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Abstract

This study aims to improve low intrinsic ductility of poly (lactic acid) (PLA) by using a novel bio-sourced plasticizer envi-
ronmentally friendly and cost-effective and to get a fully biodegradable material with potential application in films manu-
facturing. For that purpose, commercial sunflower oil (SO) was epoxidized and epoxidized sunflower oil (ESO) was used as
plasticizer for PLA. To investigate ESO potential as plasticizer for PLA, its plasticizing effect was compared with commercial
epoxidized soya bean oil (ESBO). Bioblends based on PLA and epoxidized vegetable oils (EVO) as bioplasticizers were
prepared. The plasticizers (ESO or ESBO) were respectively compounded with PLA at 10, 20, 30, and 40 wt%. Mechanical
(tensile and Shore D hardness), thermal (differential scanning calorimetry (DSC), thermogravimetric analysis (TGA)) and
morphological properties (optical microscopy and scanning electron microscopy (SEM)) were characterized. The results
showed that the addition of ESO or ESBO to PLA decreased tensile strength and tensile modulus compared to neat PLA
but increased elongation at break for which an optimum (9 %, 16 and 34 % for ESBO, ESOs 54, and ESO 5, respectively)
was reached at a content of 20 wt% of plasticizer. The structures of the obtained plasticized PLA were confirmed by FTIR
spectroscopy. The thermal properties (DSC), such as glass transition temperature (T,) and melting temperature (T,,) were
slightly decreased by addition of plasticizer into PLA, indicating that plasticizer increases the chain mobility and SEM analy-
sis proved successful modification on the PLA brittle morphology with addition of EVO. On the other hand, TGA results
revealed increase in the thermal stability. Also the results showed the effect of the EVO weight and the epoxy content (O.O
value) on the improvement of the properties of PLA. ESOg 54, at 20wt% was an efficient plasticizer for PLA.

Keywords Poly (lactic acid) - Epoxidized sunflower oil - Epoxidized soya bean oil - Bioplasticizer

Introduction PLA is a polyester that can be produced from lactic acid

derived from renewable resources. It is one of the most fre-

Research in biodegradable polymers has received increased
attention in recent years because of their wide application
in environmental friendly packaging. The most popular and
biodegradable polymers are aliphatic polyesters, such as
polylactic acid (PLA), polycaprolactone (PCL), poly (butyl-
ene adipate terephthalate) (PBAT) and polyhydroxybutyrate
(PHB).
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quently used biodegradable polymers, especially in food
packaging and biomedical applications. However, there
are still some drawbacks to PLA which have bounded its
applications. The poor mechanical properties of PLA, such
as low tensile strength and modulus, stiffness, brittleness,
evidenced by the limited elongation at break, are some of
the main limitations to its industrial applications [1]. Sev-
eral modification methods have been employed to improve
stiffness, processability and the mechanical properties of
PLA including blending PLA with other polymers, addition
plasticizers to polymer blending systems or adding various
types of reinforcing fillers [1-3] so as to compete with low
cost and flexible commodity polymers.

Plasticizers are widely used to enhance processability,
flexibility and ductility of PLA. Many kinds of plasticiz-
ers have been studied such as citrate esters, polyethylene
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glycol (PEG), polypropylene glycol (PPG), phthalates and
epoxy derivatives [4—6]. Based on literature, one of the main
trends in the synthesis of new plasticizers, as alternatives
to cost, toxic and non-degradable plasticizers, is plasticiz-
ers made from renewable raw materials, e.g., vegetable oils
and fats, which constitute the single, largest, renewable, low
cost, non-toxic and biodegradable family yielding materials.
In recent years, a lot of research has been devoted to the
synthesis and the possibilities of using vegetable oil-based
plasticizers such as epoxidized soybean oil (ESBO), epoxi-
dized cottonseed oil (ECO), epoxidized broccoli oil (EBO),
epoxidized palm oil (EPO), epoxidized jatropha oil (EJO)
and fatty acid esters (FAEs) [7-13]. Epoxidized vegetable
oils have received much attention because they act as reac-
tive plasticizers through the reactivity between epoxy func-
tional groups and the —-OH and -COOH end-groups of PLA
(Scheme 1) [14-17].

