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Abstract

In this study, biodegradable polylactic acid (PLA)/chitosan (Cs) composites were produced via melt compounding and
compression molding techniques. Various chitosan loadings of 2.5, 5, 7.5 and 10 parts per hundred parts of polymer (php)
were incorporated into PLA and its effects on thermal, water absorption kinetics, tensile and morphological characteristics
were investigated systematically. Thermal analysis indicated that an increase in chitosan loading of up to 10 php enhanced
the crystallinity percentage (y,) of neat PLA to an extent of 51%, yet reduced the thermal stability of the resulting biocom-
posites. The kinetic study results revealed that water absorption of PLA/Cs biocomposites approached the Fickian diffusion
behavior. The maximum water uptake (M,,,) increased with chitosan addition, which can be attributed to stronger water—filler
interaction. This was correlated to higher diffusion (D), solubility (S) and permeability (P) coefficients, which suggested
the acceleration in diffusion rate and better water permeation through the biocomposites. In addition, the tensile results
of dry samples showed enhancement in tensile strength and tensile modulus by 2% and 14%, respectively, relative to neat
PLA through the incorporation of 2.5 php of chitosan loading. However, the water-immersed biocomposites demonstrated
deterioration in all tensile properties (tensile strength, tensile modulus, and elongation-at-break values) which signified
hydrolytic polymer degradation. This was confirmed by the FESEM micrographs of the fractured surfaces which exhibited
filler pulled-out phenomenon and cavity formation after 50 days of water immersion.
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Introduction

Issues on environmental problems associated with plastic
waste are most often being highlighted. In 2010, Malay-
sia was ranked as one of the world’s worst plastic-polluted
countries which generated about 0.94 million tons (MT)
of mismanaged plastic wastes (wastes that are inefficiently
disposed or recycled). The volume of plastic wastes going
into the ocean is set to quadruple until 2050 [1]. Moreover,
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carbon emissions associated with plastic, starting from its
production to burning, had reached 860 MT in 2019, which
was greater than the annual emissions of Thailand, Vietnam,
and the Philippines [2]. Therefore, due to the environmental
concern and governance legislation, academic and industrial
researchers are proactive in discovering a new alternative by
producing biodegradable and eco-friendly composite materi-
als which are sometimes known as biocomposites [3]. These
green materials serve as substitute for synthetic polymers
derived from petrochemical based-products which are non-
renewable and non-biodegradable [4].

Therefore, polylactic acid (PLA) is interestingly applied
as a polymer matrix due to its processability, renewability,
biodegradability and biocompatibility properties [5, 6].
Moreover, it imparts comparable mechanical properties
notably tensile modulus to commodity polymers of poly-
propylene, polyethylene, and polystyrene [7, 8], which pro-
vide attractive alternatives, particularly in food packaging
products. PLA consists of linear aliphatic thermoplastic
polyester which is generally synthesized either by direct
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poly-condensation or ring-opening polymerization of lac-
tic acid monomers. The lactic acid monomer is derived by
means of bacterial fermentation of agricultural products
(corn, sugar cane, and potato) [9, 10]. However, due to its
high manufacturing cost (US$ 3.80/kg) [11], poor gas bar-
rier properties [12] and relatively low thermomechanical
stability [13], PLA usage is restricted for wider applica-
tions. Therefore, the incorporation of PLA with natural fill-
ers could be a favorable strategy to minimize these inher-
ent properties. Apart from environmental and economic
concerns [14], the addition of natural fillers could improve
product properties and performance [15].

Several studies have investigated the incorporation of
natural fillers into PLA, which are mainly derived from
polysaccharides derivatives of agro-polymers, including
starch (cassava, corn, and sago starch) [16—18], cellulose
(coir fiber and wood fiber) [8, 19], chitin, and chitosan [20].
Nonetheless, in this study chitosan was preferred based on
its unique properties.

Chitosan is a cationic polysaccharide produced from alka-
line the deacetylation reaction of chitin extracted from the
cell walls of fungi, exoskeleton of crustaceans and arthro-
pods [21]. Chitosan is abundantly available, biodegradable
[22], and non-toxic, which is recognized as safe (GRAS)
category, and thus makes it suitable for countless applica-
tions, especially in food packaging (food wrappings and con-
tainers, drinking bottles) and biomedical field (drug delivery
or medical devices) [12]. Now, various preparation meth-
ods, such as solution casting, extrusion, electrospinning, and
melt compounding are applied to prepare composite films
or mats.

However, variation in processing and environmental
exposure could affect the properties of the resulting biocom-
posite. Rapa et al. [20] revealed that the degree of crystallin-
ity of the plasticized PLA/Cs system was enhanced by 18%,
but a significant decrease was observed in tensile strength
and Young’s modulus relative to the neat PLA. Moreover,
PLA/Cs film prepared by solution casting technique showed
a reduction in the decomposition temperature and thermal
stability with increasing chitosan content [5].

