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Advanced technology in petrochemical-based polymer has brought many benefits to
mankind. However, the use of nonbiodegradable plastics materials for disposable
application such as food packaging and house whole appliances are significantly
disturbing and damaging the earth ecosystem. Polylactic acid (PLA) is a
biodegradable plastic that is brittle. Because of this nature, PLA has a limitation in its
usage. The common way to improve the toughness of PLA is via adding plasticizer.
This review will provide brief account on recent developments in the synthesis of
lactic acid (monomer of PLA) through biological route, PLA synthesis, unique
material properties of PLA and modiﬁcation of those by making copolymers and
composites PLA absorption and degradation.
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Introduction
Advanced technology in petrochemical-based polymer has brought many benefits to mankind. However,
the use of nonbiodegradable plastics materials for disposable application such as food packaging, house
whole appliance and cookware are significantly disturbing and damaging the earth ecosystem (Nofar et
al., 2019). Conventional plastics are resistant to biodegradation. The environmental impact of persistent
plastics waste is of increasing global concern and alternative disposal methods are limited. Incineration of
these plastic wastes always produces a large amount of carbon dioxide that contributes to global
warming. In some cases, toxic gases such as dioxins, furans, mercury and polychlorinated biphenyls are
also produced, which contributes to global pollution (Verma et al., 2016) . On the other hand, satisfactory
landfill sites are also limited.
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For these reasons, there is an urgent need to develop renewable, source-based, environmentally
benign polymeric materials (biopolymer), especially for use in short-term packaging and disposable
application. Such materials would not involve the use of toxic or noxious component in their
manufacturing and could allow for composting into naturally occurring biodegradation products (Fig. 1).

Fig. 1: Classification of biodegradable polymer (Avérous, 2004)
Biodegradable polymers are defined as those that undergo microbially induced chain scission
leading to the mineralization. Biodegradable polymer may not produce from bio-source only, but it can
also be derived from petroleum source (Nakajima, 2017). The biodegradation may be due to aerobic or
anaerobic microorganisms, biologically active processes (enzyme reactions) or passive hydrolytic
cleavage (Shah, et al., 2008). Examples of the biodegradable polymers include polyhydroxybutyre (PHB),
polyhydroxyvalarate (PHV), polylactic acid (PLA), polycaprolactone (PCL) and polybutylene adipate coterepthalate (PBAT).
Lactic acid – An overview
PLA consists of hydroxyl and a carboxyl group which easily converted to polyester through
polycondensation reaction. PLA can be synthesised and varied in its molecular weight depending on its
application. PLA with high molecular weight is used in the packaging industry (Jamshidian et al., 2010)
whereas PLA with low molecular weight PLA is generally used in biomedical applications, where fast
degradation into the human body is required (Palacio et al., 2011). Conventional condensation
polymerization of lactic acid was a popular method to synthesised PLA. However, an organic solvent is
used for azeotropic distillation of condensation water and the polymerization period extended will
produces PLA with higher molecular weight.
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Polymerization of a racemic (Fig. 2) mixture of L- and D-lactides usually leads to the synthesis of poly-DLlactide (PDLLA) which is not crystalline but amorphous. Subsequently, polycondensation of aqueous DLlactic acid will gave Mn’s up to 6500 which reported for pure L-lactide (Mehta et al., 2006; Song &
Murphy, 2018).
(b)

(a)

(c)

Fig. 2: Chemical structure of stereoisomer; (a) L-PLA, (b) D-PLA and (c) D,L-PLA
The commonly used catalysts for PLA synthesis are shown in Table 1. As mentioned, the use of
stereospeciﬁc catalysts can lead to heterotactic PLA which will shows different crystallinity property. As a
result, many PLA important properties, are determined by the ratio of D to L enantiomers that exist.
Different type of organic monocarboxylic iron complexes that used in the ring-opening polymerization of
L-lactide were also been reported. The acetate anion as well as the iron partly, is chemically attached to
the polymer chain, and the proposed polymerization mechanism is an anionic type of coordination
insertion.
Table 1: Different catalysts used for the production of PLA (Gupta & Kumar, 2007)
Polymer
Catalyst
Solvent
Molecular weight
Aluminium
D, L PLA / L-PLA
Toluene
Mn. 90,000
Isopropoxide
D-L PLA
Stannous octoate
Alcohols
Mw < 3,50,000
L-PLA,
Stannous octoate
Alcohols carboxylic acid
Mn, 250,000
Stannous octoate and
L-PLA
compounds of titanium
Toluene
Mn = 40,000– 100,000
and zirconium
D-PLA,
Stannous
L-PLA
triﬂuoromethane
sulfonate,
Ethanol
–
scandium(III)
D-L PLA
triﬂuoromethane
sulfonate
L-PLA
L-PLA
D-LPLA
D-L PLA
L-PLA

Mg, Al, Zn, Titanium
alkoxides
Yttrium tris(2,6-di-tert
butyl phenolate) (in
toluene)
Zn lactate
Butylmagnesium,
Grignard reagent