Sunflower oil is a renewable resource which was modified
by epoxidation. Epoxidized sunflower oil was used as not
toxic and environment-friendly additive (thermal stabilizer
and plasticizer) in polymer formulations and specially poly
vinyl chloride [20-24].

In this study, commercial sunflower oil was epoxidized.
The plasticizing effects of epoxidized sunflower oil (ESO)
on the properties of PLA were investigated. ESO is a novel
bio-sourced plasticizer environmentally friendly, cost-effec-
tive and technical solution to overcome the high intrinsic fra-
gility of PLA and widen its industrial applications. Perfor-
mances of ESO on PLA are compared to those of epoxidized
soya bean oil (ESBO) in the same conditions with the aim to
present ESO as another sustainable plasticizer alternative to
ESBO appropriate for food packaging applications.

Experimental
Materials

PLA (Nature Works 2002D) (MFI=6.18 g/10 min, den-
sity=1.23, T,= 63 °C, T,,= 154 °C, Mw =215 000, M,/
M, = 1.9 and D-isomer=4.2 % [25]) was used. Sunflower oil
is a commercial product from the company Cévital (Béjaia,
Algeria). It was used as received. Epoxidized sunflower oil

was especially prepared as described previously [21]. Its
level of oxirane oxygen (0.0) is 5.5 and 6.5 %. Commer-
cial epoxidized soya bean oil (ESBO) from Akdeniz Kimya
A.S. (Turkey) with O.0 of 5.9 % was used for comparison
as plasticizer for PLA. Formic acid (98 %) was obtained
from Panreac Quimica SA, hydrogen peroxide (30 wt%) and
hydrogen bromide (40 wt%) were purchased from Biochem
Chemophama, glacial acetic acid (99.9 %) was purchased
from ChemLab NV and chloroform analytical grade from
Aldrich Co.

Sunflower Oil and Epoxidized Sunflower Oil
Characterization

Characterization of SO and ESO was carried out according
to American Oil Chemists” Society (AOCS) Official Method.
The acid value (AV), saponification value (SV) and iodine
value (IV) were determined according to the AOCS Offi-
cial Method CD 3 A-63, AOCS Official Method CD 3 C-91
and AOCS Official Method CD 1D-92, respectively. The
viscosity was determined according to dynamic viscosity
test method (ASTM D 445-79) using a DV-II+ Pro Vis-
cometer, Brookfeld Engineering Labs. Inc. Middleboro at
100 rpm with S2, S1 spindles at different temperatures.
The relative density was determined according to ASTM
D891-09 Test Method B by means of a pycnometer, water
content was measured by Karl Fischer titration. Titration of
oxirane groups (oxirane index) was determined using ana-
lytical method [26]. Characteristics of SO and ESO are given
respectively in Tables 1 and 2.

Preparation of Plasticized Poly (Lactic Acid)

Plasticized PLA films were prepared by solution casting
method. PLA was first dried overnight in an oven at 40 °C.
Plasticized PLA films were obtained by dissolving the
required amount of PLA in chloroform at room temperature
in a stirred flask for 1 h, followed by the addition of the plas-
ticizer, with a dropper and continued stirring for 3 at 4 h. The
PLA / plasticizer mixtures were poured into ceramic dishes
with appropriate dimensions (50 x 100 x 60 mm?). Chloro-
form was evaporated. The plasticizers (ESO (0.0=5.5 or

Table 1 Main physicochemical properties of sunflower oil

Parameter Value

Physical state Yellow liquid

Acid value (mg KOH.g™ ) 0.5+0.2
Saponification value (mg KOH.g™ ') 1919 +0.2
Iodine value (g I,/100 g oil) 1292 +0.5
Relative density (kg.m™) 920.7 +0.5
Dynamic viscosity n (mPa.s) 40.1 +0.6
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Table 2 Properties of ESBO,
ESOs 5, and ESOg 5 4,

