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individual components to behave in a manner consistent with phase separation. Polymer
blending has been shown to be particularly effective in attaining high-impact strength.
This review addresses the recent progress in improving the toughened PLA to gain
properties necessary for the material’s future engineering applications. As 3D and 4D
printing becomes more accessible, PLA characteristics may be modified and treated
utilizing more sophisticated production techniques.
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= INTRODUCTION as there is mounting concern over the accumulation of
petroleum-based disposal wastes worldwide. After the

In our modern lives, polymer materials are
commonplace and can be seen almost everywhere. Due to end of the life of plastic products, massive waste that is
their low cost, lightweight, and high processability, not biodegradable needs to be handled. Many initiatives
commodity plastics may be used in a wide variety of have been launched to reduce the quantity of trash that
. . L ends up in landfills, and one clear target is plastic
products, from consumer items to technical applications. fagi Despi - ) 5 4
Two issues are associated with petroleum-based plastics, p ac' agmg' espite _ 1mp emeflt'mg recycing a'n
i.c., the rising production cost and the non-degradability incineration efforts, this is insufficient, as we are dealing

with mass disposal.
Poly(lactic acid) (PLA) and other biodegradable
polymers have been developed, providing promise for a

of plastic products. Lately, oil prices have been increasing
steadily annually, significantly affecting synthetic plastics'

production costs. This development has driven the efforts PLA. 2 biodegradabl
to find a possible solution that does not rely on synthetic new waste management strategy. ’ ? 10 egra.t abie
plastics. The need for replacement has become imperative polyester manufactured from regenerative materials as
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shown in Fig. 1-2, is pivotal in the bioplastic industry [1-
5]. PLA has a limited crystallization rate, making it brittle
and modest amounts of ductility, making it less than ideal
for use in applications that need durability or engineering
[6-10]. Prior to the last decade, PLA was only used in
specialized biomedical applications such as resorbable
sutures [11-12]. Due to its good biocompatibility, the PLA
was used as sutures and dental, orthopedic, and drug
delivery [13-15]. There is a lot of research and
development going into plastics right now, and a lot of it
is focused on finding ways to include biodegradable
elements. Food packaging, bag and sack manufacture,
loose-fill packaging, agricultural film, and a few
specialized uses are only a few of the places where it has
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been widely adopted, contributing to its rising profile.
PLA has the potential to replace traditional
polymers, including polyethylene (PE), polypropylene
(PP), and polystyrene (PS). However, PLA is too brittle
to be used commercially, limiting the potential
applications that require high-impact toughness [15,17-
18]. As a result, several efforts have been made to
alleviate the problem of toughness, particularly by melt
mixing in the literatures [19-21]. However, this review
focuses on PLA toughening mainly through melt
mixing, plasticization, and toughening. In addition, it
will bridge the brittleness gap in PLA by modifying its

properties, particularly plasticization and
rubber/elastomer toughening.
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Fig 1. Overview of the production of PLA
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Fig 2. Current and future PLA production technology. Adapted with permission from reference [16]
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Properties of PLA

The stereochemistry of the PLA chain and
crystallinity significantly affect the mechanical properties.
In the chemistry of PLA, the two optical isomers are
denoted by the letters D and L. In contrast to its naturally
occurring isomer, D-lactide, the synthetic blend of D- and
L-lactide is called L-lactide. Polarized light allows us to
differentiate between the L and D forms [22]. Due to its
random distribution of the two isomers of lactic acid,
PDLA is an amorphous polymer that cannot crystallize.
This material has weak tensile strength, poor elongation,
and a short degradation time. PLLA is around 37%
crystalline, with a melting point between 170 and 183 °C
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and a glass transition temperature between 55 and 65 °C
[23]. Typical physical property values of PLA are given
in Table 1.

Application of PLA

Resorbable sutures and other medical supplies are
only two examples of how PLA is being put to use in
specialized markets. Cups, bottles, and films are just a
few of the many packaging uses for PLA. Typical product
applications made from PLA are given in Table 2.

In the automotive sector, PLA has been mixed with
kenaf fibers for car doors and dashboards due to its
biodegradability compared to traditional plastics. For
example, Toyota Motor Co. reported that a spare tire cover

Table 1. Physical properties of PLA [24]

Property Units Typical value
Density gem™ 1.25
Melting temperature, Tr, °C 130-215
Glass transition temperature, T, °C 55-70
Degree of crystallinity, X. % 10-40
Melt flow rate g/10 min 2-20
Tensile strength MPa 44-66
Yield strength MPa 53-70
Elongation at break % 4-7
Tensile modulus GPa 1.9-4.1
Notched Izod impact strength Jm™ 18-66
Heat deflection temperature °C 55
Flexural strength MPa 88-119

Table 2. Typical product application made from PLA

Business division

Applications that are commercially accessible

Rigid thermoforms °

Clear clamshells for fresh fruits and vegetables

e Trays of deli meat

e  Opaque dairy containers

e Packaging and advertising for consumer electronics

e Cold drink containers and other disposable items

Films with a biaxial orientation .

Wrap candy with a twirl and a flow

e Display carton and envelope see-through panels

e  Film for lamination

e  Gift-basket exterior wrapping
e Holding the fort

Bottles .

Low-storage milk

e TFood oils

e  Mineral water in bottles

Adapted with permission from reference [16]
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using 100% plant-derived kenaf/PLA composites was
developed to replace kenaf/PP [25].

m POLYMER BLENDS

Polymer blends have piqued the curiosity of
polymer scientists for many years. Trans and cis-1,4-
polyisoprene with gutta-percha (GP) blends were
originally developed by Parkes in 1846. By varying the
composition or adding fillers, the blends were formed into
various rigid articles [26]. It has long been acknowledged
that blending is the most flexible and cost-effective way to
create novel materials that match the unique needs of
polymer applications [27]. Many polymer resins are
modified either by blending with other polymers or filling
with fillers. It has been recognized that blending offers
many advantages, such as improving the specific
properties, e.g. toughening of brittle materials, and better
procedure-friendliness thanks to a glass transition
temperature-lowering miscible resin (T,) or immiscible
low viscosity resin. In addition, at the processing plant
level, blending is more favorable as it increases the plant
flexibility by reducing a number of grades, recycling and
high productivity.

PLA Blends and Toughening

Materials made from polymer blends are anticipated
to have improved characteristics compared to individual
pure polymers [28-30]. It is, therefore, not surprising that
PLA has been blended with several synthetics and
biopolymers to enhance the properties of PLA and obtain
novel materials. PLA has been blended with collagen,
poly(butylenes succinate adipate), polyethylene glycol
[31-42],
poly(ethylene oxide) and poly(butylenes adipate-co-

poly(methyl methacrylate), polyethylene,
terephthalate) to produce materials with superior
properties like as toughness, modulus, and impact
strength, as well as thermal stability as compared to pure
polymers [30].

The blending of PLA with other aliphatic polyesters
is widely studied due to its biodegradable properties.
Zhang et al. [43] developed new biodegradable materials
by blending some available polyester. They investigated
the property of multiphase containing poly(D, L-lactide)
(PDLA), poly(e-caprolactone) (PCL), poly(D,L-lactide-
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co-poly(ethylene glycol) (PELA), poly(e-caprolactone)-
glycol) (PECL), and poly(p-
hydroxybutyrate) (PHB), PLA/PCL, PELA/PECL,
PHB/PLA, PHB/PELA, PHB/PCL, and PHB/PECL
blends. The composition of blends was found to

co-poly(ethylene

determine the morphology and hydrolytic behavior of
immiscible PLA/PCL, PHB, and PHB/PLA and PHB/PCL
blends. However, the addition of poly(ethylene glycol)
(PEG) as a compatibilizer and PELA or PECL block
copolymers have improved the miscibility of
PELA/PECL, PHB/PELA, and PHB/PECL blends [43].

Surfactants made from a copolymer of ethylene
oxide and propylene oxide might significantly improve
the miscibility of PLLA and PDLLA. Chen et al
investigated the blends of biodegradable PLLA and poly-
DL-lactic acid (PDLLA) or PCL, in addition to a third
component, the surfactant - a copolymer of ethylene
oxide and propylene oxide. They found that
PLLA/PDLLA blends without surfactant had two T,
values, but with a surfactant, a linear shift of the single
T, as a function of composition occurred, with lower
percentages of PLLA yielding lower glass transition
temperatures, suggesting higher miscibility. The blend
ratio of 40/60 PLLA/PDLLA is harder and tougher than
PLLA but adding 2% surfactant increased the
miscibility. Compared to PLLA/PDLLA blends, they
found that PLLA/PCL blends had greater elongation and
worse mechanical characteristics [44].

As discussed above, toughening of PLA remains
the focus of researchers to enable PLA to be used in
wider applications. Toughness is a measure of a sample's
ability to absorb mechanical energy without breaking,
typically defined as the area under a stress—strain curve.
A tough material has a low brittleness but a high
elongation to break and tensile strength. It is usually
measured as the energy per unit volume to break
material, proportional to the region covered by the
stress-strain  diagram. Nevertheless, the impact
resistance test, such as Izod (ASTM D256), can be
determined with a tensile test for toughness.

Plastic deformation at greater stresses is required
for many uses, but its low toughness makes that
impractical [45]. PLA has the processing properties of
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polystyrene and the tensile strength and stiffness of
polyethylene terephthalate (PET) [46];
impact resistance [48]. It has been well established that

it suffers low

plastics can be blended with elastomer in order to
improve their toughness and impact resistance, as shown
by previous researchers [22,48-51]. As a technique of
enhancing mechanical characteristics and processability,
blends are gaining prominence in the industrial sector.
Modulus, vyield stress, impact strength, and tensile
strength are just some of the properties that may be
enhanced by using the right polymer components in the
right proportions.