Another study performed by Bonilla et al. [13] found that
the chitosan did not influence thermal behavior and degree
of crystallinity of PLA/Cs films prepared by extrusion, but
it increased the film extensibility. In addition, due to hydro-
philicity of chitosan, the exposure of biocomposite to humid
environment could diminish the tensile properties and affect
the degradability of materials. Correlo et al. [23] reported
that the PLA/Cs blend showed a significant reduction in ulti-
mate tensile strength and maximum hydrolytic degradation
due to the higher water uptake that could weaken the inter-
facial bonds between a natural filler and relatively polymer
matrices, which consequently affected the product shelf life
[24, 25].
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Therefore, the water penetration mechanism through
the composite materials has induced a new water absorp-
tion pathway that must be understood. Leu and Chow [7]
reported on water absorption kinetics of PLA/organomont-
morillonite (OMMT)/poly(ethylene glycol) (PEG) nanocom-
posites. The report revealed that the diffusivity was reduced
by 50% with the incorporation of OMMT and 3 phr of PEG.
This remarkable reduction was attributed to the plasticiza-
tion effect of PEG which enhanced the tortuous path and
water-barrier properties of PLA.

In another study by Chung et al. [26], the water absorp-
tion resistance of the acetylated kenaf-PL A composites was
observed. The study reported that the composite with treated
fibers exhibited a low water uptake rate due to a reduction in
composite water affinity as a result of the replacement of the
hydroxyl sorption sites by acetyl groups. Besides, Aranda-
Garcia et al. [27] mentioned that the reduction in moisture
absorption rate with agave bagasse fiber incorporated into
thermoplastic starch/PLA blends was due to the low fiber
hydrophilicity. Furthermore, M6cz6 et al. [28] revealed an
increase in water absorption capacity with an increase in
starch content of PLA composites.

Therefore, the study on thermal behavior and water
absorption kinetics of natural filler incorporated into biopol-
ymer at various loadings is essential in controlling the con-
venience rate of water diffusion and determining its thermal
and hydrolytic degradations. This is important to adequately
tackle its efficient usage in a wide range of applications and
attain its desired performance. To the best of our knowledge,
no research was performed to investigate the water absorp-
tion kinetics of PLA/Cs biocomposites. However, limited
work was reported on the thermal properties of the resulting
biocomposites at varying chitosan loadings [5, 20].

Therefore, this current study aims to investigate the effect
of chitosan loadings on thermal behavior, water absorption
kinetics, tensile and morphological characteristics of PLA/
chitosan biocomposites prepared via melt compounding
technique that is industrially oriented.

Experimental
Materials

The polylactic acid (PLA) pellets of 4032D type used in this
study were supplied by NatureWorks LLC (USA) and had
a specific gravity of 1.24 and melt mass flow rate (MFR) of
7 /10 min at 210 °C/2.16 kg. Chitosan (Cs) powder with
a degree of deacetylation of 90.5%, a molecular weight of
700 kDa, a viscosity of 62 cP and particle size in the range
of 10-80 um was purchased from Cleo International Trading
(Shanghai) and used as the filler.



Iranian Polymer Journal (2021) 30:135-147

137

Preparation of PLA/Cs biocomposites

Melt compounding of PLA at different chitosan loadings
was conducted using an internal mixer (Thermo Haake Poly-
drive, Model R600/610, Germany) operated at a processing
temperature of 180 °C and 60 rpm of rotor speed for 10 min.
Two sets of specimens were prepared in dry (prior immer-
sion) and wet (after immersion) conditions. The samples’
composition of chitosan was 0, 2.5, 5, 7.5, and 10 parts per
hundred parts of polymer (php), which were designated as
neat PLA, PLA/2.5Cs, PLA/5Cs, PLA/7.5Cs, and PLA/10Cs,
respectively.

Due to their hygroscopic nature, both PLA pellets and
chitosan powders were pre-dried overnight in a vacuum oven
at 60 °C and 105 °C, respectively, to remove moisture prior
to use. Once the melted samples were obtained, the dumb-
bell sheet (ASTM D638) of PLA/Cs biocomposites were
fabricated using a compression molding machine (GoTech,
RT-7014A, Taiwan) with a hydraulic press pressure of
7 MPa at 180 °C for 3 min. The same condition was applied
for the preparation of the neat PLA sample, which was used
as a reference.

Thermal analysis

DSC

The thermal behavior study of PLA-based biocomposite was
conducted using a differential scanning calorimeter (DSC)
(Perkin Elmer, Pyris 6, USA), in accordance with Dong et al.
[29] but with a slight modification. Approximately 10 mg of
sample was capsulated on aluminum pans prior to heating
and cooling cycles. The measurement was performed in two
heating cycles at a scan rate of 10 °C/min under nitrogen gas
flow with a temperature from 30 to 190 °C.

After the first heating cycle was completed, the isother-
mal condition remained for 5 min at 190 °C to eliminate
the thermal history. Next, the sample was cooled at 10 °C/
min from 190 to 30 °C, followed by a second heating step at
the same heating rate. The thermal variables of glass transi-
tion temperature (Ty), cold crystallization temperature (T,),
melting temperature (7,,), cold crystallization enthalpy
(AH,,) and fusion enthalpy (AH ) were identified by the
respective peak and area under a curve. Moreover, the per-
centage of crystallinity (y,) was evaluated by the following
equation [29]:

AH, — AH,,
Xe= (AH: X Worn)

x 100%, 1)
AH® X Wp 5 )

where y. is the degree of crystallinity, AH,, and AH__ are the
enthalpy of fusion and enthalpy of cold crystallization of
PLA in the biocomposites, respectively. AH? is the enthalpy

of fusion of 100% crystalline PLA (93.6 J/g) [7] and Wp , is
the mass fraction of PLA in the biocomposites.