Sample composition Epoxidized soya bean  Epoxidized sunflower Epoxidized
oil (ESBO) oil (ESOs54,) sunflower oil
(ESOg59)
Oxirane Oxygen Content (%) 59 % 5.5% 6.5 %
Acid Value (mg KOH.g™ 1 6.2+0.2 5.6+0.1 5.1+0.2
Todine Value (g I,/100 g oil) 82.5+1.5 106.7+0.2 105.3+0.4

6.5 %) or ESBO) were respectively compounded with PLA
at 10, 20, 30, and 40 wt %.

Plasticized PLA Characterization
Tensile Testing

Tensile properties were performed at room temperature
using MTS Criterion Electromechanical Universal Test
System, Model 41 Series 40. The 1 mm plasticized PLA
sheets were cut into a dumbbell shape based on ASTM D638
(type V) standard. The test was conducted with a 1.0 kN
load cell and a constant crosshead speed of 10 mm.min~!.
Tensile strength, tensile modulus, and elongation at break
were measured. The results obtained represent the average

of three measurements for each sample at least.
Hardness Shore D Characterization

The shore D hardness test was carried out according to ISO
868 using a Bareiss Shore D Tester. Sheets of 4mm thickness
were used for hardness measurements. Three measurements
were made on each sample type.

Fourier Transform Infrared Spectroscopy Analysis

In order to identify the surface functional groups on the pre-
pared samples, Fourier transform infrared spectroscopy was
carried out on a Nicolet iS10 spectrophotometer at high res-
olution and over 32 scans in the wavelength range between
4000 and 500 cm™".

Differential Scanning Calorimetry Analysis

Differential scanning calorimetry was conducted with a
NETZSCH STA 409PC/PG instrument in nitrogen atmos-
phere. Each sample was equilibrated at 20 °C and then the
temperature was increased at 10 °C/min to 200 °C. At this
temperature, an isotherm was maintained for one minute,
and then the sample was cooled at the same rate and heated
again to 200 °C at 10 °C/min. The first heating scan was
used to erase any prior thermal history while the second
heating scan was used to determine glass transition tempera-
tures (T,). OriginPro 2018 was used to analyze the curves.

@ Springer

Thermogravimetric Analysis

Thermogravimetric analysis measurements were performed
using a NETZSCH STA 409PC/PG instrument from 20
to 500 °C at a heating rate of 10 °C.min~"! in nitrogen
atmosphere.

Optical Microscopy Analysis

Samples were analyzed by optical microscopy with an
OPTIKA® type apparatus piloted by a computer at a mag-
nification of 100 times using a 10/0.40 compound lens and
transmitted light.

Scanning Electron Microscopy Analysis

The fracture surfaces of tensile failed sample were stud-
ied under a FEI Quanta 650 scanning electron microscopy
(SEM) instrument.

Results and Discussion
Mechanical Properties

Tensile properties combined with DSC evaluation are the
most common used indicators of changes caused by plas-
ticization. Results of the tensile measurements, including
tensile strength, tensile modulus and elongation at break are
displayed graphically in Figs. 1, 2 and 3. Stiffness, brittle-
ness and limited extendibility are the main features of PLA
based materials [1]. The possible reason for the high tensile
strength for low or non plasticizer content is the domination
of strong hydrogen bonds, Van Der Waals or ionic forces
produced by polymer-polymer intermolecular interactions
over polymer—plasticizer attraction. Plasticizing PLA with
epoxidized oil in this work demonstrated markedly improved
ductility. However, tensile strength of PLA/EVO 20 wt% was
lower than that of neat PLA (13 MPa) and was at around
11 MPa, 10 MPa and 8 MPa for PLA/ESOg 5, PLA/ESBO
and PLA/ESO; 5, respectively. The tensile strength of
plasticized PLA decreased with increasing amount of plas-
ticizers. The drops in the tensile strength may be caused
by the plasticizer-plasticizer interaction [27]. PLA/ESOg 54,
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Fig. 1 Variation of tensile strength of plasticized PLA with plasticizer content
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Fig.2 Variation of tensile modulus of plasticized PLA with plasticizer content

20wt% exhibited higher flexible mechanical properties than
that of PLA modified by ESBO and ESOs 5, this indicates
the effect of the epoxy content of the EVO (0.0 value).
At higher plasticizer loading, tensile strength of the blends
decreased with the incorporation of plasticizers. In general,
plasticizer is introduced to a polymer matrix to overcome the
brittleness caused by extensive intermolecular interactions.