Methylene chloride

–

ethanol 2-propanol,
butanol,

Mn < 25,000

No solvent

Mn = 212,000

Ethers

Mn < 300,000

L-PLA,

Potassium
naphthalenide

THF toluene

Mn < 16,000

L-PLA

Complexes of iron with
acetic, butyric,
siobutyric and
dichloroacetic acid

No solvent

Mw = 150,000
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PLA – Monomer and Properties
PLA is linear aliphatic polyester synthesized by ring-opening polymerization of lactides and which are
typically derived from corn starch fermentation (Fig. 3). PLA also can be produced by chemical synthesis.
There are two possible routes (Fig. 4). First was the hydrolysis of lactonitrile by strong acids, which
provide the racemic mixture of D-and L-lactic acid. Second was the catalyzed degradation of sugars;
oxidation of propylene glycol; reaction of acetaldehyde, carbon monoxide, and water at elevated
temperatures and pressures; hydrolysis of chloropropionic acid and nitric acid oxidation of propylene.
The awareness to fermentative production of lactic acid has increased due to two prospects which
environmental friendliness and of using renewable resources instead of petrochemicals. Fermentation
able to produce high product speciﬁcity, as it produces a desired optically pure L-(+)- or D-()-lactic acid.
Fermentation also offers several advantages compared to chemical synthesis like low cost of substrates,
low production temperature, and low energy consumption (Komesu et al., 2017).

Fig. 3: PLA repeating unit
(a)

(b)

Fig. 4: Chemical synthesis of lactic acid by (a) hydrolysis of lactonitrile by strong acid and (b)
catalysed degradation of sugar.
PLA has been found to be environmentally biodegradable. Lactic acid bacteria (LAB) and some
ﬁlamentous fungi are the chief microbial sources of lactic acid. The organisms that predominantly yield
the L isomer are Lactobacilli amylophilus, Lactobacilli bavaricus, Lactobacilli casei, Lactobacilli
maltaromicus, and Lactobacilli salivarius. Strains such as Lactobacilli delbrueckii, Lactobacilli jensenii, or
Lactobacilli acidophilus yield the D-isomer or mixtures of both (Nampoothiri et al., 2010). Biodegradation
of PLA occur through two step processes that begin with the high molecular weight polyester chain
hydrolysed to lower molecular weight oligomers under an appropriate temperature and moisture
environment. In the second step, microorganisms convert these low molecular weight components to
carbon dioxide, water and humus (Jiang et al., 2006).
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Some of factors affecting PLA properties are molecular weight, annealing time, component isomers
and processing temperature. Poly-L-lactide (PLLA) is the product resulting from polymerization of Llactide. The glass transition temperature and melting temperature for PLLA were recorded between 5080 oC and 173-178 oC respectively. PLLA has a crystallinity of around 37%. The crystallization ability of
polylactides decreases with chain stereoregularity and below 43% of optical purity crystallization is no
longer possible (Sarasua et al., 1998). Because of that, polylactides and its isomers PLLA and poly Dlactide) (PDLA) show semi crystalline manners. Nevertheless, diverse polymerization methods were
reported to rearrange lactyl structural unit chain to modifies the properties of polylactides. There’s no
positive result as both amorphous and crystalline polylactides used to show brittle behavior at room
temperatures (Farah, Anderson, & Langer, 2016). Brittle mechanical behavior of polylactides was led
from crystallization in the form of stereo complex (Zhang et al., 2018).
The reason can be reflected to picture PLA density. An amorphous PLLA has a density and
crystalline value of 1.248 g ml-1 and 1.290 g ml-1 respectively (Farah et al., 2016). The amorphous PLA is
soluble in organic solvents such as tetrahydrofuran (THF), chlorinated solvents, benzene, acetonitrile, and
dioxane. This is different from crystalline PLA which is only soluble in chlorinated solvents and benzene
at elevated temperatures (Garlotta, 2002).
In general, standard grade PLA has high modulus (3 GPa) and strength (50-70 MPa) which are
comparable to that many petroleum-based plastics. Table 2 listed the common properties of PLA. As
mentioned earlier, PLA is brittle and has a low toughness as well as physical aging problem that limits its
application. The brittleness of PLA can be modified by copolymerization of lactides with another
monomer such as caprolactone (Sangeetha et al., 2018). Increasing the caprolactone units by a few
percent decreased the modulus but substantially increased the elongation.
Table 2: Physical properties of PLA
Physical properties
Mechanical properties Tensile strength at yield (Mpa)

Value
53

Elongation at yield (%)

10–100

Flexular modulus (Mpa)

350–450

Melting point

120–1704

Melt ﬂow rate (g/10 min)

4.3–2.4

Density (g/cm3)

1.25

Yellowness index

20–60

Haze

2.2

PLA - Improvement and consequences
Polymer blending (Fig. 5) is a convenient route for the development of new polymeric materials, and able
to yield materials with property profiles superior to those of the individual components (Müller et al.,
2017). This method is usually cheaper and less time-consuming for the creation of polymeric materials
with new properties than the development of new monomers and/or new polymerization routes. An
additional advantage of polymer blends is that the properties of the materials can be tailored by
combining component polymers and changing the blend composition. The hard and brittle mechanical
properties of PLA limit its development and practical application; therefore, several modifications have
been proposed to improve processing and mechanical properties, such as copolymerization,
plasticization, and polymer blending (Farah et al., 2016).
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Fig. 5: Schematic pathway for polymer blending
There are three methods for blending polymer. Firstly, is the solution/precipitation, second is the
solution/casting and lastly is the reactive blending (melt blending) (Fig. 6). However, the blends that have
been prepared by different processing methods exhibited different properties (Imre & Pukánszky, 2015).
For example, miscibility and phase behaviour of PLA/poly methyl methacrylate (PMMA) blends prepared
by solution/precipitation has resulted in phase separation blends. Nevertheless, samples (PLA/PMMA)
prepared by solution/casting did not exhibit phase separation (Zhang et al., 2003). Solution casting and
melt blending was the most popular ways in producing polymer blends. From these three methods of
blending, the blends can be distinguished into three different types: completely miscible blends, partially
miscible blends and fully immiscible blends (Aid et al., 2017).