Few researchers have addressed the problem of the
poor toughness of PLA by blending it with other polymers
to modify its properties [52-62]. Melt blending is the most
common method for creating polymer blends, which are
intimate mixes of polymers that are commercially accessible
but do not share covalent connections. Properties of the
resulting materials can be designed to meet application
requirements and materials cost. In contrast to a single
polymer, each component polymer in the polymer blends
contributes to the final property of the material.

The combination of PLA with poly(butylene
(PBAT) or
biodegradable polymer seems promising thus far, since

adipate-co-terephthalate) another
both can be considered biodegradable. The toughening of
PLA and PBAT by means of melt blending has been
investigated by Jiang et al. In this immiscible blend, they
found that PBAT was responsible for speeding up the PLA
crystallization rate and little affected the ultimate
crystallinity level. This approach obtained improved
impact strength for blends containing 10% or higher
PBAT. Furthermore, they concluded that the debonding-
initiated shear yielding was responsible for the
toughening mechanism in these PLA/PBAT blends. As
for the failure mode, it has been shown that the PLA
change from brittle to ductile fracture [63].

Schreck and Hillmyer [59] showed that oligoNodax-
b-poly(L-lactide) diblock copolymers might be added to a
melted mix of poly(L-lactide) and NodaxH6 [poly(3-
hydroxybutyrate-co-3hydroxyhexanoate)] to create a
biodegradable composite. The notched impact resistance
of the binary blends was found to be higher than that of
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the PLLA homopolymer after Nodax was added.
However, in the ternary blends of oligoNodax-b-poly(L-
lactide) block copolymers, no additional improvement
in the notched Izod impact resistance was observed. It
was hypothesized that the brittleness of NodaxH6
particles and the reduced interfacial adhesion between
particles and matrix may be responsible for this
phenomenon [59].

Li and Shimizu [64] blended PLLA with
acrylonitrile-butadiene-styrene copolymer (ABS) to
increase its impact strength and elongation at the break,
but they discovered that the melt mixture was
immiscible and had poor mechanical
PLLA/ABS was
styrene/acrylonitrile/glycidyl methacrylate copolymer
(SAN-GMA) was used together with ethyl triphenyl
phosphonium bromide (ETPB) as a compatibilizer. As a

qualities.

compatible when the reactive

result, the impact strength and elongation at break
properties improve but with a slight loss in the modulus
[64].

McDonald and co-workers [65] prepared a blend
of poly(DL-lactide), poly(L-lactide-glycolide) and PCL
by means of compression molding and solvent casting
technique. The blend of PDLLA/PLGA was found to be
miscible based on DSC analysis. However, an immiscible
blend was obtained for the blend of PCL with PLGA or
PDLLA; hence a strength reduction was noted. They
have concluded that the blend of PCL with PLGA or
PDLLA influenced the percentage of crystallinity [65].

Odent et al. [66] investigated the potential use of
random aliphatic copolyesters as an impact modifier for
PLA. Ring-opening polymerization synthesis between -
valerolactone (VL) and -caprolactone (CL) vyields
amorphous  poly(CL-co-VL)  random  aliphatic
copolyesters (P[CL-co-VL]) (CL). Melt blending of PLA
and random copolyesters (10 wt.%) was carried out
using a DSM twin screw micro compounder at 200 °C at
60 rpm for 1 min. Injection molding and compression
molding were then used to examine the impact of the
copolyesters' composition and molar mass. They have
found that using a higher molar mass with a molar
composition of 45/55mol% (CL/VL) improved the
impact strength from neat PLA of 2.5 to 7.1 k] m™. The
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toughness improvement can be explained by the rubbery
character of the dispersed phase and the blend
morphology; amorphous or slightly crystalline
microdomains give more impact strength as compared to
high crystalline microdomains. Moreover, the samples
prepared by exhibited

morphologies with larger microdomain sizes as compared

compressing  molding
to the injection molding [66].

Theryo et al. [67] prepared a rubber-toughened PLA
hybrid synthesized using a polylactide graft copolymer. In
this approach, a hybrid material containing 5 wt.% of
rubber showed a remarkable improvement in tensile
ductility and potential for optically transparent and
impact-resistant PLA [67]. Meanwhile, Hashima et al.

[68] developed a super-tough PLA by blending

hydrogenated styrene-butadiene-styrene block
copolymer (SEBS) with poly(ethylene-co-glycidyl
methacrylate) reactive compatibilizer. A  binary

(PLA/SEBS) and ternary (PLA/PC/SEBS/EGMA) system
were designed in this melt blend. It was found that Izod
impact strength improved from 3 to 16 kf m™ for the
system containing 70/30 PLA/SEBS. However, a super
tough blend was obtained when ethylene-co-glycidyl
methacrylate was added at 10% for the 70/20 PLA/SEBS
system. In this system, they have successfully increased
the impact strength to 92 k] m™ [68].

In another work, Ma et al. [69] reported the
toughening of PLA by blending ethylene-co-vinyl acetate
copolymer (EVA) with different vinyl acetate contents. It
was found that the ratio of vinyl acetate and ethylene in
random copolymers seems to control the compatibility
and phase morphology. The optimum toughening, i.e., up
to a factor of 30, was found at vinyl acetate content of
approximately 50 wt.%. They concluded that there were no
visible crazes following deformation and that the major
toughening process for the PLA/EVA blend was internal
rubber cavitation associated with matrix yielding [69].

A more comprehensive review of PLA toughening
by other approaches can be found in the review by
Anderson etal. [70] and Liu et al. [71]. Liu and Zhang [71]
have also reviewed the progress of PLA toughening by
focusing  on

plasticization,  technology  for

copolymerization and more commercially viable melt-
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blending [71]. The focus on PLA blending for
toughening has been reviewed until to date [5,72-77].

PLA/Thermoplastic Elastomer Blends

PLA is one of the sustainable thermoplastics that
can be chemically synthesized from renewable material
and is an ideal candidate for biodegradable plastics in the
market. Blending biodegradable PLA with natural
rubber (NR)/epoxidized natural rubber (ENR) to obtain
the desired properties at a lower cost and
environmentally friendly would be seen as a potential
option. Both PLA and NR are made from naturally
occurring substances and may be processed using
standard polymer processing equipment. In contrast to
the ductile NR, the brittle thermoplastic PLA has high
strength and modulus. Blending PLA with NR is an
excellent because of the materials'
which

enhancement of PLA attributes like toughness and

option
complimentary properties, allow for the
elongation at the break without compromising its
biodegradability. It is expected that through the
introduction of a rubbery component in the blend
system, additional energy dissipation can be provided
Thus, this
supplementary energy dissipation improves toughness.

during the deformation process.
Natural rubber that has been epoxidized is a chemically
modified version of cis-1,4-polyisoprene. By introducing
epoxide groups into the polymer at various points, part
of the unsaturation is eliminated. It is useful in
processing since it helps make incompatible mixtures
work together. ENR-50's addition to rubber blends
enhances their ability to be processed, stiffness,
resilience, oil resistance, air permeability reduction,
superior damping, and wet grip performance [78]. It has
been found that higher levels of polarity in ENR lead to
greater compatibility with other polymers [51].

Rubber and plastic are combined to create
thermoplastic elastomer (TPE), which is rapidly
becoming the most lucrative segment of the polymer
industry [79]. The primary benefits of these materials are
the ease with which scrap and rejects may be recycled
using thermoplastic technology, which eliminates the
need for a factory or vulcanization. Impact strength and
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ductility are both enhanced by the rubber component in
rubber-modified thermoplastics. The combination of
thermoplastic with NR results in a material known as
thermoplastic natural rubber (TPNR). The processing
additives have a role in determining whether or not the
NR and thermoplastic pair are compatible. Impact
characteristics are affected by phase size, the cohesive
strength of the rubber phase, and adhesion between
phases, whereas dynamic mechanical properties are
dependent on mutual solubility.

TPNR combines the properties of hard and brittle
plastic, and soft rubber offers a wide variety of
applications where flexibility and softness are required.
Compared to rubber, the processing of TPNR could be
employed using conventional equipment such as
injection molding, compression molding, and blow
molding and extrusion process. A compatibilized blend
will exhibit a single T; between the two T, values of the
components, which may be used as an indicator of the
blend's degree of homogeneity [80-81]. When the Tj is
lower than the two-component T, values, the extra
component has a plasticizing effect. However, in NR-
polyolefin blends, NR glass transition temperatures are
lower(~ —67 °C) and polyolefin (~—-60°C) are close
together; separation is less than 10 °C, and as such the
movement of T, in the blends will not be very indicative
of the phase distribution [51].

Zhang et al. [82] investigated the mechanical
properties of PLA, and biodegradable polyamide elastomer
(PAE) blends to toughen the PLA. It was discovered that
PAE, and PLA blends acquired a fair level of compatibility
with one another. The tensile strength of the blend was
comparable to that of clean PLA at 10% PAE concentration,
but the elongation improved significantly [82].

Toughness was improved by the addition of other
materials when PLA was mixed with ethylene-propylene
copolymer, ethylene-acrylic rubber, acrylonitrile-
butadiene rubber (NBR), and isoprene rubber by Ishida et
al. According to the results of the Izod impact test, mixing
PLA and NBR may result in a toughening effect because
of the smaller particle size of the mixes. The morphology
analysis also confirmed that interfacial tension between
PLA phase and NBR was the lowest; hence according to
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them; rubber with high polarity is more suitable for PLA
toughening. NBR and isoprene rubber (IR), on the other
hand, were able to produce plastic deformation and
contribute to the material's high elongation capabilities
when subjected to tensile stress. They also theorized that
the rubber's inherent mobility plays a crucial role in the
energy dissipation process during breaking [56].

