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Abstract
This work aimed to study the mechanism of toughness improvement of polylactic acid (PLA) by using a biobased plasticizer. 
Ozonized soybean oil (OSBO), acting as a biobased plasticizer, was prepared by the ozonolysis reaction. The functional 
groups and chemical structure of OSBO were characterized by FTIR and NMR techniques, respectively. Plasticized PLA 
specimens were prepared by compounding using a corotating twin-screw extruder and sheet forming using a compression 
molding machine. The influences of OSBO contents, varying from 0 to 15 wt%, on PLA were evaluated via mechanical 
and thermal testing and morphological analysis. After the ozonolysis reaction, there was an increase in ester groups and the 
formation of hydroxyl groups in OSBO. With increasing OSBO content, it was found that elongation at break and impact 
strength tended to increase, whereas tensile strength decreased. The glass transition, crystallization and melting temperatures 
of PLA continuously decreased as a function of OSBO content. The presence of OSBO enhanced crystallization of PLA. 
OSBO at low content acted as a plasticizer for PLA, whereas OSBO at 15 wt% formed fine oil droplets acting as an impact 
absorber by energy dissipation.
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Introduction

Polylactic acid (PLA) is an aliphatic polyester that is clas-
sified as a biodegradable biobased plastic. With its good 
strength and high stiffness, PLA is one of the potential 
choices to be used for the replacement of conventional petro-
leum-based plastics, especially for packaging [1, 2]. The 
plastic waste problem, especially from plastic packaging, is 
currently one of the violent environmental concerns. It has 
become an important driving force to introduce the appli-
cation of biodegradable plastic in the packaging industry. 
However, the low flexibility and toughness of PLA [3] limit 
PLA in extensive packaging applications. Improvements in 

the toughness of PLA in the literature have been accom-
plished by various methods, such as blending PLA with duc-
tile polymers [4–9], adding a toughening modifier [10–12], 
and increasing the chain mobility of PLA with a plasticizer 
[13–15].

Improvement of the toughness of PLA with a plasticizer 
is a favored choice for commercial applications because the 
method is not complicated and inexpensive. Generally, plas-
ticizers can reduce the glass transition temperature (Tg) and 
polymer stiffness. These factors lead to increases in both 
flexibility and toughness. The miscibility of plasticizers 
with polymers is an important factor in plasticization. Plas-
ticizers tend to migrate toward the polymer surface, leaving 
less plasticizer content in the polymer bulk with time. As 
a result, the abovementioned properties of the plasticized 
polymer would change over time. The miscibility of a plas-
ticizer with a polymer depends on the polarity, solubility, 
chemical structure, and molecular weight of the plasticizer 
compared with that of the polymer. In terms of the effect of 
the molecular weight of the plasticizer, Tanrattanakul and 
Bunkaew [14] found that the lowest molecular weight of the 
plasticizer studied led to the greatest decreases in strength 
and strain at break in PLA because it induced the highest 
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reduction in the intermolecular attraction of PLA. Avolio 
et al. [15] indicated that plasticizers with low molecular 
weights induced plasticizer aggregation and phase separa-
tion between the polymer and plasticizer and then plasticizer 
migration toward the polymer surface. This phenomenon 
results in undesired changes in properties. An increase in 
the molecular weight of plasticizers can slow plasticizer dif-
fusion and lead to lower migration. Nevertheless, a higher 
molecular weight of the plasticizer also results in decreases 
in the miscibility and efficiency of the plasticizer in the plas-
ticizing polymer [16, 17]. Burgos et al. [17] studied the effect 
of different molecular weights of the oligomer of lactic acid 
(OLA) on the efficiency as a function of plasticizer in PLA. 
They found that a higher molecular weight of OLA led to a 
smaller decrease in Tg. From previous research work, suit-
able plasticizers for PLA should contain ester or hydroxyl 
functional groups, e.g., glycerol [18], poly(ethylene glycol) 
[18–20], ester compounds [14, 21, 22], and hydroxyl end-
capped OLA [23]. The work of Avolio et al. [23] revealed 
that the interaction of hydroxyl end-capped OLA with 
PLA was stronger than that of carboxyl end-capped OLA. 
Biobased plasticizers are interesting choices because of their 
many advantages, such as nontoxicity, renewability, wide 
molecular weight distribution, low cost and biodegradabil-
ity. However, biobased plasticizers must be modified such 

