although one specimen shows higher tensile
strength than the other. The PLA-CS-UAASCB composite also
shows two different behaviors. The first specimen is brittle and
exhibits low tensile strength, whereas the second specimen
shows a nonlinear elastic behavior followed by strain-softening
in the plastic region. Overall, the stress-strain behavior observed
in the tested specimens reflect inadequate dispersion within the
composite structure, potentially arising from insufficient fiber-
matrix adhesion. The presence of voids and gaps in the SEM
images further confirms this weak interfacial interaction.
Effective fiber-matrix adhesion is essential to ensure efficient
load transfer from the matrix to the fibers, thereby enhancing
the strength and stiffness of the composite. The treatments
applied to SCB fiber in this work may not have produced a
sufficiently large or suitable surface area to achieve strong
matrix-fiber bonding. Many studies has shown that the stress-
strain behavior of natural-fiber-reinforced PLA composites fol-
lows strain-softening or viscoplastic behavior [13, 50, 65].
Mazzanti et al reported that PLA and PLA/hemp fiber bio-
composites at 3wt% hemp, both treated and untreated, ex-
hibited a clear yield point followed by a strain softening and a
stress plateau, whereas the composite with 6 wt% treated fiber
showed purely elastic behavior [50]. According to Table 2, the
fabricated composites in this study exhibit low tensile strength
and medium flexible characteristic. Several studies have suc-
cessfully fabricated reinforced PLA composites with a combi-
nation of high strength and flexibility. Previous work on PLA-
MCC composites reported tensile strengths of 64-73 MPa and
tensile moduli of 219-262 MPa, whereas neat PLA exhibited
values of 67.35MPa and 206 MPa, respectively [15]. Another
PLA-based composite reinforced with pineapple leaf fibers
achieved higher tensile strengths in the range of 85-101 MPa [21].
Bartos et al. prepared PLA/bagasse fiber composites, with and
without a coupling agent, using a twin-screw compounding fol-
lowed by injection molding; the resulting materials exhibited
tensile strengths of 55-60 MPa and tensile moduli of 5.5-6.0
GPa [65]. However, a study on wood-sawdust-reinforced-PLA
composite also exhibited low tensile strengths (7-8 MPa) and
tensile moduli (350-450 MPa) [64].

3.7 | Antimicrobial Activity

Chitosan has been reported for having antimicrobial activity
because it carries a positive charge at the C-2 position [66]. This
positive charge can interact with the negative charges on the
bacterial cell wall, causing physical damage to the wall, which
leads to leakage of intracellular components and ultimately cell
death [27]. The antibacterial activity of the specimen is pre-
sented in Table 3 as growth reduction percentage (%). Table 3
shows the absence of antibacterial activity shown by neat PLA,
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TABLE 3 | Bacterial counts and growth reduction from the antimicrobial assay.
S. aureus E. coli
Composite N,, CFU/mL N, CFU/mL % R Ny, CFU/mL N, CFU/mL % R
PLA 1.41 x 103 1.45 x 10* 0 8.35 x 103 8.55 x 10°
PLA-CS 1.41 x 103 1.36 x 10* 3.55 8.35 x 103 9.75 x 103
PLA-CS-SCB 1.41 x 103 1.38 x 10* 213 8.35 x 103 9.40 x 103
PLA-CS-UASCB 3 x 10* 2.15 x 10* 28.33 3 x 10* 2.39 x 10* 20.33
PLA-CS-UAASCB 3 x 104 2.18 x 10* 27.33 3 x 10% 2.68 x 10* 10.67

PLA-CS, and PLA-CS-SCB specimens against Gram-negative
E. coli. However, PLA-CS and PLA-CS-SCB specimens show
very slight activity against Gram-positive S. aureus, whereas
PLA still exhibits no activity against this strain, implying the
contribution of CS to the antibacterial activity of the specimen.
PLA-CS-UASCB shows nearly equal antibacterial effectiveness
against both S. aureus and E. coli, suggesting a more balanced
antibacterial action. PLA-CS-UAASCB also inhibits both bac-
teria, but its activity against E. coli is just under half of that
observed against S. aureus, indicating reduced effectiveness
against E. coli. These results suggest that adding treated fibers
has a synergetic effect to chitosan, thereby improving the
antibacterial activity of PLA-CS. The synergetic chitosan-
cellulose interaction on antibacterial activity has been reported,
attributing to the high surface area of cellulose that can adsorb
antimicrobial compounds released from chitosan [67]. Bacterial
cell adhesion to cellulose, facilitated by van der Waals and
electrostatic interaction, has also been reported as attribution of
antibacterial activity of cellulose [68]. Overall, the incorporation
of chitosan into PLA still cannot provide the expected anti-
bacterial activity. This phenomenon may be attributed to the
depletion of —NH7 within the matrix, which decreases the
positive charge density and hinder its antibacterial activity
[69, 70]. The water solubility and the pH used during the
antibacterial assay may not support the antibacterial activity of
the composite. To achieve the proper positive charge density for
bactericidal activity the chitosan-based system should have a
pH <6.5, as described by Atay et al. [69] Furthermore, the
active antimicrobial sites may be buried within the polymer
bulk, preventing contact with the bacteria [71]. Thermal deg-
radation of chitosan, which is highly susceptible to thermal
decomposition and chain scission, during the composite fabri-
cation may also result in reduced antibacterial activities, as
described by Flores-Leon et al. [72].

4 | Conclusion

The reinforcement of PLA involving chitosan (CS), and either su-
garcane bagasse (SCB), ultrasound-assisted-alkaline treated su-
garcane bagasse (UASCB) or subsequent ultrasound-assisted-
alkaline-acid treated sugarcane bagasse (UAASCB) was investi-
gated in this study. The treatment successfully increased the cellu-
lose content and the crystallinity of SCB. The Ultrasound-assisted-
alkaline treatment using 4wt% NaOH for 30 min increased the
cellulose content from 43.2% to 58.2%, with crystallinity increasing
from 64.7% to 88.95%, while the subsequent acid treatment using
2N sulfuric acid further increased the cellulose to 71.7%. Despite

these improvements in filler characteristics, the fabrication method
still produced composites with large variation, low tensile strength,
and moderate flexibility. The fabricated composites also showed low
antibacterial activity under assay method used. Further optimiza-
tion of the filler filament, composite processing, and antibacterial
testing conditions is required to improve the mechanical perform-
ance and functional properties of these PLA-based composites.
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