Super toughened by melt blending at 240 °C,
ternary blends of PLA, an epoxy-containing elastomer,
and a zinc ionomer are reported by Liu et al. to exhibit
intermediate strength and stiffness. It was shown that
zinc ions might hasten the cross-linking of an epoxy-
containing  elastomer  and  cause  reactive
compatibilization between PLA and the elastomer's
interface. It was hypothesized that the large boost in
notched impact strength at high blending was due to the
compatibilization effect [53].

PLA/natural rubber blend containing nucleating
agents such as cyclodextrin, talc and calcium carbonate
has been prepared by Suskut and Deeprasertkul [83] in
an effort to enhance the toughness. Talc and calcium
carbonate, but not cyclodextrin, were shown to boost the
PLA crystallinity in the PLA/NR blends. The use of
nucleating chemicals has greatly increased PLA's tensile
and impact toughness [83]. In order to counter PLA's
brittleness and poor crystallization, Bitinis et al. [84]
created an NR/PLA blends by mixing the two materials
together in a melt. By introducing 10 wt.% of NR, they
were able to increase the elongation at break from 5% for
plain PLA to 200%. The addition of NR was believed to
increase the rate of crystallization as well as the
crystallization ability of PLA [84].

Similar to Bitinis works, Jaratrotkamjorn et al. [85]
prepared a rubber-toughened PLA via extrusion melt
blending to investigate the effect of rubber polarity and
viscosity and molecular weight on the mechanical
properties of blends. In this study, they compared the
toughening effects of NR, epoxidized natural rubber
(ENR25 and ENR50), and natural rubber grafted with
poly(methyl methacrylate) (NR-g-PMMA), concluding
that NR had the greatest impact. Interestingly, they have
found that the viscosity and molecular weight of NR
decreased with increasing mastication, increasing the

Mohd Bijarimi et al.



1168

impact strength of PLA/NR blends. This work indicated
that the particle diameter was very important and
probably more important than the rubber polarity. As
such, the smaller particles of ENR and NR-g-PMMA were
ineffective in promoting toughness compared to NR [85].

A study by Kowalczyk and Piorkowska [86] revealed
that the immiscible blend of PLA/poly(1,4-cis-isoprene)
was successfully prepared by melt blending in the
Brabender batch mixer. The strain at the break of
compression-molded film during uniaxial drawing was
found to rise by as much as 80% when rubber at a weight
fraction of 5 wt.% was included [86].

Petchwattana et al. [87] investigated the use of
ultrafine acrylate particles as a toughening agent for PLA.
With the addition of 10% of acrylate rubber, the tensile
elongation at break increased from 3.5 to 200% or 50
times higher as compared to the neat PLA. Similar
improvement was also observed for impact strength,
where they recorded a fourfold improvement. The
remarkable improvement was revealed to be related to the
ultrafine acrylate rubber particle contribution in inducing
crazes. The degree of crystallinity was increased at only
5% of acrylate rubber [87].

Liu et al. [88] reported in another investigation that
PLA was toughened using a ternary blend of ethylene/n-
butyl acrylate/glycidyl methacrylate terpolymer elastomer
(EBA-GMA) and ethylene/methacrylate acid copolymer
(EMAA-Zn). In this reactive blending approach, they
that by
temperature, it favored the interfacial wetting and
increasing the crosslinking of the EBA-GMA rubber
phase and hence unfavorably enhanced its cavitation’s

noted increasing the reactive blending

resistance [88].
Bijarimi et al. explored the use of natural rubber to
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toughen the PLA via melt blending [3,28,89]. Using a
range of rubber concentrations, they discovered that
liquid natural rubber (LNR) and liquid epoxidized
natural rubber (LENR) successfully toughened the
brittle PLA. The summary of mechanical properties of
PLA/rubber or elastomer based are given in Table 3.

Toughening Mechanism

The ductile development of all solid polymers
belies their innate brittleness [90]. Combining stiff
particles that may debond before plastic flow with
rubbery particles that can cavitate. Massive crazing and
shear yielding are two toughening processes of polymers
that are well-recognized and understood. Commodities
plastics polystyrene
polypropylene toughened by the
incorporation of the rubber phase [91].

such as polyamides, and

have been
Understanding the toughening mechanism
associated with the polymer blend morphology in any
blend systems is imperative. There exist few literature
reports on the toughening mechanism of the toughened
PLA. Whitening of a tensile specimen's elongated region
has been linked to crazing development in certain
that
improvements may be linked to crazing formation [92].

investigations, suggesting toughening
Multiple craze production at the fracture tip area, with
elongated fibrils and voids constructing the crazes, was
shown by Todo et al. [93] in PLLA/PCL blends.
Furthermore, at the high tensile stress conditions
present in the crack tip area, elongated PCL spherulites
developed, giving rise to the stretched fibrils structure.
They have concluded that the damage formations were
the principal energy dissipation mechanisms for

improving fracture energy.

Table 3. Mechanical properties of PLA/rubber or elastomer based

Stress Elongation Modulus
Blend Component Composition atbreak (MPa)  at breik %) (GPa) Ref.
PLA/NR 90/10 40.10 200 2.00 [84]
PLA/NR 90/10 32.16 7.26 1.31 [85]
PLA/ENR25 90/10 19.30 2.31 1.38 [85]
PLA/ENR50 90/10 17.80 2.25 1.36 [85]
PLA/Acrylate rubber 90/10 48.98 198 2.00 [87]
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Void development due to inadequate interfacial
adhesion blending component was discovered to generate
cavitation inside the rubber particles and debonding
between the rubber particles and matrix in rubber-
toughened polymers. It was found that good adhesion
between components PLA/poly(1,4-cis-isoprene) was
obtained, hence cavitation occurred inside the rubber
particle. Accordingly, it was concluded that there were
three fundamental processes at work: first, the rubbery
particles induced crazing, and then cavitation inside the
rubber particles boosted the shear yielding of PLA [86].

In another study, the blend of PLA/ultrafine acrylate
induced a large number of crazes as the mechanism for
energy absorption. Microdamage, void, and craze
development, together with other fracture characteristics,
including pull-out and scission of polymer fibrils, were
proposed as the mechanisms responsible for energy
dissipation at the crack tip area. It was concluded that the
ultrafine acrylate rubber particles were dispersed and
adhered well with the PLA, and hence crazing mechanism
was responsible for major toughening [87].

It has also been found that crazing in PLA/EVA
blends causes the formation of craze fibrils, which leads to
significant dispersion along the tensile axis. However,
cavitation happens first during deformation, and then the
cavities and rubber particles stretch out. Some of the spaces
even had a fibrillar structure, which helps with bridging and
slows the voids from spreading. An essential part of the
rubber phase's ability to absorb energy is its fibrillation.
According to their findings, the PLA/EV A blend’s primary
toughening process is postulated to be internal rubber
cavitation in conjunction with the matrix yielding [69].

Many studies have recently been done on PLA
rubber/elastomer blends to change the characteristics of
PLA for numerous technical applications that need
demanding applications [9,15,27,94-99]. As for FDM 3D
printing, PLA and NR were mixed with increasing
toughness and investigated by Fekete et al. [100]. On the
other hand, Musa et al. [101] have recently analyzed the
potential of 3D fused deposition modeling employing
filaments made of PLA-based thermoplastic elastomer.
An understanding of the toughening mechanism that
governs the toughness of PLA is crucial.
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m PLA/PLASTICIZATION

In the plastics and rubber sectors, plasticizers such
as phthalates, benzoates, adipates, synthetic acid, and
mineral oils are the most prevalent additions. However,
it has always been challenging to determine which
plasticizer is best for a specific use. Cost-benefit analysis
is often used to determine which plasticizer is best for a
certain application. The primary function of a plasticizer
is to lower T,, melting temperature (Ty), and modulus
of a polymer without altering the chemical structure of
the polymer, hence increasing the plasticity and flow of
the polymer.

PEG plasticizers have been added to PLA-PEG
blends to improve the toughness of PLA. PLA-PEG
blends are more durable, flexible, and processable than
PLA alone. PEG plasticizers increase the amorphous
content and decrease the crystallinity of PLA, improving
its toughness. Furthermore, PEG plasticizers reduce the
viscosity of PLA in its molten state, increasing its
processability. Furthermore, the addition of PEG
to PLA
temperature, making the blends more stable over a wider

plasticizers raises the glass transition
temperature range. The composition and chemical
structure of PEG affects the characteristics in a major
way of PLA-PEG blends. In general, higher PEG content
and lower molecular weight PEGs improve toughness
and flexibility while lowering the melting temperature
and mechanical properties of the blends. In conclusion,
PLA-PEG blends are a promising alternative to PLA in a
variety of applications due to their increased toughness
and flexibility. The properties of the blends can be
altered by adjusting the PEG concentration and
chemical structure of the PEG. This section reviews the
usage of several types of plasticizers in an attempt to
minimize PLA brittleness and thereby boost toughness.

The brittleness of PLA is a fundamental drawback
to its usage in many applications. Therefore, plasticizers
must be added to lower the glass transition temperature
and increase toughness and processability, as commonly
used in plastic industries for glassy polymer. Commonly,
plasticizers being a non-volatile solvent and low molar
added to

improvement by acting as a spacer at the molecular level

mass the polymer for processability
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so that less energy is required to allow substantial rotation
about the C-C bonds, and thus Ty is lowered [102]. An
efficient plasticizer should reduce the glass transition
temperature of the amorphous domains; if the T, is near
or lower than the ambient temperature, flexibility is
achieved [103]. Therefore, a lot of attention is being given
to improving the toughness of PLA by adding plasticizers.

Murariu et al. [14] investigated the toughening of
PLA- Calcium sulfate anhydrite (CaSO,) -anhydrite II
composites utilizing bio-sourced tributyl citrate (TBC).
With as low as 10% plasticizer, plasticized composites
offer higher tensile and impact toughness. They found the
PLA-B-anhydrite II (AII)-10%TBC
consideration for future development demonstrated

sample under
fascinating properties such as tensile strength of 22-26
MPa, elongation at break of 160%, and high impact
resistance (5.6 kJ/m?®). Mechanical tests of composites
with higher TBC concentrations (15-20%) revealed
typical elastomeric behavior, despite plasticizer
migration, even after a short period of age [14].