that they contain PLA-compatible functional groups. The 
ozonolysis reaction for oil is a reaction between unsaturated 
fatty acids, ozone and ethylene glycol. The triglycerides of 
soybean oil are composed of five major fatty acids (palmitic, 
stearic, linoleic, oleic and linolenic). The high content of 
unsaturated fatty acids in soybean oil includes linoleic acid 
(50.8%), monounsaturated oleic acid (22.8%) and polyun-
saturated linolenic acid (6.8%) [24]. Scheme 1 shows the 
ozonolysis reactions of unsaturated triglycerides in soybean 
oil with ethylene glycol by an alkaline catalyst [25]. During 
the ozonolysis reaction, ozone reacts with the double bonds 
of unsaturated fatty acids in soybean oil to form unstable 
ozonide rings. The presence of the alkaline catalyst and 
ethylene glycol (Diols) can induce the reaction of ethylene 
glycol with unstable ozonide rings to form polyols with 
ester linkages [25, 26]. The cleavage of double bonds by 
ozone also leads to a reduction in the molecular weight of 
ozonized soybean oil (OSBO). The increases in compatible 
functional groups (hydroxyl and ester groups) and shorter 
chains of OSBO were expected to help increase the miscibil-
ity between oil and PLA. Therefore, this work selected the 
ozonolysis reaction as a modification method of soybean oil.

The objective of this work was to study the efficiency 
of OSBO as a biobased plasticizer on the improvement of 
the toughness of PLA and to explain the OSBO plasticizing 

Scheme 1  Ozonolysis reaction 
of triglyceride containing a 
oleic acid b linoleic acid and 
c linolenic acid (adapted with 
permission from Wiley [25])
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mechanism, estimated from the mechanical and thermal 
properties and morphological analysis of PLA. This work 
was divided into two sections. The first section was the 
preparation and characterization of OSBO, and the second 
section involved the effect of OSBO content on the prop-
erty changes in PLA. OSBO was prepared by the ozonoly-
sis reaction, and then, the changes in functional groups and 
chemical structure were investigated with FTIR and NMR 
techniques, respectively. The effect of OSBO content on the 
properties of PLA was investigated by tensile and impact 
tests, scanning electron microscopy, differential scanning 
calorimetry, and dynamic mechanical thermal and thermo-
gravimetric analysis.

Experimental

Raw Materials

PLA was purchased from Nature Works LLC (USA) under 
the trade name Ingeo 4043D. Degummed soybean oil was 
obtained from Thanakorn Vegetable Oil Products Co., Ltd. 
(Thailand). Ethylene glycol and calcium carbonate  (CaCO3) 
were purchased from Thermo Fisher Scientific Australia 
Pty Ltd. and used for the ozonolysis reaction of degummed 
soybean oil. Ozone was produced by passing oxygen gas 
through an ozone generator built by the Department of Phys-
ics, King Mongkut’s University of Technology Thonburi 
(KMUTT).

Modification of Soybean Oil by Ozonolysis Reaction

The ozonolysis reaction of soybean oil proceeded according 
to the work of Tran et al. [25]. Soybean oil (200 g) and ethyl-
ene glycol (150 g) were reacted with ozone in a 500-mL gas 
wash bottle.  CaCO3 (10 g) was used as a catalyst for the ozo-
nolysis reaction. The reaction temperature was maintained at 
0 °C by placing the gas wash bottle in an ice water bath. For 
ozone production, oxygen gas was flown through an ozone 
generator with a flow rate of 12.0 L/min. Under this condi-
tion, the ozone generator can produce ozone at 13.1 g/h. 
Ozone bubbles were passed through the reaction mixture 
for 2 h. After the ozonolysis reaction, excess ethylene gly-
col and  CaCO3 were removed from OSBO. Ethylene glycol 
was washed out from OSBO with 500 mL of distilled water 
5 times.  CaCO3 was filtered out through a fine filter paper. 
After that, moisture was removed from OSBO by molecular 
sieving for 48 h. FTIR and NMR techniques were used to 
characterize the functional groups and chemical structure 
of soybean oil before and after ozonolysis. The functional 
groups of oil were identified with an FTIR spectrometer 
(Spectrum One, PerkinElmer, Inc., USA) in transmission 
mode. A small quantity (5 µl) of oil sample was deposited 

