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Abstract In this study, epoxidized palm oil (EPO) was
utilized as a plasticizer for polylactic acid (PLA) using
chloroform as a solvent by solution casting process at six
weight ratios of PLA/EPO, 95/05, 90/10, 80/20, 70/30, 60/
40, and 50/50, respectively. Fourier-transform infrared
(FTIR) spectroscopy was used to identify the functional
groups of PLA, EPO, and PLA/EPO blends. Thermal sta-
bility, mechanical, and morphological properties of the
blends were investigated by thermogravimetric analyzer
(TGA), tensile properties measurements, and scanning
electron microscope (SEM) technique, respectively. The
FTIR spectra indicate that there are some molecular
interactions by intramolecular hydrogen bond between
PLA and EPO. All sets of PLA/EPO blends show high
thermal stability and significant improvement of mechan-
ical properties compare to pure PLA. The highest elonga-
tion at break (about 210%) was obtained when the ratio of
PLA/EPO blend was 80/20. Morphological results of PLA/
EPO blends show that ESO was good miscible with PLA.

Introduction

Biodegradable polyesters have attracted much attention
due to their biodegradability and biocompatibility which
offer clear advantages for both customers and environment.
Polylactic acid (PLA) is one of the most promising can-
didates as partial alternative of petrochemical polymers

E. A. J. Al-Mulla (<) - W. Md. Z. W. Yunus -

N. A. B. Ibrahim - M. Z. Ab. Rahman

Department of Chemistry, Faculty of Science, Universiti Putra
Malaysia, 43400 UPM Serdang, Selangor, Malaysia

e-mail: emadaalmulla@yahoo.com

@ Springer

because it is biodegradable and produced from renewable
resources [1].

In addition to its application in textile industries, auto-
motive and clinical uses, PLA represents a good candidate
to produce disposable packaging due to its good mechan-
ical properties and processability [2—4]. However, high
tensile, high modulus, low elongation at break, and high
price limit its application. Therefore, the tailoring of its
properties to reach end-users demands is required.

Attempts have been made to enhance the flexibility and
other mechanical properties by blending of PLA with other
polymers such as polycaprolactone, polybutylene succi-
nate, or polyetherurethane [5-8]. Low molecular weight
plasticizers such as polyethylene glycol, polypropylene
glycol, and citrate esters were also used to improve of the
mechanical properties of PLA [9-12].

Epoxidized palm oil (EPO) is an epoxidized derivative
of a mixture of esters of glycerol with various saturated and
unsaturated fatty acids. It is important for many chemical
industries as they are derived from renewable, biodegrad-
able, environmental friendly and easily available raw
materials.

The inherent low iodine value of the oil and the low
compatibility of epoxidized oil with polymers have some
shortcomings which restrict applications of EPO as plas-
ticizer [13]. On the contrast, other epoxidized oils such as
soybean oil are widely utilized as plasticizers. Ali et al.
reported that epoxidized soybean oil was used as a plasti-
cizer for PLA to improve flexibility [14]. They found that
thermal and SEM analysis revealed that epoxidized soy-
bean oil is partially miscible with PLA. Rheological and
mechanical properties of PLA/epoxidized soybean oil
blends were studied by Xu et al. [15]. Epoxidized soybean
oil exhibits positive effect on both the elongation at break
and melt rheological characterization.
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In present study, EPO was used as a plasticizer for PLA
via solution casting process using chloroform as a solvent.
The aim of this study is to investigate the effects EPO on
thermal stability, mechanical, and morphological proper-
ties of PLA as well as investigation of interaction between
PLA and EPO in the blend.

Experimental
Materials

EPO was provided by Advanced Oleochemical Technology
Division (AOTD), Malaysia. PLA and chloroform were
purchases through local suppliers from Nagoya, Japan and
Merck, Germany, respectively.

Preparation of PLA/EPO blends

The required amounts of PLA and EPO were dissolved in
50 mL chloroform separately. The EPO solution was then
transferred into the PLA solution with a dropper and con-
tinuous stirring. After all the EPO solution was transferred
into the PLA solution, the resultant mixture was then
stirred for 1 h. After that, the mixture was refluxed for 2 h.
The PLA/EPO blend was poured into a Petri dish and left
to dry. The amount of PLA to EPO used in this study is
listed in Table 1.