Besides being eco-friendly and biocompatible, PLA
also has better thermal processability compared to other
biopolymers such as poly(hydroxyl alkanoates) (PHAs),
PEG, and PCL. Despite all the advantages, PLA is a very
brittle material with less than 10% elongation at break
[45,55]. This

introducing low molecular weight plasticizers such as

limitation has been overcome by
glycerol, sorbitol and triethyl citrate.

The plasticization of PLA can be extensively found
in the research literature. Plasticizers such as PEG, glucose
monoesters, triethyl citrate (TC), acetyl triethyl citrate
(ATC), fatty acid esters, oligomeric lactic acid and glycerol
were used to improve the flexibility of PLA [104-106].

Labrecque and co-workers [106] investigated citrate
esters plasticizer at 10, 20 and 30% by weight and found
reduced T, and improved elongation at break. Another
researcher claimed that the increase of triacetin and
tributyl citrate contents linearly reduces the glass
transition temperature of PLA. At 25% of plasticizer
content, miscibility with PLA was noted. Nevertheless,
when the samples were heated at 35, 50 and 80 °C, phase
separation was observed due to increased crystallinity
during heat treatment. Phase separation occurs in

Indones. J. Chem., 2023, 23 (4), 1161 - 1180

samples heated to 35, 50, and 80 °C, probably due to the
crystallization of the substance [107].

The addition of different plasticizers with low
molecular weights, like PEG and glycerol, has been
studied by Martin and Averous [105]. The lowest glass
temperature was achieved using PEG 400 plasticizer.
However, glycerol was shown to be the least effective. T,
variation and mechanical characteristics were used for
the analysis. Nevertheless, for the PLA melt-blended
with thermoplastic starch, two different T,s were
observed in the blends, indicating limited compatibility
[105].

Baiardo et al. investigated the acetyl tri-n-butyl
citrate (ATBC) and PEGs plasticization of PLLA. The
mechanical characteristics of plasticized PLA were
discovered to vary as the plasticizer concentration
increased; that is when the blend T, was brought closer
to room temperature, a gradual shift in the mechanical
properties of the system was seen. Even though the
tensile strength and modulus are both reduced, the
break [108].
Incorporating monomeric plasticizers such tributyl

elongation at rises dramatically
citrate and bishydroxymethyl malonate has led to a
reduction in PLA's T, Morphology stability and
enhanced flexibility were found in the oligomeric
plasticizer because of stronger polar interactions with
PLA and a larger molecular weight [107].

Pillin et al. [109] analyzed the thermal and
mechanical properties of PLA with PEG, poly(1,3-
butanediol) (PBOH), acetyl glycerol monolaurate
(AGM), and dibutyl sebacate (DBS) in an effort to
enhance the material’s mechanical properties for
packaging applications. All plasticizers were melt
blended with plasticizers at 10-30% w/w concentrations.
PEGs were shown to be the most effective plasticizer,
resulting in a change of the glass transition temperature
T, to a lower zone for all blends. But the modulus and
stress at break were both lower in the PLA/PEG blends,
principally because of the reduced cohesion induction,
which was mirrored in the low stress at break. On the
other hand, in this study, they have shown that the
PBOH, AGM and DBS exhibited mechanical properties
consistent with soft packaging applications [109].
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Calcium sulfate derived from lactic acid production
was blended with PLA and low molecular weight
plasticizers (bis(2-ethylhexyl) adipate, glyceryl triacetate,
and polymeric adipates) by Murariu et al. [110]. The
works aimed at reducing the brittle behaviour of PLA-
calcium sulfate composite. They have reported that
adding up to 10wt.%. of plasticizer increased the
composition's impact strength by a factor of four without
any modifier. Furthermore, the ternary blends were
observed to have better processing and good filler
dispersion [110].

Similarly to polyolefins and other thermoplastics,
PLA can be treated, albeit its thermal stability may be
improved [111-112]. Plasticizers are required to enhance
the elongation and impact characteristics of PLA
polymers, which are otherwise rigid and brittle. The
processability of polymers is often enhanced by adding
plasticizers such as partial fatty acid esters, glycerol esters,
citrates, citrate oligoesters, and dicarboxylic esters [104].
Resistance to volatility, diffusion, extraction, and/or
weathering, larger molecular weight plasticizers like PEG
and poly(propylene glycol) and polyester plasticizers have
also been studied for PLA plasticization [113-114].

Okammoto et al. [115] investigated the effect of
molecular structures of polyester-diols (PED) such as
poly(ethylene adipate) (PEA), poly(diethylene adipate)
(PDEA) and poly(hexamethylene) (PHA) on miscibility,
mechanical and thermal properties of plasticized PLA. In
this work, they prepared various compositions of
PLA/PED through melt blending and solvent casting. It
was found that the blends of 80PLA/20PEA and
80PLA/20PDEA are miscible blends but only partially
miscible for the 80PLA/20PHA blend. The Ilarge
configurationally entropy caused by the chain flexibility
of PDEA with the ether bond is responsible for the good
miscibility between PLA/PDEA [115].

With the goal of creating biodegradable packaging
made from PLA, Lemmouchi et al. [116] plasticized the
PLA with blends of tributyl citrate (TBC) and low
molecular (PLA-b-PEG) copolymers via a melt blending.
In this study, the copolymer has been synthesized using
potassium-based catalyst. The thermal and mechanical
properties were investigated as a function of blend
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composition and copolymer structure/topology. They
have found that for compositions containing 80 wt.%.
PLA and 20 wt.%. Blend of plasticizers showed a T,
below 30 °C, high nominal strain at break and tensile
strength. It was also found that this TBC and PLA-b-
PEG blend has increased the impact strength of neat
PLA. In terms of biodegradation, the test conducted in
compost conditions showed that this plasticizer
enhanced the degradation of PLA matrix [116].

Using a solvent casting method, Hughes et al.
investigated the efficacy of methylene
chloride/acetonitrile mixed solvent solutions with 10%
plasticizer in increasing the flexibility of PLA films. In
this approach, the compound with a solvent ratio of 70%
methylene chloride and 30% acetonitrile was found to
have less crystallinity and the highest flexibility, i.e., at
49.36% elongation. In addition, this compound had the
same thermal behavior as the more crystalline films
[117].

Hassouna et al. [118] introduced a novel technique
for plasticizing PLA. Here, we use a co-rotating
intermeshing twin-screw extruder to combine
anhydride-grafted PLA (MAG-PLA) copolymer with
PEG at 181 °C and 80 rpm. Melt blending compatibility
between PLA and PEG was enhanced by grafting a small
amount of PEG onto the anhydride-functionalized PLA
chains. It was found that the molecular weight did not
drop dramatically as a result of this melt blending and
extrusion process. Furthermore, the glass transition
temperature decreased as compared to the blends
without grafting i.e., neat PLA blended with PEG. They
have also concluded the addition of MAG-PLA did not
significantly influence the behavior of this blend [118].

Another study by Bijarimi et al. [4] showed that
PEG has the ability to strengthen PLA. It took 15 min to
melt the blend PEG/PLA in an internal mixer heated to
180 °C with the speed set at 50 rpm. The blends were
tested to determine their mechanical, thermal, and
morphological characteristics. When PEG was added to
the PLA matrix at concentrations between 2.5 and 10%,
the tensile and flexural strength, stiffness, and notched
Izod impact strength all reduced dramatically. As the
PEG concentration increased, the glass transition and
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melting temperatures (T, and Tn) fell. In addition, the
PLA/PEG mixes exhibited lower initial and peak
degradation temperatures but greater final degradation
than PLA
investigation revealed that the PEG was disseminated as

temperatures alone.  Morphological
droplets in the PLA matrix, with a clear demarcation
between the PLA matrix and PEG phases [4].

Kim et al. explored plasticizing effect in poly(vinyl
alcohol) blown film (butylene adipate-co-terephthalate).
PLA/poly(butylene (PBAT)

mechanical characteristics and tear resistance were tested

adipate-co-terephthalate

utilizing a blown film extrusion technique. Extreme
brittleness, poor stiffness, and incompatibility restrict the
utilization of PLA and PBAT packaging. Adipate, adipic
acid, glycerol ester, and adipic acid ester were investigated
for their effects on PLA plasticization and PLA/PBAT
blown film manufacturing. Adipic acid ester improves
PLA's flexibility and compatibility with PBAT. Plasticizer
enhanced PLA matrix chain mobility. The plasticized
PLA domain's adherence to the PBAT matrix was also
improved. Plasticized PLA/PBAT blown film enhanced
tear resistance in the machine direction from 4.63 to
8.67 N mm " and in the transverse direction from 13.19 to
16.16 N mm™ [119].

The of biodegradable
PLA/starch blends using epoxidized palm oil as a

increased  flexibility

plasticizer was examined by Awale et al. [120], epoxidized
palm oil (EPO) increased the PLA/PSt combination's
flexibility. PLA/starch/EPO (PSE) combinations with a
constant percentage of starch and a variable quantity of
EPO were created via solution casting. EPO increases
chain mobility by lowering the glass transition, melting,
and crystallization temperatures of PSt. According to
TGA, PSE is more heat-resistant than PSt. Mechanical
testing showed that EPO at all concentrations enhanced
impact strength and elongation-at-break.  They
demonstrated the greater adaptability of PLA-EPO
combinations [120].

