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Abstract

The blending of hydrophilic materials with hydrophobic polymers has been reported
with agglomeration due to their functional group immiscibility properties. In this
study, the properties of PLA/CNF biocomposite were enhanced with amphiphilic
chitosan produced by a substitution reaction. The substitution reaction was studied
with FT-IR analysis. The amphiphilic chitosan was used as part of the matrix
PLA/chitosan and reinforced with CNF to obtain PLA/chitosan/CNF biocomposite
using combined melt extrusion and compression molding technique. The morphology
and structural bonding of amphiphilic chitosan added in the biocomposite were stud-
ied with SEM, XRD, and FT-IR. Furthermore, the mechanical, thermal, and wettability
properties of PLA/chitosan/CNF composite were studied with tensile analysis,
thermogravimetry analysis, differential scanning calorimetry, water absorption, thick-
ness swelling, and contact angle test. The preparation of the amphiphilic chitosan
was successful, as observed from the FT-IR functional group analysis. The
PLA/chitosan/CNF biocomposite properties showed a significant enhancement in
the miscibility, mechanical, and thermal properties with no agglomeration. The wetta-
bility test also showed that the composite has a reduced hydrophobic nature com-
pared with the neat PLA. The PLA/chitosan/CNF properties showed potential use

for packaging application.
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the world of materials because of the future uncertainty of petroleum

FESOUFCCS.6'7

Biopolymer blends and reinforcement have been adapted for several
applications.! This bio-based thermoplastics class is biodegradable
and environmentally compostable, which is considered an advantage
compared to synthetic polymers.? Researchers have conducted sev-
eral studies on biopolymers with a major focus on their biodegradable
and possible replacement for industrial application to reduce the envi-
ronmental impact of synthetic polymers.®* Several researchers in the
environmental field have seen these as possible to close the carbon
cycle through biodegradation.” Furthermore, biopolymers are novel

materials in this century, and great importance is attached to them in

Recently, biodegradable polymers have been developed for sev-
eral industrial applications in biomedical, packaging, automobile, and
so forth® The demand for biodegradable products increases as
many policies have been developed to enhance its production due to
environmental pollution.?? Even though biodegradable polymers pos-
sess good biodegradable properties, other factors such as mechanical
strength and toxicity have posed a challenge to their valorization.
Therefore, studies on biopolymers are now focused on enhancing
their properties with reinforcement to create material composites for

several applications.'®*2 These studies are done with a focus on
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retaining its biodegradability while deriving suitable properties.'?
Simultaneously, several climatic conditions have resulted from the
pollution, which requires a fresh drive toward green materials. A cal-
culated binary or ternary blends of biopolymers have been proposed
as a bailout on the properties deficiencies of notable biopolymers
such as PLA 1314

Polylactic acid has been extensively studied for biodegradable
composite because of its renewable feedstock.1>¢ PLA is classified as
an aliphatic polyester and is commonly prepared from lactic acids.'”
PLA is often prepared from direct polymerization of lactic acid (poly-
condensation) or ring-opening polymerization lactide.'® Lactic acid is
often produced using the fermentation process.*” Renewable resources
such as corn, cassava, and sugarcane have been used for industrial
preparation. Lactic acid is the simplest monomer of polylactic acid and
a hydroxyl acid with an asymmetric carbon atom. Lactic acid has two
optical configurations, D(+) lactic acid and L(—) lactic acid.?° The first D
(+) lactic acid is not common in animal sources, while L-isomer is com-
mon in mammals.**?* D(+) and L(—) configurations are produced in
enzymatic (bacteria) systems. However, PLA is produced commercially
using a fermentation process for economic reasons.’