Thus, the presence of plasticizers ESO and ESBO decreases
these intermolecular forces and enhances the mobility of
PLA polymer chains, causing an increase in flexibility and
extensibility of the PLA. Decrease in the tensile strength of
plasticized PLA with increase in the concentration of the
plasticizer has been reported by many authors [28-30].
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Fig. 3 Elongation at break (%) of plasticized PLA with plasticizer content

The effect of plasticizer concentration on the tensile mod-
ulus values of PLA plasticized samples is shown in Fig. 2.
Tensile modulus stands for the resistance of the sample to
elastic deformation and this can be perceived as reflecting
the stiffness and strength of the sample [30, 31]. Low tensile
modulus value corresponds to flexible sample. The tensile
modulus values regularly decreased with the addition of
plasticizers contents, meaning that PLA samples lost their
stiffness and became more flexible with the addition of the
plasticizer. Analogous decrease of tensile modulus in plas-
ticized blends has been reported [30, 32].

The effect of plasticizer content on the elongation at break
of plasticized PLA is shown in Fig. 3. The plasticizing effi-
ciency can be evaluated taking into account the flexibility of
PLA or elongation at break of 5 %. The increasing of plasti-
cizer content from 0 wt% to 20 wt% led to a slight increase
in the sample elongation, from 5 to 9 % for PLA/ESOs 5,
which was 2 times higher than that of neat PLA. For PLA/
ESOg 54 and PLA/ESBO, the elongation increased signifi-
cantly from 5 to 16 and 34 %, respectively; it was 3 times and
6.7 times higher than that of neat PLA, respectively. This
represents an overall percentage increase of around 80 %,
211 and 573 %, for PLA/ESOs 54, PLA/ESOg 54 and PLA/
ESBO respectively, regarding to neat PLA, calculated as the
percentage ratio of the variation in elongation at break (9
—5%, 16 —5% and 34 —5 % respectively) to the elongation
at break of neat PLA (5%). It is apparent that the blends
containing 20 wt% plasticizers had the highest elongation
at break. This is, therefore, the optimum plasticizer content,
and it was used for subsequent studies. These results are in
accordance with other works regarding PLA plasticization

@ Springer

with epoxidized vegetable oils [28-30, 32, 33]. The com-
parison of ESO to ESBO at the optimum plasticizer con-
tent (20 wt%) shows that ESBO presents best elongation at
break because of its lower molecular and its good compat-
ibility with PLA, while ESOg 5, exhibits better elongation at
break than ESOs 5. The increasing in films elongation can
be explained by the fact that plasticizers decrease the inter-
molecular bonds between PLA chains (polymer-polymer
interaction) by filling the space between the polymer chains
and substitute them with hydrogen bonds formed between
plasticizer and polymer chains (plasticizer-polymer interac-
tion). Such disruption and reconstruction of polymer chains
interactions reduce the rigidity and promote the ductile
behavior of films by allowing more chains mobility [34]. The
addition of more than 20 wt% of plasticizer to PLA leads to
a decrease of elongation at break because PLA was saturated
with plasticizer and phase separation occurred, contribut-
ing to PLA-rich and EVO-rich phase formation within the
EVO-plasticized PLA. Ferri et al. [35] reported that once
the optimum plasticizer content was reached, a plasticizer
excess leads to lower elongation at break values due to a
possible phase separation. The tensile strength decreases
gradually with the content of ESOy 5, whereas the elonga-
tion at break increases, this is attributed to the level of epoxy
content (0.0 value) which promote the chains mobility. The
comparison of ESOy 5 to ESBO at the chose content 20wt%
shows that ESO presents similar mechanical properties than
that of ESBO.