Fig. 6: Methods for polymer blending
Blending PLA with the presence of other polymers may be more practical and economical to obtain
products with properties that are not currently attainable. All these years, only a few miscible blends have
been identified. Most polymer mixtures form immiscible blends since adhesion between the polymer
components is poor in certain blends. These blends are usually useless unless they can be compatibilized.
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A common method to compatibilized and increase the processability and lower the initial tensile
modulus (a decrease in stiffness) of a polymer is by using plasticizers during processing operations
(Davallo & Pasdar, 2012; Mekonnen et al., 2013; Verbeek & Berg, 2010). Polymers are in principle can be
used as polymeric plasticizers to change the physical properties of PLA (Immergut & Herman, 1965; Yasin
& Tighe, 1992). Blending PLA with other polymers can modify the properties of PLA to the desire
properties. For example, blending PLA with a rubbery type polymer formed non-brittle and tough blends
(Nagarajan et al., 2016). It is often to get immiscible blends after two polymers were blended (Pivsa-art et
al., 2016).
Many types of chemicals are studied to act as a plasticizer for PLA. Citrate esters (Martin & Ave,
2001) poly(ethylene glycol) (PEG), glucose monoesters and partial fatty acid esters (Hoffman, 2012),
poly(vinyl alcohol) (PVA) (Chumeka & Tanrattanakul, 2013), polyethylene (PE) (Anderson & Hillmyer,
2004), polycaprolactone (PCL) (Liao & Wu, 2009), poly(butylene adipate-co-terephthalate) PBAT (Jiang
et al., 2006) and polybutylene succinate adipate (PBSA) (Lee & Lee, 2005) were used to improve the
ﬂexibility and impact resistance of PLA.
Mechanical studies indicate that incorporated plasticizer changed the PLA nature from rigid to
ductile (Marina et al., 2017), however will reduced the tensile strength (stress needed to break the
sample, (Nikiforov et al., 2017) and tensile modulus (relative stiffness of a material, (Liao & Wu, 2009)) as
compared with the origin PLA. This indicated incompatibility between the constituent polymers in the
blend system which resulted in phase separation and poor interfacial adhesion between polymers (Abay
et al., 2016; Broz et al., 2003).
Dynamic mechanical analysis (DMA) measure the response of a given material to cyclic
deformation as a function of temperature. Storage modulus (G’), is corresponding to elastic response to
the deformation, (measurement of the ability of material to store energy) whereas the loss modulus (G”),
is corresponding to the plastics response to the deformation (ability of material to dissipate energy by
flow) (Sinha et al., 2003). The storage modulus measures the stiffness of polymeric materials under the
dynamic stress and strain condition while the loss modulus indicates the viscous behavior of the
polymeric materials (Aziz & Ansell, 2004). G’ is measured by quantifying the resistance to deformation
phase with applied stress whereas G” is determined from the components of the resistance that is out of
phase.
A direct proof of polymer miscibility can be obtained by observing the behavior of the Tg with the
blend’s composition. One unusual property of immiscible blends is that one made from two amorphous
polymers has two glass transition temperatures or Tgs (Thirtha, Lehman, & Nosker, 2006). Since the two
components are phase separated, they retain their separate Tgs. If two Tgs are found, then the blend is
immiscible. If only one Tg is observed, then the blend is likely to be miscible (Shi et al., 2013). The
mechanical properties of this immiscible blend are going to depend on those of polymers that were major
component, because the polymer phase is absorbing all the stress and energy when the material is under
load (Deleo & Velankar, 2008; Yang et al., 2013). In addition, the immiscible blend is going to be weaker
than its sample of pure polymer (Liu et al., 2018). The miscibility of a polymer blends is confirmed using
SEM.
The SEM morphological studies of immiscible blend will indicate the existence of two-phase
structure. Neat PLA had no necking in the tensile test showed a smooth longitudinal fractured surface
without visible plastic deformation (Fig. 7). The observation is the same as several other researches
(Jiang et al., 2006).
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Fig. 7: PLA surface morphology
For immiscible blend, the debonding of the round particles from the PLA matrix under tensile
stress is clearly observed (Osman et al., 2017). Note that the PLA samples are pulled apart as the
appearances of cavities indicating the low adhesive properties between polymers (Fig. 8). These cavities
were formed during tension when the stress was higher than the bonding strength at the interface
between the polymer inclusions and because there was no sufficient interfacial adhesion (weak
interaction) between polymers (Jiang et al., 2006; Osman et al., 2017).

Fig. 8: PLA composite morphology (PLA was pulled apart) (Osman et al., 2017)
Thermal behavior of blends can be referred to cold crystallization temperature (Tc), melting
temperature (Tm) and glass transition temperature (Tg). Crystallinity of blends is calculated as follows:
(Ting et al., 2010).
Xc = (∆Hm/(∅PLA)/∆Hm∗ × 100%

(1)