Cellulose nanofiber has the challenge of miscibility with polylactic
acid.?? This majorly is due to the difference in their nature, that is, cel-
lulose nanofiber is hydrophilic, while polylactic acid is hydrophobic.
Poor miscibility between these two polymers has resulted in low
mechanical properties from their blend.?® PLA/CNF composite has
been reported with agglomeration in the microstructure. This chal-
lenge often limits the quantity of cellulose nanofiber that can be
added to the PLA matrix. The solution to the miscibility challenge of
PLA with CNF has been proposed as novel research.?*

Chitin is a polysaccharide from the exoskeleton of crustacea source,
arthropods, mushrooms, nematodes, worms, diatoms, and insects.?> The
main sources of chitin are shellfish waste, such as crawfish shrimps, and
crabs. It has been reported to be biocompatible, biodegradable, and non-
toxic.2® Deacetylated chitin is called chitosan with the white, hard,
inelastic, and nitrogenous polysaccharide. Chitin is available for food
supplements and skin treatment purposes. Worldwide, chitosan is the
second most abundant and most important natural polysaccharide after
cellulose. There are many chitosan derivatives; these include chitosan,
N-acetyl chitosan, monoacetyl chitosan, di-butyryl chitosan, chitosan
acetate, and so forth. The main derivative of chitosan is linear chitosan
polymer of a (1 — 4) linked 2-amino-2-deoxy-p-b-glucopyranose and is
easily derived N-deacetylation, to a varying degree that is characterized
by the degree of deacetylation.?”?® This is consequently a copolymer of
N-acetyl glucosamine and glucosamine.??

Amphiphilic polymers are polymers with both hydrophilic and
hydrophobic nature when mixed with other polymers.2® Biopolymers
such as chitosan exhibited such properties in their modified state. The
amphiphilic properties of chitosan have been reported in the litera-
ture.?®2? Several researchers have worked on blending amphiphilic
chitosan with polylactic acid. Yan et al.3® reported the grafting of
amphiphilic chitosan with PLA matrix to form a film. The obtained film
was reported with a uniform dispersion of the chitosan in the PLA

|31

matrix. Gupta et al.>" reported the use of nano amphiphilic chitosan in

oligomeric PLA using polymer condensation, which results in better

miscibility and thermally stable film than microform of amphiphilic
chitosan. Yang et al.3? and Yanat et al.®® reported studies on amphi-
philic chitosan's use as a compatibilizer between two immiscible poly-
mers. Furthermore, a critical study on the biodegradability and toxicity
study of neat amphiphilic chitosan and its blend showed that these
properties were not affected by the modification.2&3435

PLA and CNF are having the challenge of agglomeration, which
has resulted in low mechanical properties of its composite film. The
amphiphilic properties of chitosan were used as a compatibilizer
between PLA and CNF in this study.?3¢ In this study, amphiphilic
chitosan was prepared and used to enhance polylactic acid's miscibil-
ity and properties between PLA and cellulose nanofiber. The CNF was
isolated from bamboo using combined alkaline hydrolysis, supercritical
carbon dioxide explosion, and high-pressure homogenization. The
amphiphilic chitosan was blended with PLA and the isolated CNF as
reinforcement. PLA/chitosan/CNF composite was produced using
combined melt extrusion and compression molding method.®” The
mechanical, thermal, morphological, and packaging properties of
the obtained composite were studied for improved properties.>® The
properties of PLA/chitosan and CNF using this method have not been

reported in the literature.

2 | METHODOLOGY

21 | Materials

Polylactic acid practical grade (4032D) obtained from Sigma Aldrich,
Singapore, was used in this study. The tensile and yield strength of
polylactic acid are 62 and 65 MPa, respectively. Its specific gravity
and melt extrusion temperature are 1.24, 55-60°C, respectively. Chi-
tin from prawn was deacetylated until 90% and used in this study.
The cellulose nanofibrillated fiber used in this study was prepared
from Gigantochloa scortechinii bamboo. The percentage composition
of polylactic acid and chitosan ratio was varied, while CNF was kept

constant based on previous studies.®*?