Figure 4 shows the evolution of Shore D hardness as a
function of plasticizers contents (ESBO and ESO). The addi-
tion of plasticizers leads to softer materials with decreasing
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Fig.4 Evolution of Shore D hardness of plasticized PLA with plasticizers content

hardness as the plasticizer content increases. Nevertheless, at
the level of 20 wt% taken as optimum, the best efficiency can
be observed for PLA/ESOg 54, by a decrease from 71 to 46.
These results are in total agreement with previous mechani-
cal characterization, thus indicating the high efficiency of
ESOg 54 versus ESOs 54 and ESBO for PLA plasticization.
It can be seen that the mechanical properties are affected
by the weight of EVO and the level of the epoxy con-
tent (O.0) value, reduced the intermolecular interactions
between the polymeric chains and increased their chains
mobility improving the flexibility of PLA. The plasticizing
efficiency can be evaluated taking into account the flexibil-
ity of samples. The values of tensile strength, elongation at
break, and shore D hardness presents ESOg 5, as an efficient
plasticizer against ESOs 54 and ESBO. In the rest of this
study the effect of plasticizers at 20 wt % was investigated.

FT-IR Spectroscopy

FT-IR spectroscopy was used to control the known func-
tional group interactions of PLA with epoxidized vegetable
oils and compare different plasticized PLA. Yin et al. and
Guan et al. [36, 37] reported that when two or more sub-
stances are mixed, physical blends versus chemical interac-
tions are reflected by changes in the characteristic spectral
bands. Figure 5 exhibits infrared spectra of ESBO, ESOg 54,
and ESOs 5., from 500 to 4000 cm™ ' and Fig. 6 shows the
FT-IR spectra of PLA in absence and presence of 20 wt % of
ESBO, ESOs s, or ESOj 5, from 500 to 4000 cm™ .

The FTIR spectra of ESBO, ESOg 5, and ESO; 5, (Fig. 5)
exhibited the two characteristic absorptions of the oxirane

ring, that are revealed at around 915 cm~ ! and 3500 cm™ !,
corresponding to y_g epoxy groupe and C-H tension of the
methylene group of the epoxy ring, respectively. However,
this second band is not very useful since its intensity is low
and it is also very close to the strong O-H absorptions [38].

Ester group of PLA exhibits characteristic peaks at 1748,
1187 and 1090 cm™! corresponding respectively to carbonyl
group C=0 stretching vibration, the asymmetrical valence
vibrations of C-O-C and symmetrical valence vibrations
of C-O-C of the aliphatic chain as reported by Risti¢ et al.
[39]. Changes in the position and intensity of these peaks
were observed for the blends materials. Also, it has been
reported that the peaks at 871 and 756 cm™! are related to
the amorphous and crystalline region [40]. Similar findings
were reported by Auras et al. [41].

The epoxide stretching vibration (y_q) and the stretching
vibration at 1250 cm™! were disappeared in plasticized PLA
(Fig. 6) indicating the possibility of interaction between the
EVOs and PLA. This result is similar to plasticized PLA by
epoxidized palm oil (EPO) and plasticized PLA by epoxi-
dized soybean oil (ESBO) reported by Silverajah et al. [42]
and Tee et al. [43], respectively. The stretching vibration
of CH, and C=0 in PLA were at 2926 cm™!, 2852 cm™!
and 1748 cm™!. As for EVOs, they were slightly different
at 2918 cm™ ', 2854 cm~! and 1752 cm™!. With the incor-
poration of plasticizers into PLA, they were at 2925 cm™ ',
2853 cm™ ' and 1747 cm™!, which may indicate some inter-
molecular interactions and miscibility. It is also observed a
change in the intensity of these peaks.