TGA

The thermal stability and decomposition of PLA-based bio-
composites were investigated using a thermogravimetric ana-
lyzer (TGA) (Perkin Elmer, Pyris 6, USA), as described by
Tham et al. [30]. Approximately 10 mg of sample was applied
and the test was performed under a nitrogen atmosphere
(50 mL/min) at a scanned temperature range of 30 to 600 °C
with a heating rate of 10 °C/min. Then the thermal weight loss
at its derivative temperature was recorded.

Water absorption analysis

The investigation on water absorption of PLA/Cs biocom-
posites was performed in accordance with ASTM D570. The
process was done by fully immersing the specimens in distilled
water (pH 6.6) under ambient temperature and at different time
intervals until saturation was attained. Initially, the prepared
dumbbell specimens were oven-dried at 60 °C until a constant
weight (m;) was reached. After 24 h of immersion, specimens
were removed from the water, instantly wiped off with a dry
tissue, and subsequently weighed (m,) using an analytical bal-
ance. The process was repeated over 50 days of water immer-
sion. The percentage of water uptake (WU) was determined
according to Petchwattana et al. [31], as shown in the follow-
ing equation:

m,—m;

WU(%) = % 100, 2)

l

where m; and m, denote the mass of oven-dried and mass at
time ¢ after water immersion, respectively.

Tensile property analysis

The investigation on tensile properties of dry and wet
(immersed) specimens was determined according to ASTM
D638. The tensile analysis was conducted using the univer-
sal testing machine (Instron, Model 3366, USA), which was
operated under 1 kN of load cell and 5 mm/min of crosshead
speed. Five dumbbell specimens with 1 mm thickness were
tested for each composition (i.e., 0, 2.5, 5, 7.5, and 10 php of
Cs loading) and conditions (dry and wet). The stress—strain
curve was observed and the average values of tensile strength,
tensile modulus, and elongation-at-break of each composition
were reported.
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Morphological analysis

The morphology characteristics of a tensile fracture surface
of pure PLA and PLA/Cs biocomposites of both specimens
(dry and wet) were investigated using a field emission scan-
ning microscope (FESEM) (Zeiss, Supra 35 VP, Germany).
The specimens were mounted onto aluminum stubs and
sputter-coated with a gold thin layer and were observed
under 10 kV accelerating voltage. The tensile fracture sur-
face morphological characteristics specimens were exam-
ined at 300 X magnification.

Results and discussion
DSC analysis of PLA/Cs biocomposites
Figure 1 demonstrates the differential scanning calorimetry

(DSC) thermograms of pure chitosan, neat PLA and PLA/
Cs biocomposites, which were recorded from the second
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Fig.1 DSC thermograms of the second heating cycle of pure chi-

tosan, pure PLA, and PLA/Cs biocomposites at various chitosan load-
ings

heating cycle at a heating rate of 10 °C/min. Through the
DSC curves, the related thermal phase transition properties
of glass transition temperature (7,), cold crystallization tem-
perature (7.), melting temperature (7},)), cold crystallization
enthalpy (AH.,), fusion enthalpy (AH,,) and percentage of
crystallinity (y.) were assessed and are tabulated in Table 1.

As presented in Fig. 1, neat PLA and PLA/Cs biocom-
posites showed slight deviations in various phase transition
temperatures with the increase in chitosan loading. For pure
chitosan, no obvious peak was observed as the specimens
were heated from ambient temperature to 190 °C. This
was attributed to the non-appearance of crystalline nature
in pure chitosan samples, as reported by Han et al. [5].
Meanwhile, the T, of PLA/10Cs biocomposite decreased
by 5 °C in comparison with pure PLA. The reduction in
the 7, suggested that the presence of short chitosan chains
generated more free volume which facilitated PLA chain
mobility, and thus allowed the reorganization of the amor-
phous domain. Besides, longer melt processing of 10 min
could also promote the thermal degradation of neat PLA
and its biocomposites as the samples completely melted and
reached stabilization torque after 7 min of mixing time. This
is associated with the reduction of heat capacity, C,, from
1.79 to 0.26 J/g.°C with increasing filler loading indicating
less entanglement of PLA polymer chains leads to a reduc-
tion in 7,,. The result was in line with the studies reported
by Pal and Katiyar [32] and Li and Huneault [33] which
suggested that the processing conditions could affect PLA
polymer degradation.

Furthermore, the T decreased from 100.6 to 95.2 °C by
filler addition, as opposed to 102.6 °C of neat PLA. This
can be explained that upon heating, the crystallization of
PLA occurred at a lower temperature in the system with
greater flexibility and higher molecular chain mobility. This
allowed easier chain segments movement into the crystal-
lization sites, and thus enhanced the crystallization ability
and crystalline degree [34].