Ghari and Nazockdast [17]
morphological and  mechanical properties  of
PLA/plasticized thermoplastic starches (TPS) blends and
PLA/TPS+EVA  blends. PLA  with
thermoplastic starch was studied for its potential

compared the

Combining
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toughening effects. Similar studies were undertaken on
molten ternary mixtures of PLA, dynamically cross-
linked TPS, and EVA. In a viscoelastic melt study, citric
acid (CA) reduced TPS viscosity and flexibility. They
hypothesized that a dynamically cross-linked EVA
produced the dispersed phase percolated network. Due
to their unique construction, ternary blends are far more
robust than binary blends [17].

Gzyra-Jagiela et al. [121] studied PLA modification
through high-molecular compounds such as ethoxylated
lauryl alcohol, ethylene oxide, and propylene oxide
block copolymers combined with low-molecular
substances such as di-2-ethylhexyl adipate, di-2-
ethylhexyl sebacate, and triethyl citrate. Depending on
the plasticizer employed, all of the adjusted samples
showed lower glass transition temperatures than the
untreated polymer. The most successful treatments were
di-2-ethylhexyl adipate (ADO) and di-2-ethylhexyl
sebacate (SDO). The elongation at the fracture site
increased significantly with ADO, reaching around 21%.
Despite having a higher glass temperature, SDO
achieved the largest elongation (approximately 35%)
[121].

Several factors, including nucleating agents,
plasticizers, and molding conditions, were studied by
Tabi et al. to see how they affected the qualities of
injection-molded PLA products. Results showed that
PLA treated with nucleating agents outperformed ABS
in terms of heat deflection temperature, tensile strength,
and Young's modulus. Even after being annealed or
subjected to simultaneous nucleation and plasticization,
the PLA compounds' elongation at break was much
lower than ABS's. However, the brittleness of PLA was
not alleviated by using plasticizers, nucleating agents, or
varying the mold temperature. There was nevertheless a
significant drop in PLA's elongation at break, which
hovered between 1.7 and 2.5% throughout their studies
[122]. A summary of the mechanical properties of
plasticized PLA found in the literatures are given in
Table 4.

In the realm of plastics manufacture, PLA blends
are commonly utilized as a safe and environmentally
acceptable alternative to standard synthetic polymers.
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Table 4. Mechanical properties of plasticized PLA
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Weight

Stress

Elongation

Modulus

Blend component % at break (MPa)  at break (%) (GPa) Ref.
PLA/PEG200 10 30.0 2.00 1.70 [109]
PLA/PEG400 10 - 26.0 1.49 [105]
PLA/PEG400 20 - 160 0.98 [105]
PLA/PEG400 10 39.0 2.40 1.92 [109]
PLA/PEG400 20 16.0 21.2 0.63 [109]
PLA/PEGI1000 10 39.6 2.70 1.97 [109]
PLA/PEG1000 20 21.6 200 0.29 [109]
PLA/Oligomeric lactic acid 10 - 32.0 1.49 [105]
PLA/Oligomeric lactic acid 20 - 200 0.74 [105]
PLA/PEA 20 24.8 8.15 0.37 [115]
PLA/PBA 20 42.6 4.28 0.67 [115]
PLA/PHA 20 36.8 0.19 0.71 [115]
PLA/PDEA 20 17.7 7.05 0.26 [115]
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The addition of plasticizers or low-molecular-weight
polymers, both of which are polymers, can enhance the
physical properties of PLA, such as its flexibility, tenacity,
and heat stability. Glycerol is the most common type of
plasticizer used in PLA, and it gives PLA a greater degree
of flexibility. The inclusion of low-molecular-weight
polymers, such as polyethylene glycol and polyvinyl
alcohol, can increase the heat stability and brittleness of
PLA. Additionally, the brittleness of PLA can be
diminished. In addition, PLA blends containing these
additives have the potential to improve the material's
overall processability. In general, combining PLA with
plasticizers or low molecular weight polymers can
enhance the material's physical qualities, making it
suitable for a broader range of applications. In addition,
these mixes are harmless to humans and environmentally
friendly, making them a good choice for a range of
industries.

m FUTURE OUTLOOK OF PLA

The immense potential uses of biodegradable
polymers provide new avenues for lessening reliance on
petroleum-based polymers. Despite the rise of PLA-based
goods, there remains a poor view of product performance
when compared to traditional plastics. Furthermore, the
high cost of biobased polymers is a factor leading to
inefficiency in the industrial sectors.

Despite significant drawbacks in characteristics,
particularly brittleness and limited elongation, the
future prospect for PLA is highly promising. It is not
surprising, however, that much research is being
conducted in an attempt to make PLA more suited for a
wide variety of applications via property change. As
previously discussed, mixing with other polymers and
plasticization might address the intrinsic brittleness
issue. However, greater efforts must be made to design a
material with balanced stiffness and toughness qualities.
All attempts so far have shown considerable promise,
indicating that the future of PLA-based materials as a
possible alternative for replacing commodity plastics is
unquestionably bright. With updated technology in
polymer processing, such as 3D and 4D printing, it is
envisaged that PLA processing would be as efficient as
processing mature commodities' plastics. As such, it
serves as a catalyst for the commercialization of
biodegradable polymers, especially for items with short
life cycles and single-use applications.

m CONCLUSION

PLA is utilized for a wide number of tasks across
many different industries, including the packaging
industry, engineering, and medicine. PLA is undergoing
research and development to improve its toughness,
property modification, and plasticizing capabilities,
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which bode well for the material's future. Research has
been focused on finding ways to make PLA materials
more durable. One such method involves adding a very
small amount of a compound similar to rubber that is
compatible with PLA. This component, similar to rubber,
is referred to as a rubber modifier, and it works to improve
the tenacity of PLA. Modifications to the properties of
PLA, such as the inclusion of UV stabilizers and
antioxidants, are being investigated in other research with
the intention of making the material more weatherproof
and resistant to the effects of ultraviolet light. Plasticizing
PLA is another option for those interested in increasing
the material's flexibility. In order to produce plasticization
in PLA, a low molecular weight plasticizer is added to the
PLA. Because of this, the material becomes less rigid while
simultaneously increasing its softness and flexibility.
Plasticized PLA is frequently used in medical applications
such as implants and prostheses. Examples of these uses
include: In addition, PLA can be utilized in a wide variety
of engineering applications. It is possible to generate
prototypes as well as final things through the use of 3D
printing. Both the construction and car industries use
many components, such as interior panels and gaskets.

In conclusion, it is no doubt that PLA has a positive
outlook. Through continued research and development,
PLA can be improved to the point that it can meet the
requirements of a variety of different applications.
Because of its toughness, property modification
capabilities, plasticizing capabilities, and engineering
applications, this biodegradable thermoplastic material
has a promising future.

m ACKNOWLEDGMENTS

The authors wish to acknowledge the Universiti
Malaysia Pahang (UMP) for the financial assistance
provided under the internal research grant RDU 223022
and FRGS/1/2019/TK05/UMP/02/1.

m REFERENCES

[1] Trinh, B.M., Tadele, D.T., and Mekonnen, T.H.,
2022, Robust and high barrier thermoplastic starch -
PLA blend films using starch-graft-poly(lactic acid) as
a compatibilizer, Mater. Adv., 3 (15), 6208-6221.

Indones. J. Chem., 2023, 23 (4), 1161 - 1180

[2] Moshiul Alam, A.K.M., Beg, M.D.H., Yunus, R.M,,
Bijarimi, M., Mina, M.F., Maria, K.H,, and Mieno,
T., 2018, Modification of structure and properties
of well-dispersed dendrimer coated multi-walled
carbon nanotube reinforced polyester
nanocomposites, Polym. Test., 68, 116-125.

[3] Bijarimi, M., Ahmad, S., and Moshiul Alam,
A.K.M., 2017, Toughening effect of liquid natural
rubber on the morphology and thermo-mechanical
properties of the poly(lactic acid) ternary blend,
Polym. Bull., 74 (8), 3301-3317.

[4] Bijarimi, M., Ahmad, S., Rasid, R., Khushairi, M.A.,,
and Zakir, M., 2016, Poly(lactic acid)/poly(ethylene
glycol)  blends:
morphological properties, AIP Conf. Proc., 1727,
020002.

[5] Fu, Y., Liu, L., Zhang, J., and Hiscox, W.C., 2014,

Functionalized graphenes with polymer toughener

Mechanical, thermal and

as novel interface modifier for property-tailored
polylactic acid/graphene nanocomposites, Polymer,
55 (24), 6381-6389.

[6] Hafidzah, F., Bijarimi, M., Alhadadi, W., Salleh, S.,
Norazmi, M., and Normaya, E., 2020, Statistical
study on the interaction factors of polypropylene-
graft-maleic anhydride (PP-g-MA) with graphene

(GNP) at
acid)/polypropylene  (PLA/PP)
Indones. J. Chem., 21 (1), 234-242.

[7] Bijarimi, M., Syuhada, A., Zulaini, N., Shahadah,
N., Alhadadi, W., Ahmad, M.N., Ramli, A., and
Normaya, E., 2020, Poly(lactic acid)/acrylonitrile

nanoplatelet various  poly(lactic

blends ratio,

butadiene styrene nanocomposites with hybrid

graphene  nanoplatelet/organomontmorillonite:
Effect of processing temperatures, Int. Polym.
Process., 35 (4), 355-366.

[8] Bijarimi, M., Shahadah, N., Ramli, A., Nurdin, S.,
Alhadadi, W., Muzakkar, M.Z., and Jaafar, J., 2020,
Poly(lactic acid) (PLA)/acrylonitrile butadiene
styrene (ABS) with graphene nanoplatelet (GNP)
nanocomposites, Indones. J. Chem., 20 (2), 276-281.

[9] Harris, M., Mohsin, H., Potgieter, J., Ishfaq, K,
Archer, R., Chen, Q., De Silva, K., Guen, M.].L.,
Wilson, R., and Arif, KM, 2022, Partial

Mohd Bijarimi et al.



Indones. J. Chem., 2023, 23 (4), 1161 - 1180

biodegradable blend with high stability against
biodegradation for fused deposition modeling,
Polymers, 14 (8), 1541.