The FTIR result is indicated that PLA-EVOs blends could
form interaction via hydrogen bonding [44]. Xu et al. [45]

@ Springer



238

Journal of Polymers and the Environment (2022) 30:232-245

W(C=0)

ESO¢.5%

\
1
1
1
1
1
1
1
1
I
1
1
1
1

'
\ '

Transmittance (a. u)

B ) ! ESOs.50
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cml)
Fig. 5 Infrared spectra of plasticizers
Epoxide region _ e —
v - P
1 ™ 5
i 1747 cm! i s
. .
1
1
869 cm? |
£) Lo A e
- 1 1
= - N A PLA/ESO;,
> W‘V ‘ - }I#— 5.5%
2 | S e o
g : 4 | X 2853 cml _ . __ 2925cm’!
- y ! |
E : : l“ ! ’ ’# }~ o™ ]
2 w—\/"’w’_\f_ - 7' PLA/ESBO
= Al 1 -
= i \ /s
(LI “
it
869 cm, | 1
1187 cm
-1 -
{1 .-1090cm1 -~ 1748 cm D e
v 7 o —
\ \ ! N \4 JA’ ,l PLA
W' 2852cm! | ' _ 2926 cm’]
867cm! "~-- -t
1000 1500 2000 2500 3000 3500

Wavenumber (cm)

Fig. 6 Infrared spectra of PLA in absence and presence of 20 wt % plasticizer

are proposed that hydrogen bonding could form between
the ester group of PLA and the oxirane group of EVO
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(Scheme 2). Also, the interaction between PLA and EVOs
could be attributed to the possible hydrogen bonding that
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occurs between the carbonyl group (i.e., from ester link-
age) in PLA and the epoxy group in EVOs. Furthermore,
it can be seen that a relatively small peak at approximately
3500 cm™ ! (characteristic absorption region for O-H bond
stretching deformation) is visible for neat PLA which indi-
cate the presence of hydroxyl groups in the pure PLA. It is
also interesting to note that this characteristic peak of PLA
has disappeared with the incorporation of plasticizers, and
was shifted upper to a broad peak similar to that of plas-
ticizers. Therefore, the terminal hydroxyl group (-OH) in
the PLA could be possibly interacting with oxirane groups
(C-0-C) of plasticizers by hydrogen bonding as proposed
by Xu et al. [45]. It is also interesting to note that the pro-
posed possible interaction between PLA and plasticizers are
reported in other studies such as Al-Mulla et al. [46].

By comparing FTIR results of PLA/ESOyg 54 with PLA/
ESOs 54 and PLA/ESBO, it is observed that the increase
in intensity of the (C=0) absorption at 1747 cm™!, and the
appearance of the (-OH) absorption at 3650 cm™! for PLA/
ESOg 5 is stronger than the same peaks for PLA/ ESOs 5
and PLA/ ESBO. Also, a small shift of C-O stretching peak
from 1090 cm™"! (neat PLA) to 1095 cm™ ! in.

PLA/ESOs 54 was observed. This shift in the absorption
peak indicates the miscibility and interaction of PLA and
ESOg 54. According to George Wypych [27], polar groups
in a plasticizer (presented by epoxy groups and their epoxy
content (0.0 value)) improve mechanical properties and
are essential for good compatibility. Regarding ESOg 5, it
has higher polarity compared to ESOs 5, and ESBO due
to its higher level of epoxy content (6.5 %) than those of
ESOs 54, (5.5%) and ESBO (5.9 %). Therefore, a stronger
interaction between PLA and ESOg 5 through hydrogen
bonding which is influenced by the epoxy content of the

EVO (0.0 value) comparing to PLA-ESOs 54 and PLA-
ESBO interactions. This is a correlation: higher the epoxy
content of the EVO corresponding in general to higher sites
of interactions between EVO and PLA (higher hydrogen
bounding). As a result, the ESOg 5, is the efficient plasticize
versus ESOs s and ESBO for PLA plasticization, and this
is in total accordance with previous efficiency of ESOy s,
mechanical properties.