Where,
f = the weight fraction of the dispersed phase in the blends,
∆Hm = the melting enthalpy
(J/g) that was calculated from the fusion peak in the DSC curve and
∆Hm * is the heat of fusion for completely crystallized PLA (93.1 J/g).
The increased crystallinity might be caused by plasticizer nucleation and degradation of PLA
polymer chains. It has been reported that plasticizer can acts as nucleating agent for crystallization and
molecular weight affects the crystallization of polymers. Generally, low molecular weight polymers have
high crystallinity and high crystallization rate. In this pure blend case, both factors, that is, nucleation and
lower molecular weight might be the cause of increased crystallinity. This result suggests the presence of
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moisture decreased the molecular weight of PLA due to hydrolysis resulting in lower mechanical
properties (Restrepo et al., 2018).
The water uptake of polymer may affect their mechanical properties, degradability, and
dimensional stability. Water exposure and uptake may decrease the life of a polymer due to hydrolysis
and micro crack formation (Correlo et al., 2007). In industry, one must know about the water absorption
of polymer before determining their applications. In certain applications, some degree of water resistance
may be desirable. Therefore, the water absorption of polymer was determined. Polymer matrix
containing more polar group tends to absorb more moisture (hydrophilic character) (Kushwaha &
Kumar, 2009). Higher water absorption property was observed in polymer blend consists of polymer that
has low crystallinity (amorphous polymer) property than PLA (Kun & Marossy, 2013). This is an
indication that the blend has the increased difficulty in forming polymer chain arrangements and causing
poor adhesion with the hydrophobic PLA (Wu & Liao, 2007).

Fig. 9: Comparison of crystal and amorphous structures in water uptake process
Biodegradability can be determined by weight loss of the samples after contact with compost
and/or soil. Generally, fungus biodegradation of biopolymers produces carbon dioxide, water and other
harmless materials (Wu & Liao, 2005). The biodegradation of PLA has been investigated mostly in
compost or soil environments (Qi et al., 2017). PLA is also ingested by animals and humans. Its
application in medicine is widely studied and extensively developed. During the period of biodegradation
test, the diffused water in polymer sample, will cause swelling and enhancing biodegradation (Liao & Wu,
2009). Furthermore, the hydrophilic–hydrophobic character of synthetic polymers greatly affects their
biodegradability. A polymer containing both hydrophobic and hydrophilic segments seems to have a
higher biodegradability than those polymers containing either hydrophobic or hydrophilic structures
only (Ning et al., 2018)
Innovation
PLA meets many requirements as a packaging thermoplastic and is suggested as a commodity resin for
general packaging applications. When plasticized with its own monomers, PLA becomes increasingly
ﬂexible (Ljungberg et al., 2005; Martin & Ave, 2001) so that a continuous series of products that can
mimic PVC, LDPE, LLDPE, PP, and PS can be prepared. Degradation is increased with increasing
plasticizer (Bhasney et al., 2017; Li et al., 2018), and shelf life is favoured by decreasing plasticizer
content and/or orientation (Sinclair, 1996; Tawakkal et al., 2014) . Because it is biodegradable, it can also
be employed in the preparation of bioplastic, useful for producing loose-ﬁll packaging, compost bags, food
packaging, and disposable cutlery (Nofar et al., 2019). In the form of ﬁbres and nonwoven textiles, PLA
also has many potential uses, for examples upholstery, disposable garments, awnings, feminine hygiene
products, and nappies (Adomavičiūtė et al., 2015; Avinc & Khoddami, 2009; Gürcüm & Üner, 2015). PLA
has been used as the hydrophobic block of amphiphilic synthetic block copolymers that is used to form
the vesicle membrane of polymerases (Noack et al., 2018; Oh, 2011).
PLA has been suggested to produce horticultural materials to reduce the environmental problem
as a large quantity of plastic is used in this sector (Oliveira et al., 2014). PLA is also used as a matrix for
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controlled release of herbicides (Roy et al., 2014; Šopík et al., 2019). Earlier, a study was conducted to
evaluate the impact of PLA in growth stimulation and yield improvement (Bidyarani et al., 2016;
Nampoothiri et al., 2010). Previous greenhouse study conﬁrmed that both lactide and PLA have increased
the soybean leaf area, pod number, bean number and bean and plant dry weight (Chang et al., 1996). This
study suggests that the use of PLA as an encapsulation matrix for herbicides could reduce environmental
impact and improve weed control and at the same time increase the yield of soybeans through releasing
of plant growth stimulants in the form of oligomeric or monomeric lactic acid.
An application of PLA film precursor by using isothermal polarization method was used to made
eletret (Galikhanov et al., 2016; Guzhova et al., 2016b; Guzhova & Galikhanov, 2015). PLA eletret
demonstrate charge storage capability (Gao et al., 2016; Guzhova, et al., 2016a) and forbid charge absence
through the volume (Nakagawa et al., 2004; Zeng et al., 2015). PLA are widely used in variety of
application such as transistor, filter and transducer (Urbaniak-Domagala 2013).
Conclusion
Research on a recyclable and degradable polymer is very important to environment. PLA offers a possible
material which can replaced nonbiodegradable polymers. This is because of its promising property such
as did not produces toxic fume if incinerated, composable in soil and comparable physical properties with
another petroleum-based polymer. Even though PLA devours many limitations on processing due to its
material properties, researchers have worked tirelessly to find a method that can overcome these
problems. Some of the methods that have been discovered to overcome PLA limitations are through
blending PLA with other polymers, making micro and nanocomposites of PLA, coating with high barrier
materials, and with polymer modiﬁcation.
Acknowledgement
Author would like to thank Ministry of Higher Education of Malaysia for the Prototype Research Grant
Scheme grant (PRGS/1/2016/STG01/UPNM/02/1), Center for Research Management and Innovation,
Universiti Pertahanan Nasional Malaysia for the direct or indirect financial support and to Ahmad Zaidi
bin Sulaiman for his linguistic advice in order to make this paper a reality.
References
Abay, A. K., Gebeyehu, M. B., Lin, H. K., Lin, P. C., Lee, J., Wu, C., … Chiang, T. (2016). Preparation and
characterization of poly ( lactic acid )/ recycled polypropylene blends with and without the coupling
agent , n- ( 6-aminohexyl ) aminomethyltriethoxysilane. Journal of Polymer Research, 23, 198–201.
https://doi.org/10.1007/s10965-016-1091-5
Adomavičiūtė, E., Baltušnikaitė, J., & Jonaitienė, V. (2015). Formation and Properties of Textile
Biocomposites with PLA Matrix Reinforced with Flax and Flax / PLA Weft Knitted Fabrics. Fibers &
Textiles in Eastern Europe, 3(111), 45–50.
Aid, S., Eddhahak, A., Ortega, Z., Froelich, D., Tcharkhtchi, A., Aid, S., … Tcharkhtchi, A. (2017).
Experimental study of the miscibility of ABS / PC polymer blends and investigation of the
processing effect To cite this version : HAL Id : hal-01652709 investigation of the processing effect.
Journal of Applied Polymer Science, 134(25), 44975.
Anderson, K. S., & Hillmyer, M. A. (2004). The influence of block copolymer microstructure on the
toughness of compatibilized polylactide / polyethylene blends. Polymer, 45, 8809–8823.
https://doi.org/10.1016/j.polymer.2004.10.047
Avérous, L. (2004). Biodegradable Multiphase Systems Based on Plasticized Starch : A Review. Journal of
Macromolecular Science, Part C: Polymer Reviews, 44(3), 231–274. https://doi.org/10.1081/MC200029326
Avinc, O., & Khoddami, A. (2009). Overview of Poly(lactic acid) (PLA) Fibre. Part I : Production ,
Properties , Performance , Environmental Impact , and End-use Applications of Poly ( lactic acid )
94