[10] Bijarimi, M., Abdulsalam, Y., Norazmi, M.,
Normaya, E., Alhadadi, W., and Desa, M.S.Z., 2023,
Preparation and characterization of poly(lactic
acid)/linear low density polyethylene/recycled tire
waste/graphene nanocomposites, Mater. Today:
Proc., In Press, Corrected Proof.

[11] Grijpma, D.W., Altpeter, H., Bevis, M.]., and Feijen,
J., 2002, Improvement of the mechanical properties
of poly(D,L-lactide) by orientation, Polym. Int., 51
(10), 845-851.

[12] Jansen, J., Koopmans, S.A., Los, L.I., van der Worp,
RJ., Podt, J.G., Hooymans, ].M.M., Feijen, J., and
Grijpma, D.W., 2011, Intraocular degradation
behavior of crosslinked and linear poly(trimethylene
carbonate) and poly(D,L-lactic acid), Biomaterials,
32 (22), 4994-5002.

[13] Mark, J.E., 1999, Polymer Data Handbook, Oxford
University Press, New York, US.

[14] Murariu, M., Paint, Y., Murariu, O., Laoutid, F., and
Dubois, P., 2022,
preservation of the properties of PLA composites

Tailoring and long-term
with "green" plasticizers, Polymers, 14 (22), 4836.

[15] Murariu, M., Arzoumanian, T., Paint, Y., Murariu,
O., Raquez, J.M., and Dubois, P., 2022, Engineered
polylactide (PLA)-polyamide (PA) blends for
durable applications: 1. PLA with high crystallization
ability to tune up the properties of PLA/PA12 blends,
Eur. J. Mater., 1-36.

[16] Vink, E.T.H., Rabago, K.R., Glassner, D.A., Springs,
B., O'Connor, R.P., Kolstad, J., and Gruber, P.R,,
2004, The sustainability of NatureWorks™ polylactide
polymers and Ingeo™ polylactide fibers: An update of
the future, Macromol. Biosci., 4 (6), 551-564.

[17] Ghari, H.S., and Nazockdast, H., 2022, Morphology
development and mechanical properties of
PLA/differently plasticized starch (TPS) binary
blends in comparison with PLA/dynamically

crosslinked “TPS+EVA” ternary blends, Polymer,

245, 124729.

1175

[18] Nofar, M., Mohammadi, M., and Carreau, P.J,,
2021, Super enhancement of rheological properties
of amorphous PLA through generation of a fiberlike
oriented crystal network, J. Rheol., 65 (4), 493-505.

[19] Ranakoti, L., Gangil, B., Mishra, S.K., Singh, T,
Sharma, S., Ilyas, R.A., and El-Khatib, S., 2022,
Critical review on polylactic acid: Properties,
structure,  processing,  biocomposites, and
nanocomposites, Materials, 15 (12), 4312.

[20] Zhao, X., Hu, H., Wang, X., Yu, X., Zhou, W., and
Peng, S., 2020, Super tough poly(lactic acid) blends:
A comprehensive review, RSC Adv., 10 (22), 13316-
13368.

[21] Abdelrazek, S.G., Abou Taleb, E.M.A., Mahmoud,
AS., and Hamouda, T., 2022, Utilization of
polylactic acid (PLA) in textile food packaging: A
review, Egypt. J. Chem., 65 (3), 725-738.

[22] Lunt, J., 1998, Large-scale production, properties
and commercial applications of polylactic acid
polymers, Polym. Degrad. Stab., 59 (1-3), 145-152.

[23] Gupta, A.P., and Kumar, V., 2007, New emerging
trends in synthetic biodegradable polymers -
Polylactide: A critique, Eur. Polym. ]., 43 (10),
4053-4074.

[24] Sinha Ray, S., Yamada, K., Okamoto, M., and Ueda,
K., 2002,
nanocomposites. 2. Concurrent improvements of

New polylactide-layered silicate
material properties, biodegradability and melt
rheology, Polymer, 44 (3), 857-866.

[25] Toyota-Boshoku, 2013, Novel bio-based plastic with
top-level impact strength, Toyota Central R&D
Labs.,
boshoku.com/asia/news/release/detail.php?id=195
4.

[26] Utracki, L.A., 2002, Compatibilization of polymer
blends, Can. J. Chem. Eng., 80 (6), 1008-1016.

[27] Mukherji, D., de Oliveira, T.E., Ruscher, C., and
Rottler, J., 2022, Thermodynamics, morphology,
mechanics, and thermal transport of PMMA-PLA
blends, Phys. Rev. Mater., 6 (2), 025606.

[28] Bijarimi, M., Ahmad, S., and Rasid, R., 2014,
Mechanical, thermal and morphological properties

Inc., https://www.toyota-

Mohd Bijarimi et al.



1176

of poly(lactic acid)/epoxidized natural rubber blends,
J. Elastomers Plast., 46 (4), 338-354.

[29] Bijarimi, M., Ahmad, S., and Rasid, R., 2013,
Mechanical, thermal and morphological properties
of poly(lactic acid)/natural rubber nanocomposites,
J. Reinf. Plast. Compos., 32 (21), 1656-1667.

[30] Reddy, N., Nama, D., and Yang, Y., 2008, Polylactic
acid/polypropylene polyblend fibers for better
resistance to degradation, Polym. Degrad. Stab., 93
(1), 233-241.

[31] Kanzawa, T., and Tokumitsu, K., 2009, A study for
graft-reaction of PEG onto PLA chains by reactive
processing, J. Soc. Mater. Sci., Jpn., 21 (8), 469-473.

[32] Sun, R,, Du, J,, Pan, G.F.,, Zhang, S., Zhang, Z.P., and
Xiong, C.D., 2004, Development and in vitro
characterization ~ of =~ PDLLA/I>-TCP/PLA-PEG
composite scaffolds, World
Biomaterials Congress, 17-21 May 2004, Sydney
Convention & Exhibition Centre, Darling Harbour,
Sydney, Australia, 869.

[33] Brown, C.D., Tae, G., Stayton, P.S., and Hoffman,
A.S., 2004, Controlled delivery of growth factors
from PEG/PLA degradable matrices and heparin-
PEG affinity hydrogels, Transactions, 7" World
Biomaterials Congress, 17-21 May 2004, Sydney
Convention & Exhibition Centre, Darling Harbour,

Transactions, 7™

Sydney, Australia, 186.

[34] Ren, J., Hong, H., Ren, T., and Teng, X., 2006,
Preparation and characterization of magnetic PLA-
PEG composite nanoparticles for drug targeting,
React. Funct. Polym., 66 (9), 944-951.

[35] Ren, J., Hong, H.Y., Ren, T.B., and Teng, X.R., 2005,
Preparation and characterization of magnetic PLA-
PEG composite particles, Mater. Lett., 59 (21), 2655-
2658.

[36] Zhang, H., Xia, H., Wang, J., and Li, Y., 2009, High
intensity focused ultrasound-responsive release
behavior of PLA-b-PEG copolymer micelles, J.
Controlled Release, 139 (1), 31-39.

[37] Vila, A., Gill, H., McCallion, O., and Alonso, M.].,
2004, Transport of PLA-PEG particles across the
nasal mucosa: Effect of particle size and PEG coating
density, J. Controlled Release, 98 (2), 231-244.

Indones. J. Chem., 2023, 23 (4), 1161 - 1180

[38] Sasatsu, M., Onishi, H., and Machida, Y., 2005,
Preparation of a PLA-PEG block copolymer using a
PLA derivative with a formyl terminal group and its
application to nanoparticulate formulation, Int. J.
Pharm., 294 (1-2), 233-245.

[39] He, G., Ma, L.L., Pan, J., and Venkatraman, S., 2007,
ABA and BAB type triblock copolymers of PEG and
PLA: A comparative study of drug release
properties and "stealth” particle characteristics, Int.
J. Pharm., 334 (1-2), 48-55.

[40] Govender, T., Riley, T., Ehtezazi, T., Garnett, M.C.,
Stolnik, S., Illum, L., and Davis, S.S., 2000, Defining
the drug incorporation properties of PLA-PEG
nanoparticles, Int. J. Pharm., 199 (1), 95-110.

[41] Heald, C.R., Stolnik, S., De Matteis, C., Garnett,
M.C., lllum, L., Davis, S.S., and Leermakers, F.A.M.,
2003, of poly(lactic acid):
Poly(ethyleneoxide) (PLA:PEG) nanoparticles using

Characterisation

the self-consistent theory modelling approach,
Colloids Surf., A, 212 (1), 57-64.

[42] Heald, C.R,, Stolnik, S., De Matteis, C., Garnett,
M.C., Illum, L., Davis, S.S., and Leermakers, F.A.M.,
2001, Self-consistent field modelling of poly(lactic
acid)-poly(ethylene glycol) particles, Colloids Surf.,
A, 179 (1), 79-91.

[43] Zhang, L., Xiong, C., and Deng, X. 1995,
Biodegradable polyester blends for biomedical
application, J. Appl. Polym. Sci., 56 (1), 103-112.

[44] Chen, C.C., Chueh, ].Y., Tseng, H., Huang, H.M.,

S.Y., 2003,
characterization of biodegradable PLA polymeric
blends, Biomaterials, 24 (7), 1167-1173.

[45] Rasal, R.M., Janorkar, A.V., and Hirt, D.E., 2010,
Poly(lactic acid) modifications, Prog. Polym. Sci., 35
(3), 338-356.

[46] Tullo, A.H., 2002, Breaking the bank with new
polymers, Chem Eng. News, 80 (20), 13-19.

[47] Hiljanen-Vainio, M., Varpomaa, P., Seppild, J., and
Tormala, P., 1996, Modification of poly-(L-lactides)
by blending: Mechanical and hydrolytic behavior,
Macromol. Chem. Phys., 197 (4), 1503-1523.