2.2 | Composition variation

Based on previous literature on the properties of PLA/CNF, the per-
centage of cellulose nanofibre was kept constant (5%, Table 1).224°
Also, based on previous studies on PLA/chitosan, the composition
variation of chitosan is 5%-20% to show the effect on the properties
of PLA/chitosan/CNF biocomposite.*®

2.3 | Preparation and characterization of
amphiphilic chitosan

Amphiphilic chitosan was prepared using a substitution reaction of the
chitosan heated with excess phthalic anhydride in dried DMF to vyield
phthayl chitosan (PHCS).#* It was obtained as a yellow powdery material.
The chitosan powder was dissolved in 100 mL of acetic acid. Succinic
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anhydride dissolved in methanol was added to the chitosan solution and
heated at 50°C for 8 h with stirring. The resulting colloid mixture was pre-
cipitated with NaHCO3 with stirring for 1 h?® to form a semi-solid gel. The
resulting semi-solid gel was washed with distilled water until neutral
pH. The gel precipitate was freeze-dried and ground into powder. The
amphiphilic chitosan powder was stored in a zip lock bag for testing and
biocomposite preparation. The FT-IR functional group analysis of the
chitosan and amphiphilic chitosan was conducted with FT-IR (EFTEM

Libra—Carl Zeiss, UK), to study the successful modification process.

24 | Isolation and characterization of Cellulose
nanofibrillated fiber

CNF was prepared using the method reported by Atigah et al.® with

modification. The cellulose nanofibrillated fiber was prepared using

TABLE 1 Composition variation

Polylactic acid

Sample name (wt%) Chitosan (wt%) CNF (wt%)
P80205 80 20 5
P85155 85 15 5
P90105 90 10 5
P9555 95 5 5
P1005 100 5
PLA 100 0

Isolation of CNF

{‘zéboo ﬁbre

Pulping & Bleaching Process

i Alkalme Ozone

"[

technologies

combined alkaline hydrolysis, supercritical SC-CO, explosion, and
high-pressure homogenization. The CNF was prepared from oven-
dried Gigancolar (G. scortechinii) bamboo fiber. The bamboo fiber was
heated for 4 h in a sodium hydroxide (25%) and anthraquinone (0.2%)
at a temperature of 160°C to form a pulp. The extractives and
degraded hemicellulose were removed by washing with distilled
water. This was followed by 2 h bleaching process of the pulp with
sodium hydroxide (3%, NaOH), hydrogen peroxide (3%, H,0O,), and
magnesium sulphate (0.5%, MgSQ,) at 80°C. The bleached fibers were
washed with water till neutral pH was obtained and subjected to 2 h
supercritical carbon dioxide (SC-CO,) 50 MPa explosion at 60°C to
obtain CNFs. The obtained CN was finally subjected to high-pressure
homogenization to further reduce the fiber sizes.

The CNF produced was analyzed with FT-IR and transmis-
sion electron microscopy (TEM). The FT-IR samples were pre-
pared with potassium bromide (KBr) from a thin film and placed
in an FT-IR machine to obtain the functional group bands for the
wavenumber. The TEM CNF samples were prepared in water,
and droplet stains were placed on the copper led. The droplet
was stained with acetone and observed under TEM (Perkin-
Elmer, PC1600, Winter Street Waltham, MA, USA) at 100 nm
and 40 kV potential. The CNF zeta potential for stability was
analyzed with Zetasizer Ver. 6.11, (Malvern, UK). The CNF aque-
ous suspension was prepared using 0.01 mg in 5 mL of distilled
water of refractive index 1.330 and sonicated for 10 min.® The
zeta potential was obtained in 0.1 mM KCI electrolyte using the

machine.
Preparation of Amphiphilic Chitosan
¥+
PLA/Chitin/CNF =

Biocomposites

Phthalic anhydride & DMF

Chitosan

Phthayl chitosan

—— . .
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SCHEME 1

Preparation of amphipilic chitosan, isolation of cellulose nanofiber, and preparation of PLA/chitosan/CNF biocomposite
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Amphiphilic chitosan