between two transparent KBR disks to create a thin film. All 
spectra were recorded from wavenumbers of 4000 to 400 
 cm−1 with a resolution of 4  cm−1 at 20 scans. NMR spectra 
were obtained from an FT-NMR spectrometer (Inova500 
MHz, Varian, Inc., USA). OSBO was dissolved in deuterated 
chloroform  (CDCl3) before the measurement to obtain the 
1H and 13C spectra at room temperature.

Preparation of OSBO Plasticized PLA Specimen

Before mixing PLA and OSBO, PLA pellets were dried in 
an oven at 80 °C for 4 h. The dried PLA pellets were dry-
blended with OSBO by a high-speed mixer for 2 min. OSBO 
contents were varied from 0 to 15 wt%. A corotating screw 
twin screw extruder (Enmach, Thailand) was used to prepare 
neat PLA and OSBO-plasticized PLA with a screw rotating 
speed of 85 rpm. The extrusion temperature profiles were 80, 
120, 140, 150, 150 and 160 °C from the hopper to die zones. 
The extrudate was solidified by passing into a water bath and 
granulated by a pelletizer. In the sample preparation process, 
neat PLA and OSBO-plasticized PLA were again dried in an 
oven at 80 °C for 4 h. After the drying step, PLA specimens 
were fabricated by a compression molding machine (QC-601 
T, Cometech Testing Machines Co., Ltd, Taiwan). Neat PLA 
and OSBO-plasticized PLA were made by compression at 
170 °C for 6 min using a pressure of 2000 psi.

Characterization

Mechanical Testing

The mechanical properties of neat PLA and OSBO-plasti-
cized PLA were obtained through tensile and impact testing. 
A universal testing machine (QC-506M1, Cometech Testing 
Machines Co., Ltd, Taiwan) was used for the measurement 
of tensile properties according to ASTM D638 at a crosshead 
speed of 5 mm/min. Dumbbell-shaped specimens (Type I) 
were used for tensile testing with a gauge length of 50 mm. 
Izod impact tests were carried out using a 6545 CEAST® 
Resil Impactor, according to ASTM D256. The specimen 
dimensions were 12.7 × 63.5 × 3.3  mm3. The reported data 
for the mechanical test were obtained from the average val-
ues of seven independent specimens of each formulation.

Thermal Analysis

The glass transition temperatures of neat PLA and OSBO-
plasticized PLA were measured using both differential scan-
ning calorimetry (DSC) and dynamic mechanical analysis 
(DMA). DSC characterization was performed using a calo-
rimeter (DSC-204F1, Netzsch, Germany) under a nitrogen 
atmosphere. The PLA samples (5–6 mg) were heated at a 
temperature range of 30–200 °C with a heating rate of 10 
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°C/min. The glass transition temperature (Tg), cold crys-
tallization temperature (Tc), melting temperature (Tm) and 
crystallinity contents of neat PLA and OSBO-plasticized 
PLA after molding were investigated by DSC technique. The 
percentage crystallinity (Xc) was determined from Eq. (1).

where Hm is the melting enthalpy of the sample, Hc is the 
cold crystallization enthalpy, Hm

o is the melting enthalpy at 
100% crystallinity of PLA, which is 97.2 J/g [27]. WPLA is 
the weight fraction of PLA.

A dynamic mechanical analyzer (DMA 242E, Netzsch, 
Germany) was used to obtain the Tg values of neat PLA 
and OSBO-plasticized PLA. The specimen dimensions were 
12.0 × 32.0 × 3.3  mm3, and the specimen was heated from a 
temperature of -50 to 130 °C with a heating rate of 3 °C/min. 
The specimen was tested under dual cantilever mode with a 
frequency of 1 Hz and amplitude of 30 μm.