Viscometery measurement

Measurement of viscosity was performed by an Ubbelohde
type viscometer. According to Huggin’s equation (1), the
reduced viscosity values (#,.q) was calculated and plotted
versus concentration of PAL/EPO blend in the solution
[16].
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where ¢ is the flow time of the PLA/EPO blend solution, z,
is the flow time of the pure solvent, and C is the concen-
tration of PAL/EPO blend in the solution.

Table 1 The amount of the PLA/EPO blends

Sample identity Weight of PLA (g) Weight of EPO (g)

Neat PLA 5.00 0.00
95PLA 05EPO 4.75 0.25
90PLA 10EPO 4.50 0.50
80PLA 20EPO 4.00 1.00
70PLA 30EPO 3.50 1.50
60PLA 40EPO 3.00 2.00
S0PLA 50EPO 2.50 2.50

Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectra of the blends samples were recorded by
the FTIR spectrophotometer (Perkin Elmer FT-IR-Spec-
trum BX, USA) using KBr disc technique.

Tensile properties

The tensile strength, tensile modulus, and elongation at
break were measured by using Instron Universal Testing
Machine 4301 at 5 mm/min of crosshead speed in accor-
dance to ASTMD638 [17]. Seven samples were used for
the tensile test and an average of five results was taken as
the resultant value.

Scanning electron microscopy (SEM)

The morphology of tensile fracture surface of the blend
was observed by SEM at room temperature. A JEOL
(model JSM-6300F) SEM with field emission gun and
accelerating voltage of 5 kV was used. A gold coating of a
few nanometres in thickness was coated on tensile fracture
surfaces.

Thermogravimetric (TG) analysis

The thermal stability of the samples was studied by using
Perkin Elmer model TGA 7. Thermogravimetric analyzer
(TGA) was used to measure the weight loss of the samples.
The samples were heated from 30 to 800 °C with the
heating rate of 10 °C min~' under nitrogen atmosphere at

the flow rate of 20 mL min~".

Results and discussion

The FTIR spectra of PLA, EPO, and PLA/EPO blends are
shown in Fig. 1. The peaks located at 2,984, 2,926, and
1,744 cm™" of PLA and 2,906, 2,845, and 1,733 cm™' of
EPO were assigned to the stretching vibration of —-CH, and
vibration of —C=0 bonds, respectively; while in the blend
materials these peaks were found in the neutralized regions
of 2,910, 2,848, and 1,741 cm™'. This result is in agree-
ment with Kim and Choi that shows the peaks of infrared
were shifted due to the interaction between polymethyl
methacrylate and phenoxy in their blend [18]. In addition,
it could be observed that with the increasing content of
EPO, the relative strength of peaks 1,910 and 2,848 cm”,
which belongs to PLA content decreased.

The FTIR result indicates that there are some molecular
interactions between PLA and EPO. It was believed that
hydrogen bonding could form between the ester group of
PLA and the oxirane group of EPO [15]. The interaction
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Fig. 1 The FTIR spectra: PLA EPO and PLA/EOP blends

between PLA and EPO may also be attributed to the pos-
sible hydrogen bonding that occurs between the oxirane
group in EPO and the small amount of terminal hydroxyl
groups in the PLA main chain [19]. A proposed possible
site for interaction between PLA and EPO is shown in
Scheme 1. FTIR spectrum of the neat PLA supports this
claim which shows peak at 3,500 cm ™' (hydroxyl group
stretching). It was observed that this characteristic peak of
PLA has disappeared with the incorporation of EPO.
Neat PLA sample exhibits a tensile strength of approx-
imately 25 MPa. The addition of 5% EPO to PLA caused a
reduction in tensile strength for the blend of PLA/EPO to