FIGURE 1

FT-IR graph of amphiphilic
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2.5 | Preparation of PLA/chitosan/CNF
biocomposite

The PLA/chitosan/CNF biocomposite was prepared with combined
melt extrusion and compression molding technique (Scheme 1). The
freeze-dried amphiphilic chitosan, CNF, and PLA were thoroughly
mixed with a rheometer and extruded with a twin-screw extruder at
100 kg/min, a temperature profile range of 120-180°C from filament.
The filament was pelletized with a pelletizer at a rate of 30 rpm. The
pelletized biocomposite was compressed with a carver press compres-
sion molding machine to rectangular boards at a temperature of
150°C and a pressure of 5 MPa. The rectangular board was cut into
test samples using a milling cutter and stored in a zip lock bag. The
schematic diagram of the amphiphilic chitosan preparation process,

cellulose nanofiber, and biocomposite is shown in Scheme 1.

2.6 | Characterization of PLA/chitosan/CNF
biocomposite

The tensile properties of the neat PLA and PLA/chitosan/CNF bio-
composite were measured with (MT1175 Dia-Stron Instruments,
Andover, UK), using ASTM D3039 as standard. Five replicates of
dumbbell-shaped samples with standard sizes were molded and tested
to obtain the tensile strength, elongation, and tensile modulus. The
tensile fractured surface morphological properties of the bio-

composite were observed with scanning electron microscopy (SEM).

Transmittance

technologies

The SEM samples were prepared from the tensile samples' fractured
surface and coated with carbon to enhance its conductivity for obser-
vation under the scanning machine. The coated samples were
observed with SEM (EVO MA 10, Carl-ZEISS SMT, Oberkochen, Ger-
many), to obtain the 1000 magnification images of each sample at
200 pm and 40 kV.

The structural properties of the biocomposite were studied with
X-ray diffraction and FT-IR analysis. The X-ray diffraction (XRD)
micrograph was conducted with the powder form of the neat PLA.
PLA/chitosan/CNF biocomposite using a X-ray diffractometer
(PANalytical X'Pert PRO X-ray Diffraction) at a diffraction angle range
of 20 = 10°-50°, 1.540598 for K-alpha 1 and K-alpha 2 wavelength,
45V, and a tube current of 40 A. FT-IR analysis of the biocomposite
was conducted using its powder form. The sample powder was mixed
with potassium bromide (KBr) and pressed into the circular film. The
circular film was placed in the FT-IR machine, and the absorption band
of the functional groups was obtained.

The thermogravimetry analysis (TGA) and derivative
thermogravimetry analysis (DTA) of the neat PLA, PLA/CNF, and the
PLA/chitosan/CNF biocomposite samples were studied at a tempera-
ture range of 40-800°C and 20°C/min temperature change. A mass
range of 5-10 mg of the neat PLA, PLA/CNF, and biocomposites was
used as the TGA-DTA samples. The percentage rate of degradation
(weight decrease) of the biocomposite with temperature was recorded
and analyzed. The differential scanning calorimetry of neat PLA bio-
composites was obtained using a DSC analyzer to study the melting

and crystallization peaks. The obtained data were analyzed with a

s Bamb oo cellulose nanofibre
s Bamboo cellulose fibre
Bleached pulp

e Alkaline treated

2900 1640
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1450
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T

FIGURE 2 FT-IR analysis of bamboo 40I00
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isolation process
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DSC software and plotted with origin software. Powdered samples of
the neat PLA and biocomposite with a mass range between 5 and
10 mg were used for the test. DSC analysis was done at a tempera-
ture range of 50-200°C at a rate of 20°C/min.