Osman et. al/ Zulfaqar Int. J. Def. Sci. Eng. Tech. 1(2)(2018)

Fibres, 41(6), 16–25.
Aziz, S. H., & Ansell, M. P. (2004). SCIENCE AND The effect of alkalization and fibre alignment on the
mechanical and thermal properties of kenaf and hemp bast fibre composites : Part 1 – polyester
resin matrix, 64, 1219–1230. https://doi.org/10.1016/j.compscitech.2003.10.001
Bhasney, S. M., Patwa, R., Kumar, A., & Katiyar, V. (2017). Plasticizing effect of coconut oil on
morphological , mechanical , thermal , rheological , barrier , and optical properties of poly ( lactic
acid ): A promising candidate for food packaging. Journal of Applied Polymer Science, 45390, 1–12.
https://doi.org/10.1002/app.45390
Bidyarani, N., Prasanna, R., Babu, S., Hossain, F., & Saxena, A. K. (2016). Enhancement of plant growth and
yields in Chickpea ( Cicer arietinum L .) through novel cyanobacterial and biofilmed inoculants
Running head : Chickpea and microbial inoculants. Microbiological Research.
https://doi.org/10.1016/j.micres.2016.04.005
Broz, M. E., Vanderhart, D. L., & Washburn, N. R. (2003). Structure and mechanical properties of poly ( d , l
-lactic acid )/ poly ( e -caprolactone ) blends $, 24, 4181–4190. https://doi.org/10.1016/S01429612(03)00314-4
Chang, Y., Mueller, R. E., & Iannotti, L. (1996). Use of low MW polylactic acid and lactide to stimulate
growth and yield of soybeans. Plant Growth Regulation, 19, 223–232.
Chumeka, W., & Tanrattanakul, V. (2013). Effect of Poly ( Vinyl Acetate ) on Mechanical Properties and
Characteristics of Poly ( Lactic Acid )/ Natural Rubber Blends. Journal of Polymer Environment, 21,
450–460. https://doi.org/10.1007/s10924-012-0531-5
Correlo, V. M., Pinho, E. D., Pashkuleva, I., Bhattacharya, M., Neves, N. M., & Reis, R. L. (2007). Water
Absorption and Degradation Characteristics of Chitosan-Based Polyesters and Hydroxyapatite
Composites. Macromolecular Bioscience, 7, 354–363. https://doi.org/10.1002/mabi.200600233
Davallo, M., & Pasdar, H. (2012). The Influence of a Variety of Plasticisers on Properties of Poly ( vinyl
chloride ). Advances in Applied Science Research, 3(4), 1900–1904.
Deleo, C. L., & Velankar, S. S. (2008). Morphology and rheology of compatibilized polymer blends : Diblock
compatibilizers vs crosslinked reactive compatibilizers. Journal of Rheology, 52(6), 1385–1404.
https://doi.org/10.1122/1.2995857
Farah, S., Anderson, D. G., & Langer, R. (2016). Physical and mechanical properties of PLA , and their
functions in widespread applications — A comprehensive review. Advance Drug Delivery Reviews,
107, 367–392. https://doi.org/10.1016/j.addr.2016.06.012
Galikhanov, E., Lounev, I., Guzhova, A., Gusev, Y., & Galikhanov, M. (2016). Study of Polylactic Acid Electret
by Dielectric Spectroscopy. In 9th International Physics Conference of the Balkan Physical Union (Vol.
1722, pp. 1–5). https://doi.org/10.1063/1.4944288
Gao, X., Huang, L., Wang, B., Xu, D., Zhong, J., Hu, Z., … Zhou, J. (2016). Natural Materials Assembled
Biodegradable and Transparent Paper-Based Electret Generator Natural Materials Assembled
Biodegradable and Transparent Paper- Based Electret Nanogenerator. ACS Applied Materials &
Interfaces, 8(51), 35587–35592. https://doi.org/10.1021/acsami.6b12913
Garlotta, D. (2002). A Literature Review of Poly ( Lactic Acid ), 9(2).
Gupta, A. P., & Kumar, V. (2007). New emerging trends in synthetic biodegradable polymers – Polylactide :
A critique. European Polymer Journal, 43, 4053–4074.
https://doi.org/10.1016/j.eurpolymj.2007.06.045
Gürcüm, H. B., & Üner, İ. (2015). Poly ( Lactic acid ) Nanocoposites and Packtech Applications, 11–14.
Guzhova, A. A., Galikhanov, M. F., Gorokhovatsky, Y. A., Temnov, D. E., Fomicheva, E. E., Karulina, E. A., &
Yovcheva, T. A. (2016). Improvement of polylactic acid electret properties by addition of fi ne
barium titanate. Journal of Electrostatics, 79, 1–6. https://doi.org/10.1016/j.elstat.2015.11.002
Guzhova, A. A., Galikhanov, M. F., Kuznetsova, N. V, Petrov, V. A., & Khairullin, R. Z. (2016). Effect of
Polylactic Acid Crystallinity on Its Electret Properties. In Physics, Technologies and Innovation (Vol.
1767, pp. 1–4). https://doi.org/10.1063/1.4962593
Guzhova, A., & Galikhanov, M. (2015). Charge depth in polylactic acid electret filled with fine filler.
95