CH,
e
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M‘\ W
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Scheme 1 Proposed chemical interactions (intramolecular hydrogen
bonding) between PLA and EPO
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around 23 MPa. The tensile strength of plasticized PLA
decreased with increasing amounts of plasticizer; eventu-
ally losing about 72% of its initial strength with 50%
plasticizer (Fig. 2a).
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Fig. 2 Mechanical properties of PLA/EPO blends: a tensile strength,
b modulus strain, and ¢ elongation at break
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Measuring the slope of Young’s modulus curve is the
common method of determining the stiffness [20]. Fig-
ure 2b shows Young’s modulus curve of pure PLA and
PLA/EPO blends. Neat PLA exhibits a modulus value of
450 MPa, and the addition of EPO significantly decreases
the stiffness. It was evident that the increase of EPO from 5
to 50% leads to the decrease of the modulus value to 390
and 160 MPa, respectively.

Figure 2c shows the elongation at break as a function of
neat PLA and amount of EPO in the blend. Neat PLA
exhibits an elongation at break value of 43%. It increases
with the addition of EPO. The highest elongation at break
(210%) is observed with 20% EPO. Further addition of
EPO causes the decrease of elongation at break which
made the blend to be more brittle.

It is known that the mechanical properties of immiscible
polymer blends are dependent on their morphologies [21].
The relation between mechanical properties and morphol-
ogy for the blend of PLA and epoxidized soy bean oil was
investigated [14]. Phase morphology of the neat PLA and
PLA/ESO blends were assessed by SEM. The SEM image
of the neat PLA and PLA/ESO blends are shown in Fig. 3.
SEM of PLA/EPO blends micrographs show very good
compatible morphologies without the edge, cavity, and
holes resulting from poor interfacial adhesion. It is possible

Fig. 3 SEM micrographs of
fracture surfaces of neat PLA
and PLA/ESO blends

AR

PLA/EPO (70/30)

HITACH! » CURY 4.8mn X3 L0k SE 292008

that the good adhesion of these blends is due to molecular
interactions between PLA and EPO that could create
hydrogen bonds.

Different phase morphology was observed in PLA/
epoxidized soybean oil blends in which low molecular
weight epoxidized soybean was accumulated during phase
separation and form microvoids in the PLA matrix [14].

The typical plot of reduced viscosities as a function of
PLA/EPO blends concentrations in solutions are presented
in Fig. 4 which shows the effects of EPO on viscosity of
PLA. It can be observed that the increase of EPO per-
centage in PLA solution causes decrease of reduced vis-
cosity. The figure also shows a lower reduced viscosity
with increase the concentration in all sets of EPO/PLA
blends.

Thermogravimetric analysis was used to study the
thermal stability of PLA/EPO blends by measuring their
thermal decomposition temperature at the onset and end of
weight loss. Higher decomposition temperature means
better thermal stability for the blends. The thermal
decomposition temperature at the onset and end of weight
loss for PLA/EPO blends was shown in Fig. 5. With the
addition of EPO, the thermal stability of PLA component
was increased. For example, the onset of PLA increased
from 236.41 to 283.32 °C and the end of decomposition
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Fig. 4 Reduced viscosities plot of PLA/EPO blends as a function of
concentration for the blend in the solution
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Fig. 5 TGA thermograms of neat PLA and PLA/EPO blends

process increased from 369.87 to 455.25 °C when the
weight component of EPO increased from 0.0 to 30%
(Fig. 5¢). The increase of thermal stability of PLA came
from the effect of EPO. With the addition of EPO, the
molecular chain of PLA was restricted, which would
increase the thermal stability of PLA due to reducing its
heat sensitivity [22].

Conclusion

This article describes plasticization of PLA by new plas-
ticizer (EPO) via solution casting process using chloroform

@ Springer

as a solvent. The results indicate that improved flexibility
could be achieved by incorporation of EPO. FTIR spec-
troscopy shows some molecular interactions by intramo-
lecular hydrogen bond between PLA and EPO. High
thermal stability and significant enhancement of mechani-
cal properties were observed for PLA/EPO blends compare
to pure PLA. SEM micrographs of PLA/EPO blends show
good compatible. Due to viscometery measurements,
reduced viscosities of the blends were decrease with
increase amount of EPO.
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