[48] Ismail, H.,
Thermoplastic

and Lee, Preparation  and

2002,
based on

and Suryadiansyah, S,
elastomers

Mohd Bijarimi et al.



Indones. J. Chem., 2023, 23 (4), 1161 - 1180

polypropylene/natural rubber and polypropylene/
recycle rubber blends, Polym. Test., 21 (4), 389-395.

[49] Asaletha, R., Kumaran, M.G., and Thomas, S., 1999,
Thermoplastic elastomers from blends of polystyrene
and natural rubber: Morphology and mechanical
properties, Eur. Polym. ]., 35 (2), 253-271.

[50] Pospisil, J., Horak, Z., Kruli§, Z., Nespurek, S., and
Kuroda, S.I., 1999, Degradation and aging of polymer
blends I. Thermomechanical and thermal degradation,
Polym. Degrad. Stab., 65 (3), 405-414.

[51] Ibrahim, A., and Dahlan, M., 1998, Thermoplastic
natural rubber blends, Prog. Polym. Sci., 23 (4), 665-
706.

[52] Jing, F., and Hillmyer, M.A., 2008, A bifunctional
monomer derived from lactide for toughening
polylactide, J. Am. Chem. Soc., 130 (42), 13826-13827.

[53] Liu, H., Chen, F., Liu, B., Estep, G., and Zhang, J.,
2010, Super toughened poly(lactic acid) ternary
blends by simultaneous dynamic vulcanization and
interfacial compatibilization, Macromolecules, 43
(14), 6058-6066.

[54] Anderson, K.S., Lim, S.H., and Hillmyer, M.A., 2003,
Toughening of polylactide by melt blending with
linear low-density polyethylene, J. Appl. Polym. Sci.,
89 (14), 3757-3768.

[55] Rasal, R.M., and Hirt, D.E., 2009, Toughness
decrease of PLA-PHBHHXx blend films upon surface-
confined photopolymerization, J. Biomed. Mater.
Res., Part A, 88 (4), 1079-1086.

[56] Ishida, S., Nagasaki, R., Chino, K., Dong, T., and
Inoue, Y., 2009, Toughening of poly(L-lactide) by
melt blending with rubbers, J. Appl. Polym. Sci., 113
(1), 558-566.

[57] Okamoto, H., Nakano, M., and Usuki, A., 2006,
“Toughening of polylactide by melt blending with
natural rubber(2)-effect of PLA crystallization” in
Polymer Preprints, Japan, Vol. 55, Society of Polymer
Science, Japan, 2256.

[58] Su, S.I, Jin, L.Q., Gu, Y.A, and Yang, B., 2008,
Toughening PLA with E-MA-GMA, Polym. Mater.
Sci. Eng., 24 (4), 53-57.

[59] Schreck, K.M., and Hillmyer, M.A., 2007, Block
copolymers and melt blends of polylactide with

1177

Nodax™ microbial polyesters: Preparation and
mechanical properties, J. Biotechnol., 132 (3), 287-
295.

[60] Balakrishnan, H., Hassan, A., Wahit, M.U., Yussuf,
A.A., and Abdul Razak, S.B., 2010, Novel toughened
polylactic acid nanocomposite: Mechanical,
thermal and morphological properties, Mater. Des.,
31 (7), 3289-3298.

[61] Balakrishnan, H., Hassan, A., and Wahit, M.U,,
2010, Mechanical, thermal, and morphological
properties of polylactic acid/linear low density
polyethylene blends, J. Elastomers Plast., 42 (3),
223-239.

[62] Balakrishnan, H., Hassan, A., Imran, M., and
Wahit, M.U., 2012, Toughening of polylactic acid
nanocomposites: A short review, Polym.-Plast.
Technol. Eng., 51 (2), 175-192.

[63] Jiang, L., Wolcott, M.P., and Zhang, J., 2005, Study
of biodegradable polylactide/poly(butylene adipate-
co-terephthalate) blends, Biomacromolecules, 7 (1),
199-207.

[64] Li, Y., and Shimizu, H., 2009, Improvement in
toughness of poly(L-lactide) (PLLA) through
reactive blending with acrylonitrile-butadiene-
styrene copolymer (ABS): Morphology and
properties, Eur. Polym. ]., 45 (3), 738-746.

[65] McDonald, P.F., Geever, L.M., Lyons, J.G., and
Higginbotham, C.L., 2010, Physical and mechanical
properties of blends based on poly (DL-lactide),
poly poly  (e-
caprolactone), Polym.-Plast. Technol. Eng., 49 (7),
678-687.

[66] Odent, ]., Raquez, ].M., Duquesne, E., and Dubois,
P., 2012, Random aliphatic copolyesters as new

(L-lactide-glycolide)  and

biodegradable impact modifiers for polylactide
materials, Eur. Polym. J., 48 (2), 331-340.

[67] Theryo, G., Jing, F., Pitet, L.M., and Hillmyer, M.A.,
2010, Tough polylactide graft
Macromolecules, 43 (18), 7394-7397.

[68] Hashima, K., Nishitsuji, S., and Inoue, T., 2010,
Structure-properties of super-tough PLA alloy with

copolymers,

excellent heat resistance, Polymer, 51 (17), 3934-
3939.

Mohd Bijarimi et al.



1178

[69] Ma, P., Hristova-Bogaerds, D.G., Goossens, J.G.P.,
Spoelstra, A.B., Zhang, Y., and Lemstra, P.J., 2012,
Toughening of poly(lactic acid) by ethylene-co-vinyl
acetate copolymer with different vinyl acetate
contents, Eur. Polym. ]., 48 (1), 146-154.

[70] Anderson, K.S., Schreck, K.M., and Hillmyer, M.A.,
2008, Toughening polylactide, Polym. Rev., 48 (1),
85-108.

[71] Liu, H., and Zhang, J., 2011, Research progress in
toughening modification of poly(lactic acid), J.
Polym. Sci., Part B: Polym. Phys., 49 (15), 1051-1083.

[72] Xu, K., Yan, C., Du, C., Xu, Y., Li, B,, and Liu, L,
2023, Preparation and mechanism of toughened and

bio-based
composites, Polymers, 15 (2), 300.

[73] Trivedi, A.K., Gupta, M., and Singh, H., 2023, PLA
based biocomposites for sustainable products: A

flame-retardant polylactic  acid

review, Adv. Ind. Eng. Polym. Res., In Press,
Corrected Proof.

[74] Ramezani Dana, H., and Ebrahimi, F., 2023,
Synthesis, properties, and applications of polylactic
acid-based polymers, Polym. Eng. Sci., 63 (1), 22-43.

[75] Li, X, Lin, Y., Liu, M., Meng, L., and Li, C,, 2023, A
review of research and application of polylactic acid
composites, J. Appl. Polym. Sci., 140 (7), €53477.

[76] Bikiaris, N.D., Koumentakou, I., Samiotaki, C,,
Meimaroglou, D., Varytimidou, D., Karatza, A,
Kalantzis, Z., Roussou, M., Bikiaris, R.D., and
Papageorgiou, G.Z., 2023, Recent advances in the

acid) (PLA)

Incorporation ~ of  various

investigation ~ of  poly(lactic
nanocomposites:
nanofillers and their properties and applications,
Polymers, 15 (5), 1196.

[77] Aliotta, L., Gigante, V., Geerinck, R., Coltelli, M.B.,
and Lazzeri, A., 2023, Micromechanical analysis and

acid)

binary blends,

fracture = mechanics of  poly(lactic

(PLA)/polycaprolactone  (PCL)
Polym. Test., 121, 107984.

[78] Baker, C.S.L., Gelling, L.R., and Newell, R., 1985,
Epoxidized natural rubber, Rubber Chem. Technol.,
58 (1), 67-85.

[79] Carreau, P.J., Bousmina, M., and Ajji, A., 1993,

“Rheological Properties of Blends: Facts and

Indones. J. Chem., 2023, 23 (4), 1161 - 1180

Challenges” in Progress in Pacific Polymer Science 3,
Springer, Berlin Heidelberg.

[80] Aubin, M., and PrudHomme, R.E., 1988, T,-
Composition analysis of miscible polymer blends,
Polym. Eng. Sci., 28 (21), 1355-1361.

[81] Campbell, J.A., Goodwin, A.A., Mercer, FW., and
Reddy, V., 1997, Studies on a miscible polyimide
blend, High Perform. Polym., 9 (3), 263-279.

[82] Zhang, W., Chen, L., and Zhang, Y., 2009,
Surprising shape-memory effect of polylactide
resulted from toughening by polyamide elastomer,
Polymer, 50 (5), 1311-1315.

[83] Suksut, B., and Deeprasertkul, C., 2011, Effect of
nucleating agents on physical properties of
poly(lactic acid) and its blend with natural rubber,
J. Polym. Environ., 19 (1), 288-296.

[84] Bitinis, N., Verdejo, R., Cassagnau, P., and Lopez-
Manchado, M.A., 2011, Structure and properties of
polylactide/natural rubber blends, Mater. Chem.
Phys., 129 (3), 823-831.

[85] Jaratrotkamjorn, R, C., and

Tanrattanakul, V., 2011, Toughness enhancement

Khaokong,

of poly(lactic acid) by melt blending with natural
rubber, J. Appl. Polym. Sci., 124 (6), 5027-5036.
[86] Kowalczyk, M., 2012,
Mechanisms  of deformation  in
biodegradable  polylactide/poly(1,4-cis-isoprene)
blends, J. Appl. Polym. Sci., 124 (6), 4579-4589.
[87] Petchwattana, N.,
Euapanthasate, N., 2012, Utilization of ultrafine

and Piorkowska, E.,
plastic

Covavisaruch, S., and

acrylate rubber particles as a toughening agent for
poly(lactic acid), Mater. Sci. Eng., A, 532, 64-70.