The biopolymers' wettability properties were measured with
water absorption, the thickness of swelling, and contact angle. The
water absorption properties of the neat PLA and PLA/chitosan/CNF
biocomposite were calculated from Equation (1). The samples were
cut to sizes 2 x 2 cm with a cutter machine and oven-dried for 72 h.
The samples were preweighed (w;) and immersed in water for 24 h
based on ASTM D570. The samples were removed and surface dried
before the final weight (w,) of the samples was taken, and the water
absorption was calculated with Equation (1)

W1

Water absorption (%) = W2 —w1

o X100 (1)

The initial thickness (t;) and final thickness (t,) of the neat PLA and
the biocomposite samples were also documented. The value of the
thickness of swelling was obtained using Equation (2)

t1

Thickness of swelling (%) = tzt; x 100 2)
1

Furthermore, the contact angle of neat PLA and PLA/chitosan/CNF
biocomposite was measured. The samples' contact angle was mea-
sured with a contact angle analyzer (KSV CAM 101; KSV Instruments
Ltd., Helsinki, Finland. Five replicates of the samples were used for

the measurement, and the average values were calculated.

3 | RESULT AND DISCUSSION

3.1 | Properties of amphiphilic chitosan

The results of the FT-IR analysis of chitosan and modified
chitosan are presented in Figure 1(A). The result showed a band
between 3100 and 3500 cm™? for both unmodified and modified
chitosan, representing OH and NH stretching. A small peak was
observed between 2800 and 2930 cm™! representing aldehyde
—C—H stretches on the unmodified chitosan. Also, a short peak at
1600-1680 cm~! is termed C=O stretching from the amide func-
tional group and acetylation of the amino group. The 1550 (CO,7),
1400 band sp3 —C—H bend, 1154 C—O—C bridge, 800 and 650 cm~ !t
are alkene sp? C—H bending. The presence of the 800 band in the
modified chitosan showed the presence of alkene C—H bending, and
the increase in the 650 bands showed the presence of C—H bond
indicating alkyl group. The changes or emergence of new peaks bands
1500 and 800 cm™? are a typical indication of alkyl group attachment
(substitution) to the chitosan chain. Previous studies on this modifica-
tion process reported that the alkyl group attachment occurred at the
amine functional group present in the chitosan.?®4! The hydrogen

atoms of -NH, were substituted for during the modification. The

chemical reaction equation for the modification process is presented
in Scheme 2.

3.2 | Properties of isolated cellulose
nanofibrillated fiber

The FT-IR spectrum of isolated CNF from bamboo using combined
supercritical and high-pressure homogenization is shown in Figure 2.
The FT-IR analysis result showed three main regions of bands. The
transmittance band of -OH stretches between 3300 and 3600 cm™2,
symmetric and antisymmetric vibration of CH, between 2819 and
2900 cm~1#2 and the bond at 1610 cm™2 to 1648 can be attributed

to OH bending of adsorbed water.*? These bands have been reported
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FIGURE 3 (A) Transmission electron microscope, (B) zeta
potential, and (C) particle size analyses of isolated bamboo cellulose
nanofiber, (D) tensile strength and modulus, and (E) elongation of
PLA/chitosan/CNF biopolymer composite
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in the previous literature on the isolation of cellulose nanofiber.®??
The bands between 1500 and 1700 cm~! are probably due to the
presence of hemicellulose and lignin. These peaks were observed to
disappear with the isolation of cellulose nanofiber. These showed that
the isolation process effectively removed these components'
purity.**** Other peak ranges are 1410-1420 cm™? for CH, scissor-
ing motion, 1368-1373 cm™~! for CH bending, ~1317 cm™? for CH,
wagging42 and the bands between 1000 and 1250 cm™? can be asso-
ciated with C—O—C stretching (glycosidic linkage) present in cellu-
lose.*>4¢ These are basic typical bonds present in cellulose or
nanocellulose, and the only difference between the FT-IR graphs is
the transmittance percentage. Furthermore, it was observed that no
new bond was obtained from the isolation process, which is an indica-

tion that the chemicals have no chemical bonding with the bamboo

(A) P80205

10 kv 200 X

(C)P90105

(E)PLA/ 5% CNF

FIGURE 4 Morphological
properties (SEM) of PLA/chitosan/
CNF biopolymer composite;