Differential Scanning Calorimetry Investigation

DSC is a very useful technique to study the glass transi-
tion temperature, crystallization temperature, and melting
behavior. Figure 7 shows the DSC curves recorded during
the second heating cycle of plasticized PLA.

It is worth noting a slight decrease in T, values with a
change from 64 °C (neat PLA) to 59 °C (PLA/ESBO), 61 °C
(PLA/ESOs 54, 20wt%) and 60 °C (PLA/ESOg s, 20Wt%).
The T, of all PLA/plasticizer blends was lower than that of
neat PLA, this is related to an increase in chain mobility with
added plasticizer because of the penetration of plasticizers
molecules into PLA matrix [48]. This same behavior was
reported by Ozgur et al. [49] that employed epoxidized veg-
etable oils as plasticizers for biodegradable polymers. But
no obvious crystallization exotherm (T,) peak was observed,
possibly because of the important content of D-isomer in
PLA. It is possible to note that crystallization behavior of
PLA blends was insignificantly affected by plasticizers.

As observed from Fig. 7, the DSC thermogram of neat
PLA exhibits two distinct melting endotherms at 132 and
148 °C, according to Yasuniwa etal. [50], the double-melting
behavior of PLA was explained by the melt-recrystalyzation
model. Conversely, in the heating scan of plasticized PLA
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Fig. 7 DSC thermograms of PLA in absence and presence of 20 wt % of ESBO or ESO

only one (T,,) peak appeared at 142 °C, 141 and 144 °C, for
PLA/ESBO, PLA/ESOs 54 and PLA/ESOg 54, respectively.
The downward shift in T, of this blended film indicates
the increased miscibility of the components in the blends
as reported by Joseph et al. [51]. According to DSC curves,
no trace of separate melting or crystallization of plasticiz-
ers was detected confirming that the phase separation did
not occur.

Optical Microscopy Analysis

To give a clearer view of surface modification of PLA and
PLA/EVO blends, surfaces were characterized by optical
microscopy. Figure 8a to d show the optical images of neat
PLA, PLA/ESBO, PLA/ESOs 54 and PLA/ESOg 54, Neat
PLA (Fig. 10a) displays smooth surface as compared with
PLA/EVO blends while morphology of plasticized samples
is heterogeneous and displays a skin-core distribution. EVO
plasticizers are located below PLA skin as droplets in the
polymer as it is clearly showed in Fig. 8b to d. These drop-
lets cause the improvement of the mechanical properties.

Scanning Electron Microscopy Analysis
Scanning electron microscopy analysis shows the surface
morphology of the fractured tensile specimens and the state

of dispersion of the epoxidized vegetable oils in the PLA
matrix.
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PLA exhibited smooth, homogeneous and a flat surface,
corresponding to its brittle behavior as reported by Silvera-
jah et al. [29], (Fig. 9a). The addition of 20 wt% of EVO to
PLA matrix revealed a marked change in morphology.

SEM micrographs of plasticized PLA (Fig. 9b and d),
exhibited an uneven surfaces with presence of fibrils due
to plastic stretching or deformation, those morphologies
indicates a good adhesion between components without
voids, producing a single phase morphology. This diffused
PLA-EVO interface is related to the chemical interactions
between PLA and plasticizer. Thus, the plasticizer was
formed a homogeneous distribution and good miscibility.

Thermogravimetric Analysis

The study of plasticized polymers must take into account
the impact of the plasticizer on the thermal stability. The
thermal degradation of plasticized PLA was investigated
by thermogravimetric analysis. Figure 10a and b illustrate,
respectively, the weight loss and the weight loss derivative
of PLA/EVO samples.