[88] Liu, H., Guo, L., Guo, X., and Zhang, J., 2012,
Effects of reactive blending temperature on impact
toughness of poly(lactic acid) ternary blends,
Polymer, 53 (2), 272-276.

[89] Bijarimi, M., Ahmad, S., and Rasid, R., 2014, Melt
blends of poly (lactic acid)/natural rubber and
liquid epoxidised natural rubber, J. Rubber Res., 17
(2), 57-68.

[90] Argon, A.S., and Cohen, R.E., 2003, Toughenability
of polymers, Polymer, 44 (19), 6013-6032.

[91] Borggreve, R.J.M., Gaymans, R.J., and Eichenwald,

Mohd Bijarimi et al.



Indones. J. Chem., 2023, 23 (4), 1161 - 1180

H.M., 1989, Impact behaviour of nylon-rubber blends:
6. Influence of structure on voiding processes;
toughening mechanism, Polymer, 30 (1), 78-83.

[92] Noda, L., Satkowski, M.M., Dowrey, A.E., and Marcott,
C., 2004, Polymer alloys of Nodax copolymers and
poly(lactic acid), Macromol. Biosci., 4 (3), 269-275.

[93] Todo, M., Park, S.D., Takayama, T., and Arakawa, K.,
2007, Fracture micromechanisms of bioabsorbable
PLLA/PCL polymer blends, Eng. Fract. Mech., 74
(12), 1872-1883.

[94] Candau, N., Albiter, N.L., Coll, P.R., and Maspoch,
M.L.,, 2022, Dynamically vulcanized polylactic
acid/natural rubber/waste rubber blends: Effect of
the crosslinking agent on the morphology and tensile
properties, J. Appl. Polym. Sci., 139 (41), €53001.

[95] Chanthot, P., Kerddonfag, N., and Pattamaprom, C.,
2022, The influence of peroxide on bubble stability
and rheological properties of biobased poly(lactic
acid)/natural rubber blown films, Chin. J. Polym. Sci.,
40 (2), 197-207.

[96] Fang, H., Zhang, L., Chen, A., and Wu, F., 2022,
Improvement of mechanical property for PLA/TPU
blend by adding PLA-TPU copolymers prepared via
in situ ring-opening polymerization, Polymers, 14
(8), 1530.

[97] Terzopoulou, Z., Zamboulis, A., Papadopoulos, L.,
Grigora, M.E., Tsongas, K., Tzetzis, D., Bikiaris,
D.N., and Papageorgiou, G.Z., 2022, Blending PLA
with polyesters based on 2,5-furan dicarboxylic acid:
Evaluation of physicochemical and nanomechanical
properties, Polymers, 14 (21), 4725.

[98] Wongwat, S., Yoksan, R., and Hedenqvist, M.S.,
2022, Bio-based thermoplastic natural rubber based
on poly(lactic acid)/thermoplastic starch/calcium
carbonate nanocomposites, Int. J. Biol. Macromol.,
208, 973-982.

[99] Zhang, X,, Lu, X., Huang, D., Ding, Y., Li, J., Dai, Z.,
Sun, L., Li, ., Wei, X., Wei, ], Li, Y., and Zhang, K.,
2022, Ultra-tough polylactide/bromobutyl rubber-
based ionomer blends via reactive blending strategy,
Front. Chem., 10, 923174.

[100] Fekete, I., Ronkay, F., and Lendvai, L., 2021, Highly
toughened blends of poly(lactic acid) (PLA) and

1179

natural rubber (NR) for FDM-based 3D printing
applications: The effect of composition and infill
pattern, Polym. Test., 99, 107205.

[101]Musa, L., Krishna Kumar, N., Abd Rahim, S.Z,,
Mohamad Rasidi, M.S., Watson Rennie, A.E.,
Rahman, R., Yousefi Kanani, A., and Azmi, A.A.,
2022, A review on the potential of polylactic acid
based thermoplastic elastomer as filament material
for fused deposition modelling, J. Mater. Res.
Technol., 20, 2841-2858.

[102]Nicholson, J.W., 2006, The Chemistry of Polymers,
34 Ed, The
Cambridge, UK.

[103]Zhang, ].F., and Sun, X., 2005, “Poly(lactic acid)-
based bioplastics” in Biodegradable Polymers for
Industrial Applications, Ed. Smith, R., Woodhead
Publishing, Boca Raton, US, 251-288.

[104]Jacobsen, S., and Fritz, H.G., 1999, Plasticizing
polylactide - the effect of different plasticizers on

Royal Society of Chemistry,

the mechanical properties, Polym. Eng. Sci., 39 (7),
1303-1310.

[105] Martin, O., and Avérous, L., 2001, Poly(lactic acid):
Plasticization and properties of biodegradable
multiphase systems, Polymer, 42 (14), 6209-6219.

[106]Labrecque, L.V., Kumar, R.A., Davé, V., Gross,
R.A., and McCarthy, S.P., 1997, Citrate esters as
plasticizers for poly(lactic acid), J. Appl. Polym.
Sci., 66 (8), 1507-1513.

[107]Ljungberg, N., and Wesslén, B., 2002, The effects of
plasticizers on the dynamic mechanical and
thermal properties of poly(lactic acid), J. Appl.
Polym. Sci., 86 (5), 1227-1234.

[108] Baiardo, M., Frisoni, G., Scandola, M., Rimelen,
M, Lips, D., Ruffieux, K., and Wintermantel, E.,
2003, Thermal and mechanical properties of
plasticized poly(L-lactic acid), . Appl. Polym. Sci.,
90 (7), 1731-1738.

[109]Pillin, I., Montrelay, N., and Grohens, Y., 2006,
Thermo-mechanical characterization of
plasticized PLA: Is the miscibility the only
significant factor?, Polymer, 47 (13), 4676-4682.

[110] Murariu, M., Da Silva Ferreira, A., Pluta, M.,
Bonnaud, L., Alexandre, M., and Dubois, P., 2008,

Mohd Bijarimi et al.



1180

Polylactide (PLA)-CaSOs; composites toughened
with low molecular weight and polymeric ester-like
plasticizers and related performances, Eur. Polym. ].,
44 (11), 3842-3852.

[111]Oksman, K., Skrifvars, M., and Selin, J.F., 2003,
Natural fibres as reinforcement in polylactic acid
(PLA) composites, Compos. Sci. Technol., 63 (9),
1317-1324.

[112] Oksman, K., Mathew, A.P., Bondeson, D., and
Kvien, 1., 2006, Manufacturing process of cellulose
whiskers/polylactic acid nanocomposites, Compos.
Sci. Technol., 66 (15), 2776-2784.

[113]Hu, Y., Hu, Y.S., Topolkaraev, V., Hiltner, A., and
Baer, E., 2003, Crystallization and phase separation
in blends of high stereoregular poly(lactide) with
poly(ethylene glycol), Polymer, 44 (19), 5681-5689.

[114]Martino, V.P., Ruseckaite, R.A., and Jiménez, A.,
2009, Ageing of poly(lactic acid) films plasticized
with commercial polyadipates, Polym. Int., 58 (4),
437-444.

[115]Okamoto, K., Ichikawa, T., Yokohara, T., and
Yamaguchi, M., 2009, Miscibility, mechanical and
thermal properties of poly(lactic acid)/polyester-
diol blends, Eur. Polym. ]., 45 (8), 2304-2312.

[116] Lemmouchi, Y., Murariu, M., Dos Santos, A.M.,
Amass, A.]., Schacht, E., and Dubois, P., 2009,
Plasticization of poly(lactide) with blends of tributyl
citrate and low molecular weight poly(D,L-lactide)-
b-poly(ethylene glycol) copolymers, Eur. Polym. J.,
45 (10), 2839-2848.

Indones. J. Chem., 2023, 23 (4), 1161 - 1180

[117]Hughes, J., Thomas, R., Byun, Y., and Whiteside,
S., 2012, Improved flexibility of thermally stable
poly-lactic acid (PLA), Carbohydr. Polym., 88 (1),
165-172.

[118]Hassouna, F., Raquez, J.M., Addiego, F., Dubois,
P., Toniazzo, V., and Ruch, D., 2011, New
approach on the development of plasticized
polylactide (PLA): Grafting of poly(ethylene
glycol) (PEG) via reactive extrusion, Eur. Polym. J.,
47 (11),2134-2144.

[119]Kim, D.Y., Lee, ].B., Lee, D.Y., and Seo, K.H., 2020,
Plasticization effect of poly(lactic acid) in the
poly(butylene adipate—co-terephthalate) blown
film for tear resistance improvement, Polymers, 12
(9), 1904.

[120] Awale, R.]., Ali, F.B.,, Azmi, A.S., Puad, N.I.M,,
Anuar, H.,, and Hassan, A., 2018, Enhanced
flexibility of biodegradable polylactic acid/starch
blends using epoxidized palm oil as plasticizer,
Polymers, 10 (9), 977.

[121]Gzyra-Jagieta, K., Sulak, K., Draczynski, Z.,
Podzimek, S., Galecki, S. Jagodzinska, S,
Borkowski, D., 2021, Modification of poly(lactic
acid) by the plasticization for application in the
packaging industry, Polymers, 13 (21),3651

[122]T4bi, T., Ageyeva, T., and Kovdcs, J.G., 2022, The
influence of nucleating agents, plasticizers, and
molding conditions on the properties of injection
molded PLA products, Mater. Today Commun.,
32, 103936.

Mohd Bijarimi et al.



	■ INTRODUCTION
	Properties of PLA
	Application of PLA

	■ POLYMER BLENDS
	PLA Blends and Toughening
	PLA/Thermoplastic Elastomer Blends
	Toughening Mechanism

	■ PLA/PLASTICIZATION
	■ FUTURE OUTLOOK OF PLA
	■ CONCLUSION
	■ ACKNOWLEDGMENTS
	■ REFERENCES