Microstructure Analysis

The fracture surfaces of neat PLA and OSBO-plasticized 
PLA were examined using a scanning electron microscope 
(JSM-7610F, Jeol, USA) at an accelerating voltage of 5 
kV. Before SEM characterization, the fracture surfaces 
of impacted specimens were coated with gold to prevent 
charging.

Results and Discussion

Modification of Soybean Oil by the Ozonolysis 
Reaction

Figure 1 shows the FTIR spectra of soybean oil before and 
after the ozonolysis reaction. In the spectrum of OSBO 
(dashed line), compared to nonozonized soybean oil (solid 
line), the peak of C=C stretching at 1620  cm−1 cannot be 
observed to decrease after ozonolysis reaction, while the 
peaks of =C–H stretching at 3010  cm−1 almost disappear. 
A new broad peak appears at 3462  cm−1 representing O–H 
stretching of alcohol. Moreover, there is an increase in the 
peak intensity of C–O stretching at 1103  cm−1 and a broad-
ening of the C=O peak at 1740  cm−1. These changes indi-
cated an increase in ester groups on soybean oil chains after 
2 h of reaction time. The ozonolysis reaction led to cleavage 
of the double bonds of unsaturated fatty acids in soybean 
oil by reacting with ozone to form ozonide rings. Ethyl-
ene glycol can then react with soybean oil at this molecular 
position. The ozonolysis reaction results in the formation of 

(1)X
c
=

H
m
− H

cc

H
mo

x
100

w
PLA

hydroxyl groups and an increase in ester groups on OSBO 
molecular chains.

The structural change of soybean oil by the ozonolysis 
reaction can be confirmed with NMR analysis. The 13C 
NMR and 1H NMR spectra are shown in Figs. 2 and 3, 
respectively. Double peaks at 130 ppm were observed in the 
13C NMR spectrum of soybean oil (Fig. 2a), whereas they 
were absent in the spectrum of OSBO, as shown in Fig. 2b. 
The double peaks at 130 ppm were the signal of double 
bonds in the unsaturated fatty acid of the soybean oil. The 
disappearance of double peaks was attributed to the ozonoly-
sis reaction at the double bond in soybean oil. The reaction 
of ozone with unsaturated fatty acids of oil led to the forma-
tion of an unstable ozonide ring (1,2,3 trioxolane). In the 
relatively anhydrous environment, the primary ozonide ring 
(1,2,3 trioxolane) rearranges to form the secondary ozonide 
ring (1,2,4 trioxolane) [28]. Ethylene glycol can react with 
unstable ozonide rings to form polyols and ester linkages 
[25, 26]. The new peaks at 62–68 ppm were expected as 
the signals of a carbon atom attached to the oxygen atom 
from the reaction of oil and ethylene glycol. The new peak 
at 62 ppm was the peak of C–OH whereas the peak at 68 
ppm was the peak of C–O at the linkage of oil with ethyl-
ene glycol [25, 29]. In addition, the appearance of a new 
peak at 104.5 ppm was the ring carbon of secondary ozonide 
(1,2,4 trioxolane) assigned by Wu et al. [30]. The new peak 
at 104.5 ppm was also found in the works of Tran et al. [25] 
and Soriano Jr et al. [31]. The signal at 104.5 ppm is an evi-
dence of the remained secondary ozonide from its reaction 
with ethylene glycol. The carbonyl peak of ester (173 ppm) 
and methylene peaks (25–35 ppm) remained unchanged. 
Figure 3a and b show 1H NMR spectra of OSBO at reac-
tion times of 0 and 2 h, respectively. After the ozonolysis 
reaction, the peaks at 2 and 5.3 ppm, which represented the 
peak of hydrogen atoms attached to carbon atoms at double 

Fig. 1  FTIR spectra of soybean oil before and after ozonolysis reac-
tion
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bonds, were found to decrease. This result corresponded to 
the previous explanation. In addition, a peak at 3.7 ppm, not 
present in normal soybean oil, was observed in the 1H NMR 
spectra of modified oil with a 2 h reaction time. This peak 
represented a hydrogen atom attached to the oxygen atom 
in the hydroxyl group. From structural characterizations, the 
results of OSBO by the ozonolysis reaction were consistent 
with the work of Tran et al. [25]. The chemical structure 
of the modified oil changed from unsaturated fatty acids to 
polyol mixtures with an increased number of ester groups. 
The hydroxyl and ester groups were expected to improve the 
oil compatibility with PLA.