Neat PLA represents a relatively low crystallinity (y.)
degree of 13.6%, implying that it is poorly crystallized.
However, an enhancement of up to 51% degree of crys-
tallinity was noticed with added chitosan of 10 php. The

Table 1 Thermal characteristic

S le cod T, (°C T, (°C AH . (J/ T, (°C AH_ (J/ %
of the second heating cycle of ampre code (O e (O e (78) m O m (/) % (%)
pure Cs, neat PLA, and PLA/ Pure Cs _ _ _ _ — _

Cs biocomposites at various Neat PLA 62.5 102.6 205 169.0 33.2 13.6
chitosan loadings

PLA/2.5Cs 61.1 100.6 222 169.5 36.9 16.1

PLA/5Cs 60.0 100.3 24.7 168.3 41.5 18.9

PLA/7.5Cs 58.5 96.7 25.1 167.3 42.1 19.5

PLA/10Cs 57.7 95.2 27.8 164.8 45.6 20.6

The values of T,,, T, T;,, AH

s L cc?

from Pyris software and Eq. (1) was used for the calculation of crystallinity percentage
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and AH,, were obtained from peak and area under the DSC thermatograms
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results suggested that chitosan might perform as a nucleat-
ing agent in PLA/Cs biocomposites, whereby crystallization
was induced at a lower temperature. This was in agreement
with the results reported by Tee et al. [35] which indicated
the capability of hydrophilic cellulose to act as an effective
nucleating agent in PLA because it promoted crystallization
at lower temperatures.

In addition, the neat PLA and its biocomposites exhib-
ited a unimodal single endothermic melting peak in the
range of 164.8-169.5 °C, which proposed the existence of
a-crystalline form and homogeneous crystal distribution
[32]. Nonetheless, the melting temperature (7;,) of pristine
PLA had shifted to the lower value with an increase in chi-
tosan content. This may be associated with the instability of
PLA crystals due to the chitosan agglomeration with higher
filler addition. Greater thermal energy (AH,,) supports
higher crystallinity of PLA/Cs biocomposites as it increased
with Cs loading indicating more energy is needed to break
the crystalline structure in order to allow the changing of
polymer into a molten state.

TG and DTG analyses of PLA/Cs biocomposites

The thermal stability and decomposition of PLA-based
biocomposites were analyzed under thermal gravimetric
analysis. TGA and DTG curves of PLA/Cs biocomposites
at various chitosan contents are illustrated in Fig. 2a, b,
respectively. For pure chitosan, three significant stages of
weight loss were identified. The first stage was observed
at a temperature range of 40-130 °C, which was ascribed
by the moisture vaporization resulted from the disappear-
ance of adsorbed water by the hydrophilic chitosan. The

(a)
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80 4
8 601
=
2
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= 404 w0 el
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---- PLA/5Cs
--=PLA/7.5Cs
---- PLA/10Cs
----- Pure Cs = -
0-— T T T T T T T T
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Temperature (°C)

second stage begins at 250 °C and indicated the maximum
weight loss rate at 300 °C. Meanwhile, the third stage was
overlapping with the end of the second stage that exhib-
ited the maximum weight loss rate at 370 °C, which then
proceeded above 600 °C. The total weight loss of both
stages was ~52%. This could be due to the breakdown of
the saccharide structure in chitosan molecules, including
saccharide rings and chitin products of acetylated and dea-
cetylated units by dehydration and decomposition reac-
tions, as suggested by Han et al. [5].

For pure PLA, a single weight-loss stage was inspected
in the range of 300-390 °C with the maximum rate at
360 °C and total weight loss of ~98%. This was ascribed
by the degradation of the ester bonds including cyclic oli-
gomers, lactide and acetaldehyde molecules, as well as,
carbon monoxide gaseous release [21, 36].

Similar trends were presented by PLA/Cs biocompos-
ites as their decomposition occurred in a single-step pro-
cess and the main thermal peak occurred at 260-380 °C,
which represented weight loss in the range of ~93-98%
with chitosan addition of 2.5 php to 10 php. This indicated
that the decomposition of the PLA polymer and chitosan
components occurred simultaneously in the biocompos-
ites. Besides, PLA-based biocomposites promoted better
thermal stability as compared to pure chitosan because
higher decomposition temperature (7,,,,) of above 310 °C
was observed for them. However, neat PLA exhibited
higher thermal stability than its biocomposites. This was
attributed to the low degradation temperature and poor
thermal stability of chitosan. The results were consistent
with Rodriguez-Nuiiez et al. results [37] which observed
decreasing in thermal stability and decomposition

(b)
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Fig.2 a TGA and b DTG curve of pure chitosan, pure PLA and PLA/Cs biocomposites at 2.5, 5, 7.5, and 10 php of chitosan loadings
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Table2 TG and DTG data of pure Cs, neat PLA, and PLA/Cs bio-
composites at various chitosan loadings

Sample TG DTG
code S S N S -
T09 (°C)  Tspq (°C)  Tygq (°C)  Trax (°C)  Weight
loss at
Tmax
(%)
Pure Cs 126 354 - 305 36.1
Neat PLA 337 355 368 359 61.1
PLA/2.5Cs 306 324 344 326 57.8
PLA/5Cs 295 321 340 324 57.7
PLA/7.5Cs 294 318 339 320 55.4
PLA/10Cs 290 310 338 312 55.0

The values of T ;, Ty 5, T9, Tpax and percentages of weight loss were

obtained from TGA thermatograms as shown in Fig. 2

temperature as chitosan and/or thermoplastic starch (TPS)
were incorporated into the PLA matrix.

