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Abstract
Poly (lactic acid) (PLA)/poly (butylene adipate-co-terephthalate) (PBAT)/poly (propylene carbonate) (PPC) multi-phase 
blends were prepared by melt processing technique under the presence of compatibilizer with various composition. The 
effect on the physical and the mechanical property with/without ESO was characterized with spectrophotometric analysis, 
mechanical properties, thermal properties, rheological properties and barrier properties, and the structure-properties relation-
ship was assessed. ​​The functional groups of PPC were found to effective to improve an interaction with carboxyl/hydroxyl 
group of PLA/PBAT binary blends to enhance the mechanical and physical properties on multi-phase blend system. The 
presence of PPC in PLA/PBAT blend affected the reduction of voids on the interface phase resulting in enhancing the oxy-
gen barrier properties. With addition of ESO, the compatibility of ternary blend was found to be enhanced since the epoxy 
group of ESO reacted with the carboxyl/hydroxyl group of PLA, PBAT, and PPC, and under the condition with critical 
content of 4 phr of ESO, the elongation behavior dramatically increased as compared to that of blends without ESO while 
affecting reduction of oxygen barrier properties. The effect of ESO as a compatibilizer was clearly observed from the overall 
performances of ternary blends, and the potential feasibility of the PLA/PBAT/PPC ternary blends as packaging materials 
was confirmed at this study.

Keywords  Polylactic acid · Polybutylene adipate-co-terephthalate · Polypropylene carbonate · Epoxidized Soybean Oil · 
Blends · Reactive compatibilization

Introduction

For the past few decades, the amount of plastic production 
and its waste have significantly increased, and the environ-
mental issues have become one of the most important sub-
jects to be resolved to achieve the sustainable eco-system 
and society with a great response from the plastic industries. 
In addition, during the COVID-19 pandemic, the waste of 
plastic, especially a single use disposal items used in packag-
ing has also dramatically increased due to the fast-growing 
delivery market [1]. It is widely known that about 40% of 
plastic waste is generated from packaging materials, but 
increase in recycling rate of plastic waste is still in chal-
lenge. In 2019, the manufacture and consumption of plastics 
resulted in the emission of over 18 billion tons of greenhouse 

gases, about 90% of which happened during the production 
and conversion process from fossil fuels.

Biodegradable polymers are good alternative to petro-
leum sourced plastics, and it decomposes within months to 
years by microorganisms under the specific composting con-
ditions. There are various biopolymers such as bio-based/
renewable resource based biodegradable polymer, poly (lac-
tic acid) (PLA) [2–13], poly (hydroxy alkanoates) (PHAs) 
[14], starch and petroleum-based biodegradable polymers, 
polycaprolatone (PCL) [15], poly (butylene succinate) 
(PBS) [13, 16, 17], poly (butylene adipate-co-terephtha-
late) (PBAT)[9, 11, 12, 18, 19], combined polymer of both 
renewable and petroleum-based biodegradable polymer, poly 
(propylene carbonate) (PPC) [4, 6, 7, 9, 10, 19–23]. PLA, 
an aliphatic polyester, is the most widely used biopolymer, 
and monomers are usually made from fermented plant starch 
such as corn, wheat, casava, sugarcane and beet pulp. It is 
promising renewable polymer due to its mechanical and 
physical properties such as biocompatibility, processibility, 
high tensile strength, high modulus, and biodegradability 
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[2, 3, 9], but the brittleness, poor toughness, slow degrada-
tion rate, and poor gas barrier property limits to a variety of 
packaging applications except for single-use items. PBAT 
is biodegradable aliphatic-aromatic co-polyester acquired 
from the copolymerization of adipic acid, 1,4-butanedial, 
and dimethyl terephthalate. Its high flexibility, thermal sta-
bility, good barrier property, and good processability [19] 
are welcome to be applied for the mulching film and plastic 
bags, however, low stiffness and weak tensile strength and 
modulus are still needed to be improved for the wide range 
of industrial applications [11, 19]. Polymer blend is com-
mon and cost-effective way to design the required proper-
ties with conventional physical procedure in plastic industry. 
PBAT is often blended with PLA to improve the ductility 
and flexibility, drawbacks of PLA. Lyu et al. reported that 
the improved compatibility of PLA/PBAT blends enhanced 
the mechanical properties, the tensile strength of 42.6 MPa, 
and elongation at break of more than 200% by the compati-
bilizer PLA-g-GMA for 3D printing applications [24] Qiu 
et al. had reported that the interfacial adhesion of PLA/
PBAT/POSS(epoxy)8 (Polyhedral Oligomeric Silsesquiox-
ane) nanocomposites could be improved with compatibi-
lization, and the high gas barrier properties was achieved 
and led to extend storage period of mushrooms, strawberries 
and bananas [25]. Wang et al. used the epoxy-terminated 
branched polymer (ETBP) to enhance the compatibility 
of PLA/PBAT blends by developing the chemical micro-
crosslinked structure resulting in increase of elongation at 
break from 45.8 to 272% along with enhanced gas barrier 
property.[26] Much research has been studied to increase the 
compatibility of the binary blend systems by blending with 
other polymers and incorporating additives such as compati-
bilizers, chain extenders and plasticizers [24–26].