Effect of OSBO Content on the Properties of PLA

OSBO with an ozonolysis time of 2 h was used to study the 
toughness improvement of PLA. Figure 4 shows changes in 
tensile modulus and elongation at break of plasticized PLA 
at OSBO contents of 0–15 wt%. The tensile modulus of PLA 
remained unchanged with the addition of OSBO, whereas 
elongation at break tended to increase with increasing OSBO 
contents of more than 5 wt%. The maximum elongation of 
10 wt% OSBO was 89% higher than that of neat PLA. The 
addition of plasticizers usually led to the reduction in tensile 
modulus whereas elongation at break was increased. For this 

Fig. 2  13C NMR of OSBO at 
reaction times of 0 and 2 h. a 0 
h and b 2 h
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work, the unchanged values of tensile modulus might be 
because of the slightly decreased Tg values of plasticized 
PLA by OSBO, as shown in Table 1. Tg values of plasticized 
PLA were still as far from room temperature. Therefore, 
the behavior of plasticized PLA remained in a glassy state. 
Figure 5 shows the tensile curves of plasticized PLA with 
different OSBO contents. It was observed that the initial 
linear stress–strain curves of neat PLA and plasticized PLA 
yielded similar slopes. However, the fracture behaviors of 
PLA changed from brittle to ductile upon the addition of 
OSBO. The plastic deformations of plasticized PLA were 

more extensive than those of neat PLA. The increase in elon-
gation at break by OSBO was attributed to the increases in 
free volume and chain mobility of PLA due to the penetra-
tion of OSBO into PLA chains.

The ultimate tensile strength (UTS) and impact strength 
of plasticized PLA are shown in Fig. 6. The UTS decreased 
continuously with increasing OSBO content, whereas the 
impact strength showed the opposite trend. The decrease 
in UTS was because OSBO increased the flexibility and 
chain mobility of PLA chains. The UTS at 15 wt% OSBO, 
which represents the minimum value, was approximately 

Fig. 3  1H NMR of OSBO at 
reaction times of 0 and 2 h. a 0 
h and b 2 h
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36% lower than that of neat PLA. The addition of 15 wt% 
OSBO improved the impact strength of PLA such that the 
strength was 25% higher than that of neat PLA. The frac-
ture surfaces of neat PLA and plasticized PLA from impact 
testing illustrated different fracture behaviors, as shown in 
Fig. 7. The fracture surfaces of plasticized PLA in Fig. 7c 
and d were rougher than that of neat PLA in Fig. 7a. The 
rougher fracture surfaces represent higher energy absorption 
and more extensive plastic deformation. The more plastic 
fracture behavior of plasticized PLA was the result of OSBO 
acting as a plasticizer. The compatibility between OSBO 
and PLA in Fig. 7b and c was the result of polar-polar inter-
actions between the ester (–COO–) groups in OSBO and 
PLA and the hydrogen bonding of hydroxyl (–OH) groups 
in OSBO with both the C=O and C–O groups of PLA. The 
decreased Tg values with the addition of OSBO in Table 1 
could be used to support the plasticization effect of OSBO in 
PLA. An interesting observation in the changes in the tough-
ness of PLA by adding OSBO was that the value of impact 
strength at 15 wt% OSBO was higher than that at 10 wt% 
despite that the Tg values of both by DSC analysis were only 
slightly different, being 49.4 °C and 50.1 °C, respectively. 
This indicated that there was another toughening mechanism 
apart from OSBO acting as a plasticizer. From the micro-
graphs in Fig. 7, phase separation and the formation of fine 
droplets of OSBO can be observed in plasticized PLA with 
15 wt% OSBO only. In Fig. 7d, numerous fine droplets of 