Table 2 summarizes the thermal stability variables of
T109% Tson» Tooq and T,,,, Which represent the degradation
temperature that occurred by 10%, 50%, 90% of weight loss
and the maximum decomposition temperature, respectively.
It was demonstrated that the thermal decomposition tem-
perature decreased with chitosan addition.

A similar trend was reported by Zaaba and Ismail [17]
in their study on the thermogravimetric stability of PLA/
thermoplastic corn starch (TPCS) biocomposites. This was
ascribed to lower thermal stability at higher chitosan con-
tent as a result of the reduction of interfacial interaction
between the chitosan filler and PLA matrix. This facilitated
the autocatalytic cleavage of carbon—carbon bonds during
the chain scission process; hence, lowered the decomposi-
tion temperature [5].

Increasing the filler loading to 10 php contributed to the
decrease in weight loss at T, by 2.8%, which further clari-
fied the occurrence of the maximum polymer degradation
at a single stage. This was in agreement with the results
observed by Pal and Katiyar [32] in the preparation of PLA
with functionalized chitosan. Also, the maximum weight
loss rate of PLA/Cs biocomposites occurred at lower tem-
peratures (312-326 °C) than that of the neat PLA (359 °C)
signified that chitosan addition accelerated the decomposi-
tion reaction of the biocomposites.

Water absorption characteristics and kinetics

The characteristics of water uptake by PLA/Cs biocompos-
ites at varying chitosan contents are displayed in Fig. 3. At
the initial stage, the neat PLA exhibited a slow rate of water
absorption with the first plateau attained at around 96 h, and
the maximum water uptake was only 0.81%. This can be
explained by the hydrophobicity of the PLA polymer matrix

gslppl @ Springer
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Fig.3 Water uptake characteristics of PLA and PLA/Cs biocompos-
ites for various chitosan loadings against immersion time

as stated by Correlo et al. [23], which tends to absorb less
water, and thus promoted the lowest water absorption.

Contrary to the PLA-based biocomposites, the water
absorption increased drastically at the beginning of the pro-
cess until 120 h of water immersion, followed by a slow
absorption rate until it reached equilibrium. Moreover, the
maximum percentage of water uptake increased from 1.71
to 3.91% with the incorporation of chitosan filler of 2.5 php
and 10 php, respectively. This was attributed to the hydro-
philicity of chitosan which enhanced water-filler interaction.
At higher chitosan content, more free hydroxyl groups were
present in the chitosan, and thus induced higher interaction
with water molecules through hydrogen bonding forma-
tion, as illustrated in Scheme 1. This significantly results in
weight increment and a rise in water absorption. The find-
ing was in agreement with Zubir et al. [38] who observed
greater water uptake with increased rice straw particulate
content in the polylactic acid/polyhydroxybutyrate—valerate
blends. Yet, the biocomposite with lower chitosan content
reached saturation more rapidly, which suggested a limited
water—filler interaction.

In addition, apart from filler agglomeration, poor impreg-
nation during processing could affect the biocomposite
system [39]. This contributes to the generation of micro-
gaps and micro-cracks at the matrix—filler interface (as
shown later in the morphology study), and thus promotes
the diffusion of water molecules through the generated
microstructure within the polymer matrix. However, the
water absorption of this biocomposite was considered to be
lower (M, <5.0%) as compared to the modified chitosan
film which exhibited greater water uptake of up to 10%, as
reported by Cui et al. [40] in their study finding. This indi-
cated the capabilities of these newly prepared biocomposites
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Scheme 1 Proposed interac- 0
tion between water molecules
and chitosan during water

absorption process in PLA/Cs ,"‘, ¢
biocomposites CH 2:GH
H

Hydrogen bonding | —» ! 1

NH; OH NH:

OH

- Y

‘\\v <4—— | Hydrogen bonding —b'\\n
H H

H H
N/

(0]

to adapt to the humid environment for their wide potential
applications.

A similar trend of water absorption characteristics was
exhibited in all biocomposites formulations which dem-
onstrated single steps of absorption. The water absorption
process started with a linear and sharp increase at the begin-
ning, then proceeded at slower rates and finally approached
the saturation stages after an extended immersion time of
1200 h. A similar finding was reported by Lukitowati and
Indrani [41] who studied the water absorption of chitosan
membranes with gamma-ray irradiations. This water absorp-
tion behavior can be modeled as a Fickian type diffusion
process, as reported by Leu and Chow [7] and Mufioz and
Garcia-Manrique [39] in their studies.