(A) P80205, (B) P85155, (C) P90105,
(D) P9555, (E) PLA/CNF (P1005), and
(F) neat PLA
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technologies

fibers. This is very significant to the isolation process because any
emerging new bands meant alteration of the original cellulose struc-
ture and emergence of new properties.*®

The result of transmission electron microscopy, particle sizes
analysis, and zeta potential of isolated CNF are shown in Figure 3(A)-
(C). TEM images confirmed the effectiveness of combining supercriti-
cal CO, and high-pressure homogenization methods in cellulose
nanofiber isolation. The images showed a network of fiber with
spaghetti-shaped strands. The diameters of the fibers measured in the
TEM image (shown with the red arrows in Figure 3(A)) confirmed cel-
lulose nanofibers' formation. The zeta potential is crucial to the
nanofiber's stability in a colloidal system (aggregation and sedimenta-
tion). Generally, a high zeta potential value, either positive or negative,

showed good stability of the nanoparticle suspension, which means
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that the repulsion forces exceed that of the attractive forces. The zeta
potential value of isolated cellulose nanofiber showed a potential
value of —50 mV, which is quite high. This means that the obtained
cellulose nanofiber is stable, and no reversal of the process even if it
is in suspension. Similar potential values for cellulose nanofiber as
reported in previous literature*”*® Furthermore, the result obtained
from particle size analysis shows nano sizes. The fiber diameter varies
between 60 nm and 220 nm, with peak particle size at 12 nm
(Figure 3(C)). This fiber size range is considered nano and has been

reported in previous studies on CNF isolation 4’

3.3 | Properties of isolated cellulose nanofibrillated
fiber and PLA/chitosan/CNF biocomposite

The results of tensile properties of the PLA/chitosan/CNF bio-
composites (P80205, P85155, P90105 P9555), PLA/CNF (P1005),
and neat PLA are presented in Figure 3(D), (E). The tensile strength
and modulus values (Figure 3(D))) were observed to increase with
amphiphilic chitosan's addition until 10% and, after that, a drop in the
value. However, the tensile strength and modulus values were gener-
ally higher than those of the neat PLA and PLA/CNF, which serve as
the control. This trend in the observed tensile strength and modulus is
expected, as reported in the previous studies on Afillers
and reinforcement on the PLA matrix.22*® The increase in strength is
associated with forming a chemical bonds or interfacial interactions
between the matrix and the reinforcement. Generally, the elongation
values of the PLA/chitosan/CNF and PLA/CNF were higher than
those of the neat PLA. The elongation of PLA/chitosan/CNF bio-
composite (Figure 3(E)) was observed to decrease with an increase in
the percentage of amphiphilic chitosan. However, the elongation
value of PLA/CNF was significantly higher than that of the
PLA/chitosan/CNF biocomposites. The observed trend is probably
due to the enhanced stiffness of the biocomposite with the addition
of chitosan fillers.263°

The results of the tensile fractured surface of PLA/chitosan/
CNF biocomposites (P80205, P85155, P90105 P9555), PLA/CNF
(P1005), and neat PLA are presented in Figure 4. The fractured sur-
face was studied to observe the miscibility enhancement of amphi-
philic chitosan. It showed a well-compacted homogenous surface for
the biocomposite as observed for P80205, P85155, P90105, and
P9555 with minor voids and had uniform coloration with no segrega-
tion. On the other hand, the SEM image of PLA/CNF showed fiber-
like strands on the fractured surface due to the presence of CNF not
thoroughly mixed with the PLA matrix. These fiber strands are seen
to dominate the fractured surface of PLA/CNF, with the matrix
appearing to be below the strands. Compared with the neat PLA, the
SEM of PLA/CNF and PLA/chitosan/CNF is rough with wedge-like
ridges. The ridges are probably due to the presence of filler
(chitosan) or reinforcement (CNF), or both, as the case may be. The
sharpness in the wedges of the PLA/chitosan/CNF may indicate brit-
tleness with an increase in modified chitosan percentage. A review

of the previous studies on PLA/CNF composite reported similar fiber

and matrix separation (segregation).®?? Several modification tech-
niques have been adapted to solve the challenge of immiscibility
between PLA and CNF due to their nature.??245° The use of amphi-
philic chitosan as a bridge between hydrophilic CNF and hydropho-
bic PLA could be a permanent solution. In this study, the fiber and
matrix separation were observed (Figure 4(A)-(C)) to disappear with
the incorporation of amphiphilic chitosan, resulting in enhanced
miscibility.