Osman et. al/ Zulfaqar Int. J. Def. Sci. Eng. Tech. 1(2)(2018)

Bulgarian Chemical Communications, 47, 103–107.
Hajime Nakajima, P. D. and K. L. (2017). The Recent Developments in Biobased Polymers toward General
and Engineering Applications : Polymers that Are Upgraded from Biodegradable. Polymers, 9(523),
1–26. https://doi.org/10.3390/polym9100523
Hoffman, A. S. (2012). Hydrogels for biomedical applications ☆. Advanced Drug Delivery Reviews, 64, 18–
23. https://doi.org/10.1016/j.addr.2012.09.010
Immergut, E. H., & Herman, F. M. (1965). Principles of Plasticization. Platzer; Plasticization and Plasticizer
Processes Advances in Chemistry; American Chemical Society, 1–26.
Imre, B., & Pukánszky, B. (2015). Compatibilization in bio-based and biodegradable polymer blends.
European Polymer Journal, 49(6), 1215–1233. https://doi.org/10.1016/j.eurpolymj.2013.01.019
Jamshidian, M., Tehrany, E. A., Imran, M., Jacquot, M., & Desobry, S. (2010). Poly-Lactic Acid: Production,
Applications, Nanocomposites, and Release Studies. Comprehensive Reviews in Food Science and
Food Safety, 9(5), 552–571. https://doi.org/10.1111/j.1541-4337.2010.00126.x
Jiang, L., Wolcott, M. P., & Zhang, J. (2006). Study of Biodegradable Polylactide / Poly ( butylene adipateco-terephthalate ) Blends. Biomacromolecules, 7, 199–207.
Komesu, A., Allan, J., Oliveira, R. De, & Martins, S. (2017). Lactic Acid Production to Purification: A Review.
Bioresources, 12(2), 4364–4383.
Kun, E., & Marossy, K. (2013). Effect of crystallinity on PLA ’ s microbiological behaviour. Materials Science
Forum, 752, 241–247. https://doi.org/10.4028/www.scientific.net/MSF.752.241
Kushwaha, P. K., & Kumar, R. (2009). Studies on Water Absorption of Bamboo-Polyester Composites :
Effect of Silane Treatment of Mercerized Bamboo Studies on Water Absorption of Bamboo-Polyester
Composites : Effect of Silane Treatment of Mercerized Bamboo. Polymer-Plastics Technology and
Engineering, 49, 45–52. https://doi.org/10.1080/03602550903283026
Lee, S., & Lee, J. W. (2005). Characterization and processing of Biodegradable polymer blends of poly (
lactic acid ) with poly ( butylene succinate adipate ). Korea-Australia Rheology Journal, 17(2), 71–77.
Li, D., Jiang, Y., Lv, S., Liu, X., Gu, J., Chen, Q., & Zhang, Y. (2018). Preparation of plasticized poly ( lactic acid
) and its influence on the properties of composite materials. PLoS ONE, 13(3), 1–15.
Liao, H., & Wu, C. (2009). Preparation and characterization of ternary blends composed of polylactide ,
poly (  -caprolactone ) and starch. Materials Science and Engineering A, 515, 207–214.
https://doi.org/10.1016/j.msea.2009.03.003
Liu, Y., Wei, H., Wang, Z., Li, Q., & Tian, N. (2018). Simultaneous Enhancement of Strength and Toughness
of PLA Induced by Miscibility Variation with PVA. Polymers, 10, 1–13.
https://doi.org/10.3390/polym10101178
Ljungberg, N., Colombini, D., & Wessle, B. (2005). Plasticization of Poly ( lactic acid ) with Oligomeric
Malonate Esteramides : Dynamic Mechanical and Thermal Film Properties. Journal of Applied
Polymer Science, 96, 992–1002. https://doi.org/10.1002/app.21163
Marina, P. A., María, D. S., Miguel, A., & Juan, L. (2017). On the Use of PLA-PHB Blends for Sustainable Food
Packaging Applications. Materials, 10, 1–26. https://doi.org/10.3390/ma10091008
Martin, O., & Ave, L. (2001). Poly ( lactic acid ): plasticization and properties of biodegradable multiphase
systems. Polymer, 42, 6209–6219.
Mehta, R., Kumar, V., Bhunia, H., & Upadhyay, S. N. (2006). Synthesis of Poly ( Lactic Acid ): A Review
Synthesis of Poly ( Lactic Acid ): A Review. Journal of Macromolecular Science, Part C: Polymer
Reviews, 45(4), 325–349. https://doi.org/10.1080/15321790500304148
Mekonnen, T., Mussone, P., & Bressler, D. (2013). Journal of Materials Chemistry A. Journal of Materials
Chemistry A, 1, 13379–13398. https://doi.org/10.1039/c3ta12555f
Müller, K., Bugnicourt, E., Latorre, M., Jorda, M., Sanz, Y. E., Lagaron, J. M., … Lindner, M. (2017). Review on
the Processing and Properties of Polymer Nanocomposites and Nanocoatings and Their
Applications in the Packaging , Automotive and Solar Energy Fields. Nanomaterials, 7(74), 1–47.
https://doi.org/10.3390/nano7040074
96