The investigation on water absorption was extended by
analyzing the diffusion mechanism and kinetics of PLA/Cs
biocomposites according to Fick’s law theory. Generally,
three known mechanisms were involved in the water diffu-
sion of polymer composites, including Fickian, relaxation
controlled and anomalous or non-Fickian diffusion [42]. To
analyze the water absorption kinetics, the experimental data
were fitted into the sorption curves, as demonstrated by the
relation stated by Petchwattana et al. [31] as follows:

Y kt". 3)

sat
By writing Eq. (3) in the log form,

t

log

i = log (k) + nlog (), 4)

sat

where M, and M, respectively, represent the water
uptake at immersion time t and saturation point. The con-

stants k and n are estimated from the intercept and slope of

;;1‘ > against time, respectively. The absorp-

sat

the log plot of(

N _/
o

tion mechanism is attributed by the n value; for Fickian dif-
fusion, n = 0.5; for relaxation control, n > 1.0; and for the
non-Fickian (anomalous), 0.5 < n < 1.0, as indicated by
Adhikary et al. [43].

Figure 4 illustrates the experimental data fitting of PLA-
based biocomposites at various chitosan loadings. The k and
n values are directly estimated from the linear regression
analysis in between log(¢) of 1.4 and 2, as listed in Table 3.
The log(#) values of above 2 were not considered due to
slower water absorption and approach to saturation. It was
found that all biocomposites formulations showed n val-
ues of less than 0.5 (n < 0.5). This was acceptable and the
results suggested that the water absorption of PLA/Cs bio-
composites approached the Fick’s model as the n value in
the range of 0.12—0.43 is considered as a Fickian diffusion,

log (t)
12 14 16 18 20 22 24 26 28 3.0 32
1

1 1 1 1 1 1 1 1 1
W Pure PLA
0.0 4 ® PLA/25Cs ‘ t = »
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=
2 24
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o
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PLA/2.5Cs: y =0.3195x - 0.7183 R*=0.9777
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-0.4 PLA/7.5Cs: y = 0.2348x - 0.5131 R?=0.9905
PLA/10Cs: y = 0.2153x - 0.4708 R?=0.9672
. M, .
Fig.4 Plots of log (_M' ) versus log () of PLA and PLA/Cs biocom-
sat

posites for various chitosan loadings
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Table 3 Kinetics constants Sample code 7 &

of PLA and PLA/Cs

biocomposites PLA 0.4687 0.0872
PLA/2.5CS  0.3195 0.1913
PLA/5CS 0.2673 0.2577
PLA/7.5CS  0.2348 0.3068
PLA/10CS  0.2153 0.3382

The values of n and k were
obtained from the slope and
y-intercept of logly—‘ versus

log (¢) plot by applying Eq. (4)

as reported by Witono et al. [44] in their study on water
absorption characteristics of cassava starch grafted with
polyacrylic acid.

Furthermore, the k value which increased with increasing
filler loading indicated that a shorter time was needed for the
biocomposite to attain saturation and confirmed the water
absorption increment. Besides, the R? values of all formula-
tions were close to one, which implied that experimental
data fitted well to the studied model.

Next, the rate of water transport was analyzed by deter-
mining the values of diffusion coefficient, D. This was exam-
ined as an essential variable in Fick’s model in explaining
the water molecules’ capability to permeate through the
polymeric composites. Since water absorption followed the
Fickian diffusion pattern, it can be explained using the rela-
tion stated by Mufioz and Garcia-Manrique [39] as follows:

M, | Dt
=44/ =,
Msat 7[L2

where L indicates the specimen thickness.

At early absorption stages, water absorption at time ¢
(M,) increased linearly with \/Z Therefore, by rearranging
Eq. (5), the average water diffusion coefficient (D) can be
determined through the absorption curve pattern represented
by the following equation:

®)

Msat L

M, 4 <D>0'5t0.5. 6)

T

The water diffusion coefficient (D) of PLA/Cs biocompos-
ites is presented in Table 4 as it was estimated from the initial
slope of ( % ) against () plot, which is illustrated in Fig. 5.

It was observed that at the early stage, water absorption
increased gradually with (£)%; subsequently, tended to flatten
out to the saturation point with prolonged immersion time.
Moreover, the diffusion coefficient, D, was directly propor-
tional to the filler loading as it is raised with increased chitosan
loading. This could be elucidated by the chitosan agglomera-
tion at higher filler loading, and thus promoted micro-crack
generations at the filler-matrix interface (as shown in the mor-
phology study). This induced chitosan dissolution due to the
swelling effect; hence, accelerated the water transport, leading
to a higher diffusion rate. This characteristic was in agreement
with Petchwattana et al. [31] which observed that higher
hydrophilic wood flour content would promote greater water

1.2 1
—i— Pure PLA
—&— PLA/2.5Cs
—4A— PLA/5Cs
1.0 —w— PLA/7.5Cs P —
—4— PLA/10Cs
Y,
0.8 /'f
y
2 06 A/
= f‘,[' /
lihd
i/
i/
0.4 1/
/4
1 2
\l\/ Pure PLA' y = 0.0757x+0.00581 R*=0.9983
024 PLA25Cs: y = 0.0844x+0.0432 R?= 0.9742
/ PLAV5Cs:. y = 0.0898x+0.0611  R® = 0.9562
/) PLA/7.5Cs: y = 0.0923x+0.0724 R?=0.9453
PLA/10Cs: y = 0.0933x+0.0785 R?=0.9373
0.0 T — — T — T — — —
0 5 10 15 20 25 30 35