The FT-IR spectra of the neat PLA, PLA/CNF (P1005), and
PLA/chitosan/CNF biocomposite (P80205, P85155, P90105, P9555)
are presented in Figure 5. The FT-IR studies of the biocomposite were
compared with the neat PLA. Similar bands in the precursor materials
(PLA, chitosan, and CNF) were observed in the biocomposite spec-
tra.*° However, the absorbance for each of the bands was reduced in
intensity. The FT-IR spectra between 3400 and 3650 cm™~?! are due to
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FIGURE 5 FIGURE(A) FT-IR analysis, (B) thermogravimetry
analysis (TGA), and (C) derivative thermogravimetry analysis of
PLA/chitosan/CNF biopolymer composite
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FIGURE 6 FIGUREDiIfferential scanning calorimetry (DSC) properties of PLA/chitosan/CNF biocomposites; (A) P80205, (B) P85155,
(C) P90105, (D) P9555, (E) PLA/CNF (P1005), and (F) neat PLA

the —OH band present in chitosan and CNF. The band at 2950 cm™*
assigned to —C—H stretching vibrations is typically present in PLA,
chitosan, and CNF. The spectra band at 1654, 1599, and 1550 cm
are assigned to amide like those present in chitosan. However, some
previously observed peaks such as 1154, 850, and 650 cm™?! in the
modified chitosan were not observed in the biocomposite. In general,

no significant new bond was formed between the precursor mate-

rials.3? This means major interactions between the precursor materials

will be interfacial based on their nature (hydrophilic or hydrophobic).

This shows that the morphological studies' good miscibility is essen-

tially due to the chitosan's natural modification, which serves as a

bridge between the two materials.2
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The results of the thermogravimetry analysis (TGA) of the neat
PLA, PLA/CNF, and PLA/chitosan/CNF biocomposite are shown in
Figure 5(B)). The graph displays the weight loss in percentage to the
temperature change, which is a measurement of the composite's sta-
bility to heating. The TGA curve showed a single degradation curve
for both the neat PLA and the biocomposites. The single curve degra-
dation is probably a significant pointer to the good miscibility of the
three polymers. The onset temperature for P80205, P85155, P90105,
P9555, P1005, and neat PLA are 260, 263, 267, 271, 273, and 275°C,
respectively. The onset temperature values indicated that chitosan's
addition enhanced the early start of the degradation process com-
pared with the neat PLA. Furthermore, the DTG curve (Figure 5(C)))
peak temperature values for P80205, P85155, P90105, P9555,
P1005, and neat PLA are 350, 357, 340, 370, 373, and 375 °C,
respectively. It was observed from these values that the addition of
chitosan also reduced the DTG peak temperature, which showed that
it enhances the thermal degradation properties of the biocomposite.
The percentage weight loss for P80205, P85155, P90105, P9555,
P1005, and neat PLA are 93.3%, 94.0%, 96.3%, 97.3%, 98.1%, and
98.9%, respectively. The percentage weight loss values showed an
increase in carbon deposit after the biocomposite's thermal degrada-
tion with an increased percentage of chitosan as expected.?4>*