Osman et. al/ Zulfaqar Int. J. Def. Sci. Eng. Tech. 1(2)(2018)

Nagarajan, V., Mohanty, A. K., & Misra, M. (2016). Perspective on Polylactic Acid (PLA) based Sustainable
Materials for Durable Applications: Focus on Toughness and Heat Resistance. ACS Sustainable
Chemistry & Engineering, 4, 2899–2916. https://doi.org/10.1021/acssuschemeng.6b00321
Nakagawa, T., Nakiri, T., Hosoya, R., & Tajitsu, Y. (2004). Electrical Properties of Biodegradable Polylactic
Acid Film. IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, 40(4), 1020–1024.
Nampoothiri, K. M., Nair, N. R., & John, R. P. (2010a). Bioresource Technology An overview of the recent
developments in polylactide ( PLA ) research. Bioresource Technology, 101(22), 8493–8501.
https://doi.org/10.1016/j.biortech.2010.05.092
Nampoothiri, K. M., Nair, N. R., & John, R. P. (2010b). Bioresource Technology An overview of the recent
developments in polylactide ( PLA ) research. Bioresource Technology, 101, 8493–8501.
https://doi.org/10.1016/j.biortech.2010.05.092
Nikiforov, L. A., Okhlopkova, T. A., Kapitonova, I. V, Id, S. A. S., Okhlopkova, A. A., Shim, E. Le, & Cho, J.
(2017). Surfactant Effects on Structure and Mechanical Properties of Ultrahigh-Molecular-Weight
Polyethylene / Layered Silicate Composites. Molecules, 22(2149), 1–7.
https://doi.org/10.3390/molecules22122149
Ning, W., Shang, P., Wu, J., Shi, X., & Liu, S. (2018). ROP and RAFT : Synthesis , Characterization , and
Sustained Drug Release from. Polymers, 10(214), 1–18. https://doi.org/10.3390/polym10020214
Noack, S., Schanzenbach, D., Koetz, J., & Schlaad, H. (2018). Polylactide-Based Amphiphilic Block
Copolymers : Crystallization-Induced Self-Assembly and Stereocomplexation, 1800639, 1–6.
https://doi.org/10.1002/marc.201800639
Nofar, M., Sacligil, D., Carreau, P. J., Kamal, M. R., & Heuzey, M. (2019). International Journal of Biological
Macromolecules Poly ( lactic acid ) blends : Processing , properties and applications. International
Journal of Biological Macromolecules, 125, 307–360.
https://doi.org/10.1016/j.ijbiomac.2018.12.002
Oh, J. K. (2011). Polylactide (PLA)-based amphiphilic block copolymers: synthesis, self-assembly, and
biomedical applications. Soft Matter, 7, 5096–5108. https://doi.org/10.1039/c0sm01539c
Oliveira, M., Mota, C., Abreu, A. S., & Nobrega, J. M. (2014). Development of a green material for
horticulture. https://doi.org/10.1515/polyeng-2014-0262
Osman, M. J., Ibrahim, N. A., & Wan Yunus, W. Z. (2017). Effect of Modified Clay on the Morphological and
Thermal Properties of Poly lactic acid , Poly butylene adipate-co-terephthalate Nanocomposites.
Oriental Journal of Chemistry, 33(6), 3015–3023.
Palacio, J., Orozco, V. H., & López, B. L. (2011). Effect of the Molecular Weight on the Physicochemical
Properties of Poly(lactic acid) Nanoparticles and on the Amount of Ovalbumin Adsorption, 22(12),
2304–2311.
Pivsa-art, S., Kord-sa-ard, J., Pivsa-art, W., Wongpajan, R., O-charoen, N., Pavasupree, S., & Hamada, H.
(2016). Effect of Compatibilizer on PLA / PP Blend for Injection Molding. Energy Procedia, 89, 353–
360. https://doi.org/10.1016/j.egypro.2016.05.046
Qi, X., Ren, Y., & Wang, X. (2017). International Biodeterioration & Biodegradation New advances in the
biodegradation of Poly ( lactic ) acid. International Biodeterioration & Biodegradation, 117, 215–223.
https://doi.org/10.1016/j.ibiod.2017.01.010
Restrepo, I., Medina, C., Meruane, V., Akbari-fakhrabadi, A., & Flores, P. (2018). The effect of molecular
weight and hydrolysis degree of poly ( vinyl alcohol )( PVA ) on the thermal and mechanical
properties of poly ( lactic acid )/ PVA blends. Polimeros, 28(2), 169–177.
Roy, A., Singh, S. K., Bajpai, J., & Bajpai, A. K. (2014). Controlled pesticide release from biodegradable
polymers. Central European Journal of Chemistry, 12(4), 453–469. https://doi.org/10.2478/s11532013-0405-2
Sangeetha, V. H., Deka, H., Varghese, T. O., & Nayak, S. K. (2018). State of the Art and Future Prospectives
of Poly ( Lactic Acid ) Based Blends and Composites. Polymer Composites, 81–101.
https://doi.org/10.1002/pc.23906
Shah, A. A., Hasan, F., Hameed, A., & Ahmed, S. (2008). Biological degradation of plastics : A
97