Immersion Time (t)°°

Fig.5 Plots of A’;’—‘ versus 13 of PLA and PLA/Cs biocomposites for

sat
various chitosan loadings

Table 4 Maximum water

. . . . Sample code Maximum water Diffusion coefficient Solubility Permeability

absorption, diffusion coefficient, absorption

solubility, and permeability 3,0 4,2

variables of PLA and PLA/Cs My (%) Dx107~ (m’/s) S (¢/e) Px107" (m’/s)

biocomposites Pure PLA 0.809 3.1111 0.0081 0.2520
PLA/2.5CS 1.705 3.8889 0.0170 0.6611
PLA/5CS 2472 4.4167 0.0247 1.0909
PLA/7.5CS 3.255 4.6389 0.0326 1.5123
PLA/10CS 3.910 4.7500 0.0391 1.8573
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The values of M,

respectively

sat?

D, S and P were obtained from related plots and calculated by using Eqgs. (6), (7), (8),
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molecules diffusion in the poly(butylene succinate) (PBS)/
Padauk sawdust composite.

Furthermore, the thermodynamic solubility (S) and per-
meability (P) variables were determined to further clarify the
behavior of water absorption kinetics. The solubility was cor-
related to the absorption of the penetrant to an extent, which
can be estimated by Eq. (7), as proposed by Jena et al. [45] as
follows:

W
S= (7
where m,, and m_ represent the mass of water absorbed at
saturation and the biocomposite samples mass, respec-
tively. Also, the permeability coefficients were identified by
determining the diffusion and absorption net product that is
expressed by the following relation [45]:

From Table 4, it can be seen that both S and P variables
increased with chitosan loading. The result obtained was
correlated to the diffusion coefficient discussed before.
Higher chitosan content reduced the filler—matrix interaction
which enhanced chitosan dissolution into water molecules.
This facilitated permeation of penetrant through the bio-
composites, leading to the higher S and P values. A similar
finding was reported by Chen et al. [46] in their studies of
recycled polymer blend rice husk flour biocomposites.

Tensile properties of PLA/Cs biocomposites

Figure 6 demonstrates the influence of water absorption
on tensile properties (tensile strength, tensile modulus,
and elongation-at-break) of PLA-based biocomposites
prepared with various chitosan loadings. It is observed in
Fig. 6a, b that the dry sample with the incorporation of 2.5

P=DXS. ®) php chitosan loading showed the highest tensile strength
(54.6 £0.51 MPa) and tensile modulus (2.67 +£0.01 GPa).
This suggested that chitosan can be used as the reinforcement
551 2.8 (b)
© ] —~
o >0 t 26
2 451 o
% 401 E 24 B 1 : .
B 35- 822
@ 2p)]
o 30 QE) 2.01
‘0 251 D
S €18
= 20 —s— Dry sample = —s— Dry sample
15- —— Immerse sample 3 1.6 { —— Immerse sample
0 2 4 6 8 10 0 2 4 6 8 10
Chitosan content (php) Chitosan content (php)
3.0 ©)
— C
& 25-
X
(“ A
9 2.04
-9 4
T 154 :
c
el
® 1.0-
o2 1
5
w 0.5 —=— Dry sample
—— |Immerse sample
0.0 T ——
0 2 6 8 10

Chitosan content (php)

Fig.6 Tensile properties of a tensile strength, b tensile modulus, and ¢ elongation-at-break of dry and wet samples of PLA/Cs biocomposites as

a function of chitosan loadings
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filler in the PLA polymer matrix. However, further addi-
tion of chitosan content up to 10 php resulted in a gradual
decrease in all tensile properties. This reduction occurred as
a result of chitosan agglomeration in the PLA matrix, which
reduced the interface bond strength, and thus lowered load
transfers at the filler-matrix interface. This contributed to
the deterioration of the biocomposite properties. The result
was consistent with Bonilla et al. [13] who suggested that
excess filler content could affect the resulting composites.

For the wet samples, it was demonstrated that PLA/Cs
biocomposites exhibited lower tensile properties as com-
pared to the dry samples. This may be affected by water mol-
ecules on the composite components which could alter the
structure and behavior of the matrix-filler interface. As can
be seen in Fig. 6a, the tensile strength of PLA/10Cs dropped
drastically from 49 to 16 MPa with chitosan addition. This
was attributed to the dissolution of the chitosan particulates
because it leached into the water molecules, allowing greater
water transport through the filler—matrix interface, and thus
promoted a weak bonding at the interface region. This sub-
sequently caused a failure in biocomposite, and thus reduced
the tensile strength. The result was correlated to the study
conducted by Priyanka and Palsule [47] who found the dam-
age and cracks on the composites at high cellulose content
in banana fiber-filled polypropylene composites.

A similar trend was observed in tensile modulus as it was
reduced from 2.5 to 2.3 GPa at 10 php chitosan loading for
dried and immersed samples, respectively. The presence of
water molecules weakened the PLA/Cs interface by block-
ing their interaction, and thus lowered the stiffness of the
hydrated biocomposite. This was consistent with the finding
reported by Yu and Lau [48] for chitin-protein composite.