OSBO dispersed uniformly in the PLA bulk, and the droplet 
size was less than 2 μm. The fine liquid droplets of OSBO 
became another part that helped improve the toughness of 
PLA. A similar behavior was found in the work of Pluta and 
Piorkowska [6]. The fine droplets of the modifier, which are 
in the liquid phase at room temperature, enhanced drawabil-
ity and were responsible for energy dissipation. From the 

Fig. 4  Tensile modulus and elongation at break of plasticized PLA 
with different OSBO contents

Table 1  Changes in the thermal 
transition temperatures of PLA 
as a function of OSBO content 
from DSC analysis and DMA 
technique

PLA formula DSC DMA

Tg (oC) Tc (oC) Tm (oC) ΔHm-ΔHcc Xc (%) Tg (oC)

Neat PLA 59.8 110.6 151.6 1.15 1.18 64.95
PLA + 5% OSBO 53.7 107.7 149.0/153.9 1.08 1.17 59.39
PLA + 10% OSBO 50.1 99.0 145.5/152.8 2.13 2.43 58.22
PLA + 15% OSBO 49.4 96.0 145.2/152.8 2.99 3.62 56.69

Fig. 5  Stress and strain curves of plasticized PLA with different 
OSBO contents from tensile testing

Fig. 6  Effect of OSBO content as a plasticizer on the ultimate tensile 
stress and impact strength of PLA
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results in this work, toughening of PLA by OSBO might be 
facilitated by two mechanisms depending on the OSBO con-
tent. For a low OSBO content, OSBO, miscible with PLA 
and penetrating in between PLA chains, acted as a plasticizer 
for PLA. At a high OSBO content (15 wt% OSBO), OSBO 
functioned as both a plasticizer and energy dissipator. In 
addition, the reduced miscibility between OSBO and PLA 
at 15 wt% OSBO could be used to explain the decrease in 
elongation at break. A similar result was found in the work 
of Al-Mulla et al. [32]. They studied the effects of epoxi-
dized palm oil (EPO) as plasticizer on the PLA/PCL blend. 
They found that the elongation at break tended to decrease 
at EPO content of higher 10 wt% because of the incomplete 
miscibility between plasticizer and polymer.

Table 1 shows the changes in thermal transitions of 
PLA as a function of OSBO content obtained from DSC 
and DMA techniques. The decrease in the Tg values by 
DSC analysis was already mentioned in the above para-
graph. The decreases were caused by OSBO acting as a 
plasticizer for PLA. However, the addition of OSBO led to 
a slight decrease in Tg. The miscibility of OSBO with PLA 
is not quite well enough for acting as a good plasticizer. 
It was expected that the excess high molecular weight of 
OSBO resulted in the decreases in the miscibility and plas-
ticizing efficiency of OSBO with PLA. The near values of 
Tg between 10 and 15 wt% OSBO content corresponded to 
the phase separation of OSBO in Fig. 7. In the works using 
modified vegetable oil as plasticizer [32–35], Tg values of 

PLA were similar behaviors with this work. They found no 
much reduction in Tg values of plasticized PLA by modi-
fied vegetable oil. The work of Ali et al.showed that Tg 
values slightly decreased at epoxidized soybean oil (ESO) 
content of higher 10 wt% due to phase separation of ESO 
[35]. The Tc values also decreased with increasing OSBO 
content. The Tc value of neat PLA was 110.6 °C. The Tc 
values decreased to 107.7 °C, 99.0 °C and 96.0 °C when 
plasticized with 5, 10 and 15 wt% OSBO, respectively. 
The gradual decrease in the Tc of PLA with the addition of 
OSBO indicated that OSBO penetration in PLA chains led 
to increases in chain mobility and the free volume of PLA. 
It induced an easier and faster cold crystallization pro-
cess. A similar result was found in the works of Silverajah 
et al. [13] and Ali et al. [35]. The difference in Tc values 
between 10 and 15 wt% OSBO was lower than that in Tc 
values between 5 and 10 wt% OSBO. This was attributed 
to the phase-separated OSBO droplets at 15 wt% OSBO 
obstructing the orientation of PLA chains during the cold 
crystallization process. The result of Tc value shows simi-
lar trend with the results of Tg value and elongation at 
break. These results indicated that the imperfect miscibil-
ity between OSBO and PLA at 15 wt% OSBO led to the 
reduction of plasticizing efficiency. The DSC thermograms 
in Fig. 8 show a single melting peak for neat PLA at a 
temperature of 151.6 °C and two distinct melting peaks 
for plasticized PLA. Table 1 lists Tm values of the double 
peaks. The OSBO enhanced the chain flexibility of PLA 