Osman et. al/ Zulfaqar Int. J. Def. Sci. Eng. Tech. 1(2)(2018)

comprehensive review. Biotechnology Advances, 26, 246–265.
https://doi.org/10.1016/j.biotechadv.2007.12.005
Shi, P., Schach, R., Munch, E., Montes, H., & Lequeux, F. (2013). Glass Transition Distribution in Miscible
Polymer Blends : From Calorimetry to Rheology. Macromolecules, 46(9), 3611–3620.
Sinclair, R. G. (1996). Journal of Macromolecular Science , Part A : Pure and Applied Chemistry The Case
for Polylactic Acid as a Commodity Packaging Plastic THE CASE FOR POLYLACTIC ACID AS A
COMMODITY PACKAGING PLASTIC. Journal of Macromolecular Science, Part A: Pure and Applied
Chemistry, 33(5), 585–597.
Sinha, S., Yamada, K., Okamoto, M., Fujimoto, Y., Ogami, A., & Ueda, K. (2003). New polylactide / layered
silicate nanocomposites . 5 . Designing of materials with desired properties. Polymer, 44, 6633–
6646. https://doi.org/10.1016/j.polymer.2003.08.021
Song, R., & Murphy, M. (2018). Current development of biodegradable polymeric materials for biomedical
applications, 3117–3145.
Šopík, J. S. T., Janásová, P. S. N., & Koutný, M. J. M. (2019). Slow release formulation of herbicide
metazachlor based on high molecular weight poly ( lactic acid ) submicro and microparticles.
International Journal of Environmental Science and Technology, (Włodarczyk 2014).
https://doi.org/10.1007/s13762-019-02222-9
Tawakkal, I. S. M. A., Cran, M. J., Miltz, J., & Bigger, S. W. (2014). A Review of Poly ( Lactic Acid ) -Based
Materials for Antimicrobial Packaging. Journal of Food Sciemce, 79(8), 1477–1490.
https://doi.org/10.1111/1750-3841.12534
Thirtha, V., Lehman, R., & Nosker, T. (2006). Morphological effects on glass transition behavior in selected
immiscible blends of amorphous and semicrystalline polymers. Polymer, 47, 5392–5401.
https://doi.org/10.1016/j.polymer.2006.05.014
Ting, T., Yang, X., & He, C. (2010). A DFT study on poly ( lactic acid ) polymorphs. Polymer, 51(12), 2779–
2785. https://doi.org/10.1016/j.polymer.2010.03.062
Verbeek, C. J. R., & Berg, L. E. Van Den. (2010). Extrusion Processing and Properties of Protein-Based
Thermoplastics. Macromolecular Materials and Engineering, 295, 10–21.
https://doi.org/10.1002/mame.200900167
Verma, R., Vinoda, K. S., Papireddy, M., & Gowda, A. N. S. (2016). Toxic Pollutants from Plastic Waste- A
Review. Procedia Environmental Sciences, 35, 701–708.
https://doi.org/10.1016/j.proenv.2016.07.069
Wu, C., & Liao, H. (2005). A new biodegradable blends prepared from polylactide and hyaluronic acid.
Polymer, 46, 10017–10026. https://doi.org/10.1016/j.polymer.2005.08.056
Wu, C., & Liao, H. (2007). Study on the preparation and characterization of biodegradable polylactide /
multi-walled carbon nanotubes nanocomposites, 48.
https://doi.org/10.1016/j.polymer.2007.06.004
Yang, Z., Nollenberger, K., Albers, J., Craig, D., & Qi, S. (2013). Microstructure of an Immiscible Polymer
Blend and Its Stabilization E ff ect on Amorphous Solid Dispersions. Molecular Pharmaceutics, 10(7),
2767–2780.
Yasin, M., & Tighe, B. J. (1992). Polymers for biodegradable medical devices. Biomaterials, 13(1), 9–16.
Zeng, J.-B., Li, K.-A., & Dub, A.-K. (2015). Compatibilization strategies in poly(lactic acid)- based blends.
RSC Advances, 5, 32546–32565. https://doi.org/10.1039/C5RA01655J
Zhang, C., Lan, Q., Zhai, T., Shengqiang, N., Luo, J., & Wei, Y. (2018). Melt Crystallization Behavior and
Crystalline Morphology of Polylactide/Poly(ε-caprolactone) Blends Compatibilized by LactideCaprolactone Copolymer. Polymers, 10(1181), 1–12. https://doi.org/10.3390/polym10111181
Zhang, G., Zhang, J., Wang, S., & Shen, D. (2003). Miscibility and Phase Structure of Binary Blends of
Polylactide and Poly ( methyl methacrylate ). Journal of Polymer Science: Part B: Polymer Physics, 41,
23–30.

98