Meanwhile, reduction in elongation-at-break could be
due to the separation of water-soluble components of the
chitosan filler which worsened the filler—matrix adhesion;
hence, lowered the biocomposite ability to elongate before
rupture. A similar finding was described by Zahari et al. [49]
in polypropylene/ijuk fiber composite.

Morphological characteristics of PLA/Cs
biocomposites

Figure 7 represents the FESEM micrographs of the tensile
fracture surface of pure PLA and PLA/Cs biocomposites
before and after 50 days of water immersion at various chi-
tosan loadings. The effects of chitosan loading and water
absorption on filler-matrix adhesion were analyzed. For
pure PLA, a smooth and homogeneous characteristic was
observed on the fracture surface before and after the water
absorption process as shown in Fig. 7a, b. This may be
attributed to the hydrophobicity of PLA which absorbed
less water, and thus an insignificant change was observed
in the morphological characteristics of both wet and dry

gslppl @ Springer

samples. In the case of PLA/Cs biocomposites, the dry
specimens of less than 5 php chitosan loading exhibited rela-
tively homogeneous filler dispersion; hence, they embedded
well in the PLA matrix as presented in Fig. 7c, e. Besides,
PLA/2.5Cs displayed the appearance of the tearing effect,
which indicated a strong interaction on the matrix surface.
This was in line with the tensile results which showed a
slightly higher tensile property. Contrarily, PLA/10Cs of dry
samples (Fig. 7g) demonstrated poor filler distribution due
to chitosan agglomeration which implied the lowest tensile
strength among the dry samples.

Nevertheless, the immersed biocomposite samples illus-
trated the rougher matrix surface with large cavities which
signify polymer matrix degradation. The effect was obvi-
ously seen at higher chitosan loading of more than 5 php.
This may be associated with the swelling effect induced dur-
ing the immersion process. Swelling of the biocomposite
initiated chitosan dissolution in an aqueous environment,
and thus promoted hydrolytic degradation through the
filler-matrix interface. This consequently contributed to
filler detachment from the matrix surface as demonstrated
by the filler pulled out phenomenon and cavities formation
on the fractured surface, as shown in Fig. 7d, f of the wet
samples. The results obtained were evidenced by deteriora-
tion in the tensile properties of the immersed samples dis-
cussed previously.

A similar observation was reported by Ghosh et al. [50]
who found the presence of fiber pull-outs and micro-gaps
in the fractured specimen of banana fiber reinforced-vinyl
ester composites after water immersion, and thus contributed
to the weak resin adhesion. Moreover, due to the chitosan
hydrophilicity, the swelling capacity increased with the
increase in chitosan loading; hence, stimulates faster water
absorption. This explains the reason for the worst and rapid
matrix degradation at 10 php of chitosan loading as observed
in Fig. 7h.

Conclusion

The study on thermal behavior, water absorption kinetics,
tensile and morphological properties of PLA/Cs biocompos-
ites at various chitosan loadings was successfully conducted.
It was noticed that the properties of PLA/Cs biocompos-
ites were significantly influenced by the chitosan content.
Through the thermal analysis study, the thermal stability
of the biocomposites was reduced with the increased filler
loading, but the degree of crystallinity of the neat PLA was
enhanced significantly to an extent of 51%, which suggested
that chitosan might act as a nucleating agent in the PLA/Cs
biocomposites. The water absorption result showed that the
maximum water uptake (M,,,) increased from 1.71 to 3.91%
with chitosan addition of 2.5 php and 10 php, respectively,
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Fig.7 FESEM micrographs of tensile fractured surfaces of PLA/Cs biocomposites before and after 50 days water immersion of a, b Pure PLA;
¢, d 2.5 php; e, f 5 php; g, h 10 php chitosan loadings, respectively under 300X magnification
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which associated with a stronger water-filler interaction. The
result obtained was correlated to the higher diffusion (D),
solubility (S) and permeability (P) coefficients, which pro-
posed acceleration in diffusion rate and water permeation
through the PLA/Cs biocomposite. In addition, through the
fitting curve of kinetics diffusion, the n values of less than
0.5 (n < 0.5) proposed that the water absorption of PLA/Cs
biocomposites tended to approach the Fick’s model. Mean-
while, the increase in k values confirmed the acceleration
in water absorption as a shorter time was needed for the
biocomposites to attain saturation. Tensile results of the dry
samples at 2.5 php of chitosan loading showed increments in
tensile strength and tensile modulus by 2% and 14%, respec-
tively, relative to the neat PLA suggested an optimum filler
content for the PLA/Cs biocomposites. However, water
immersed specimens exhibited a slight reduction in tensile
properties that diminished gradually with increased chitosan
loading up to 10 php. This signified the hydrolytic polymer
degradation as confirmed by FESEM analysis. The results
of this study showed that PLA incorporated with higher chi-
tosan loading promoted a slight deterioration in terms of
thermal instability, tensile inability and matrix degradability
of PLA/Cs biocomposites, especially upon the introduction
of humid condition.
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