The differential scanning calorimetry result is shown in Figure 6
for neat PLA and biocomposite. In the figure, T, represents the glass
transition temperature, T, is crystallinity temperature, and T, is the
melting temperature. The values of T, T, and T, are presented in tab-
ular form (Figure 6). The Ty for the neat PLA, PLA/CNF, and PLA/the
biocomposite was observed to peak at P90105. The T, values are

seen to increase with the addition of CNF and chitosan. The T, values

were only observed for neat PLA and PLA/CNF in the cooling curve.
The T, values for P1005, and P9555 biocomposites are lower com-
pared to that of neat PLA. However, the T, for P90105, P85155, and
P80205 biocomposite is higher than that of neat PLA. Generally, for
the PLA/chitosan/CNF biocomposites, the T,, is observed to increase
with the addition of chitosan. This result corroborated the DTG result,
which showed a shift in its peak with chitosan addition. A similar
result on the effect of the addition of chitosan and CNF on the ther-
mal properties of PLA has been reported in the previous studies on
PLA/chitosan and PLA/CNF*° biocomposites.?®2 The thermal prop-
erties' changes have been attributed to the interaction (physical or
chemical) between the PLA matrix and the reinforcement. These inter-
actions could be chemical or physical (adhesion and cohesion forces);
however, a specific chemical bonding between the three polymers has
not been reported.

The thickness of the swelling, contact angle, and water absorption
properties of the neat PLA, PLA/CNF, and PLA/chitosan/CNF bio-
composite are shown in Figure 7. The thickness of swelling measured
with a micrometer screw gauge for each sample showed increased
value, with the neat PLA having the lowest and P80205 as the
highest. The contact angle (CA) measurements of neat PLA, PLA/CNF,
and PLA/chitosan/CNF biocomposite were conducted to study the
effects of chitosan and CNF on PLA's hydrophobicity. The result of
the contact angle is shown in Figure 7. The neat PLA has the highest
contact angle measurement, a typical representation of its hydropho-
bic nature. However, the contact angle value was observed to signifi-
cantly reduce with the addition of both chitosan and CNF. The neat
PLA has a contact angle value of 87° and the contact value reduced
to 79°, 75°, 73°, 69°, and 65° for P1005, P9555, P90105, P85155,
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FIGURE 7 Wettability properties of PLA/chitosan/CNF biopolymer composite (A) P80205, (B) P85155, (C) P90105, (D) P9555, (E) PLA/CNF

(P1005), and (F) neat PLA]
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and P80205, respectively. The reduction of the contact angle value is
still indicated that the PLA films are still hydrophobic. The contact
angle values showed that the biocomposite has a new wettability
property different from neat PLA. The water absorption of the neat
PLA, PLA/CNF, and PLA/chitosan/CNF was plotted alongside the
contact angle to validate the result. The water absorption result
showed an increasing trend with the addition of CNF and chitosan.
The neat PLA had the lowest water uptake after 24 h while P80205
has the highest. The increase in water absorption properties can be
attributed to the hydroxyl-containing functional group in the structure
of chitosan and CNF.*%>2 The hydroxyl (—OH) functional group of the
CNF is responsible for the increased water uptake in PLA/CNF bio-
composite.*® Chitosan also significantly affects water absorption
because it possesses a hydroxy-functional group apart from the amine
functional group.2%®° The presence of a hydroxy group in the bio-
composite increased hydrogen bonding formation with water

molecules.>*

4 | CONCLUSION

The isolation of CNF was successfully done using combined chlorine-
free bleaching, supercritical carbon dioxide, and high-pressure homog-
enization. Also, the amphiphilic chitosan was successfully prepared in
this study, and PLA/chitosan/CNF biocomposite was produced with
no agglomeration. The effect of amphiphilic chitosan on PLA/CNF
biopolymer composite properties was studied and discussed. The mis-
cibility and mechanical properties of PLA/CNF were successfully
enhanced with amphiphilic chitosan. The result showed significant
improvement in mechanical, thermal, and wettability properties. The
properties' significant improvement was due to the compatibilizer
effect of amphiphilic chitosan PLA/chitosan/CNF biocomposite. The
PLA/chitosan/CNF biocomposite result showed its potential used as

packaging material for nonfood products.
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