The thermal stability of a polymeric material depends
on the inherent characteristics of the macromolecules as
well as on the molecular interactions between the different
molecules. The chain cleavage or the bond dissociation of
the macromolecules takes place when the supplied thermal
energy exceeds the bond dissociation energy of the respec-
tive chemical bonds [47]. From the thermogravimetric
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C. PLA/ESOss%

b. PLA/ESBO

Fig.8 Optical microscopy images of PLA in absence a and presence of 20 wt % of ESBO b, ESOs 54, ¢ and ESOg 5, d

analysis (TGA) curves, addition of 20 wt% of EVOs into
PLA improved he thermal stability of PLA as can be
observed from the degradation onset temperatures (T, .
of PLA/ESBO (290 °C), PLA/ESOs 5, (288 °C) and PLA/
ESOg 54 (291 °C) which are higher than that of neat PLA
(280 °C). A delay of thermal degradation is observed for
PLA/EVO blends from the onset temperatures. The blends
exhibited a higher degradation temperature than neat PLA.
The presence of plasticizer with a good dispersion in the
PLA polymer acts as a barrier sheet to prevent oxidation,
as well as, hinders the permeability of volatile degradation
products out from the blend materials and helps delay the
thermal degradation process [52]. Also, From TG and DTG
thermograms, it can be observed that all of the PLA blends
showed an increase in temperature of maximum weight
loss (T,,.y) : (365 °C) for PLA/ESOg 54, (359 °C) for PLA/
ESOs 54 and (363 °C) for PLA/ESBO comparing to PLA
(348 °C), it was reported in the literature that the increase
in thermal stability of EVO plasticized PLA was due to their
strong interaction and well-dispersion of plasticizer into
PLA [53, 54]. On the other hand, the weight loss of PLA in

presence of ESOs 54, (88 %) or ESOg 54, (88 %) is similar to
that of PLA (86 %) and lower than that of PLA in presence
of ESBO (90 %).

It could be seen that ESOg 54 exhibited better act on ther-
mal stability of PLA than ESOjs 5, and slightly higher than
ESBO, confirming its good interaction with PLA due to its
level of epoxy content. Thermal investigations confirming
the mechanical characterization and FT-IR spectroscopy
that ESOg 54, is the efficient plasticizer against ESOs 5, and
ESBO.

Conclusions

This paper describes plasticization of PLA by a new bio-
based plasticizer (ESO) via a solution casting process using
chloroform as a solvent. From the above results, the follow-
ing conclusions can be derived:

Mechanical characterization of PLA/EVO samples
showed a decrease in tensile strength and tensile modulus,
but an increase in elongation at break for which an optimum
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Fig.9 Scanning electron microscopy images of PLA in absence (a) and presence of 20 wt % of ESBO (b), ESOs 5, (¢) and ESOg 54, (d)

(9%, 16 and 34 % for ESBO, ESOs 54, and ESOg 5., respec-
tively) was reached at a content of 20 wt% of plasticizer. The
optimum EVO loading with enhanced mechanical proper-
ties of PLA was 20 wt %. The addition of plasticizers leads
to softer materials with decreasing hardness as the plasti-
cizer content increases. Nevertheless, the best efficiency
was observed for PLA/ESOq 54 by a decrease from 71 to
46 at a level of 20 wt %. FTIR spectroscopy shows some
molecular interactions by intermolecular hydrogen bonding
between PLA and ESO. According to thermal and mechani-
cal properties, ESOg¢ 54, was more effective plasticizer than
ESO;s 54, due to more hydrogen bonds with hydroxyl groups
of PLA, and it have similar performances to those of ESBO.
Furthermore, T, values decreased from 64 °C (neat PLA) to

@ Springer

59 °C (PLA/ESBO), 61 °C (PLA/ESO; 54,) and 60 °C (PLA/
ESOg 54, at the level of 20 wt% plasticizer. SEM analysis
showed successful modification of the PLA brittle mor-
phology with addition of EVO. On the other hand, the PLA
blends exhibited a higher degradation temperature than neat
PLA, confirmed a higher ability to resist thermal degrada-
tion for PLA blends when compared to neat PLA.

Globally, the results showed that the performances of the
epoxidized sunflower oil are similar to those of epoxidized
soya bean oil.

Based on the results of this study, ESO exhibited promis-
ing results regarding the improvement of the brittleness and
overall properties of PLA and can therefore be considered
as a potential plasticizer.
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