Fig. 7  SEM micrographs of the 
impact fracture surface of neat 
PLA and plasticized PLA with 
different OSBO contents. a neat 
PLA. b 5 wt% OSBO. c 10 wt% 
OSBO. d 15 wt% OSBO
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resulting in a faster cold crystallization. It was assumed 
that cold crystallization contributed to the double melting 
peaks [14]. The lower melting temperature at 145.2–149.0 
°C (below 150 °C) was the melting of the α’ form crys-
tals or the crystals from the cold crystallization [14, 36, 
37]. But the higher melting temperature at 151.6–153.9 
°C was the melting of the α form crystals or the original 
crystals from the sample preparation [14, 36]. The melting 
temperatures tended to decrease with increasing OSBO 
content but remained unchanged at 15 wt% OSBO. The 
decreases in Tm values at the double peaks were due to 
the higher OSBO content led to easier chain mobility and 
faster fusion of crystalline PLA. The unchanged Tm value 
at 15 wt% OSBO was the result of the partially phase-
separated OSBO coalescing into liquid droplets. For the 
percentage crystallinity, it was calculated as following 
Eq. (1) to report the PLA crystallinity after molding. The 
crystallinity level slightly increased with increasing OSBO 
content from 0 to 15 wt% OSBO. Therefore, it indicated 
that the changes in tensile and impact properties of plas-
ticized PLA were mainly caused by the miscibility and 
plasticizing efficiency of OSBO with PLA.

Figure 9 shows the effect of OSBO content on the Tan 
δ curves obtained from DMA analysis. It was found that 
the peaks of Tan δ shifted toward the left when the OSBO 
content was increased. This result indicated that the Tg 
values at the maximums of Tan δ (Tan δmax) tended to 
slightly decrease with increasing OSBO content. The Tg 
values obtained from the DMA technique are shown in 
Table 1, and the changes in the Tg values with varying 
OSBO content were the same as those obtained from DSC 
analysis. Above the glass transition, another transition 
temperature was found in both neat PLA and plasticized 
PLA. This transition temperature tended to shift to a lower 
temperature in the presence of OSBO as a plasticizer. It 

was expected that this transition involved the cold crystal-
lization process.

Conclusion

The efficiency of OSBO acting as a biobased plasticizer 
for PLA was estimated by using mechanical and ther-
mal tests and morphological analysis. The mechanisms 
through which OSBO assists in toughness improvement 
in PLA were explained based on mechanical, thermal and 
microstructure properties and their relations. In the modi-
fication of soybean oil, the ozonolysis reaction increased 
ester groups and created hydroxyl groups on OSBO 
chains. These functional groups enhanced the compatibil-
ity between OSBO and PLA via polar-polar interactions 
between the ester groups of OSBO and PLA and hydrogen 
bonding between the hydroxyl groups of OSBO and the 
ester groups of PLA. OSBO improved the flexibility and 
toughness of PLA but decreased its tensile strength. The 
Tg and Tm values of PLA decreased with OSBO addition 
but remained unchanged at 15 wt% OSBO. The presence 
of OSBO enhanced the crystallinity of PLA, as OSBO 
induced easier arrangements of PLA chains. Phase sepa-
ration of OSBO at 15 wt% indicated the insufficiency of 
OSBO as a good plasticizer. However, the coalescence of 
OSBO into fine liquid droplets led to better impact resist-
ance by increasing energy dissipation.
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