Especially, PPC is a getting attraction due to its biodeg-
radability, transparency, and excellent oxygen barrier prop-
erties. Since poor processability and low glass transition 
temperature are not appropriated for industry, PPC is often 
blended with various biodegradable polymers such as PLA 
and PBAT [27]. The various compatibilizers are applied 
to polymer blends to improve and control the interface 
between polymers [28]. Pan et al. reported that the incor-
poration of 4,4’-methylene diphenyl diisocyanate (MDI) as 
chain extender on PLA/PBAT blend was very effective to 
enhance the mechanical properties and crystallization behav-
ior [29]. Kim et al. investigated the effect of plasticizers 
such as adipate, adipic acid, glycerol ester, and adipic acid 
ester on PLA/PBAT blend blown film, and the interfacial 
adhesion was improved resulting in the better thermal and 
mechanical properties [11]. The influence of chain extender, 
Joncryl® ADR on PBAT/PPC blend was also investigated by 
Zhao et al., and increase in thermal stability and mechani-
cal strength with compatibilization was achieved [23]. Song 
et al. reported that the effect of added TDI or TBT on PLA/

PPC mixes the copolymer effect on the improved compat-
ibility and crystalline ability of the mixture. Adequate con-
tent of TBT and TDI improved mechanical properties over 
70% PLA/30% PPC mixing by initiating transesterification 
of TBT and chain expansion of TDI [7]. The complementary 
polymer and suitable additives could enhance the proper-
ties of the polymer. Han et al. used the epoxidized soybean 
oil(ESO) as compatibilizer to improve compatibility and the 
mechanical properties such as tensile strength, elongation 
at break, and notched impact strength of PLA/PBAT/ESO 
increased sufficiently as compared to that of the PLA/PBAT 
composite [30].

In this study, PLA/PBAT/PPC ternary blends was 
manufactured by melt blending process, and the physical, 
mechanical and barrier properties were investigated for the 
potential packaging applications. In addition, the reactive 
compatibilization with ESO in PLA/PBAT/PPC ternary 
blends was performed and the compatibility of the ternary 
blends was evaluated by assessing the general properties. 
The structure-property relationship of multi-phase polymer 
blends was also investigated.

Experimental

Materials

PLA (LX575 grade, 98% L-isomer, with a density of 
1.24g∕cm3 ) was supplied by Total Energies Corbion Ltd. 
(Gorinchem, Netherlands) and PBAT (A400, with a den-
sity of 1.22g∕cm3 ) was supplied by Zhuhai Wango Chemi-
cal Co., Ltd. (Zhuhai, China). PPC (QPAC 40 grade) was 
purchased from EMPOWER Materials, INC. (New Castle, 
DE). The compatibilizer, Epoxidized Soybean Oil (ESO), 
was purchased from the Sajo Daerim Ltd. (Seoul, Korea), 
and the chemical structures of materials used in this study 
are given in Scheme 1.

Sample Preparation

Prior to melt blending process, PLA, PBAT, and PPC were 
vacuum dried at 60℃ and 30 ℃ for 12 h, respectively, to 
remove residual moisture in the resin. In our previous study, 
70/30 wt% composition ratio of PLA/PBAT was found be 
optimized ratio to achieve the balanced properties of PLA/
PBAT blends. Therefore, the PLA/PBAT composition was 
fixed and applied to this study. The PLA/PBAT/PPC blends 
with various compositions were melt mixed in an internal 
mixer, a Plasti-Corder® Rheometer equipped with a three-
piece mixing head (Brabender, Duisburg, Germany) at 
180 °C with 45 rpm of rotor speed. The blend composition 
used in this study is presented in Tables 1 and 2. The total 



4009Journal of Polymers and the Environment (2023) 31:4007–4021	

1 3

mixing time was fixed at 7 min to prevent the possible ther-
mal degradation of the PLA, PBAT and PPC during process-
ing. In case of PLA/PBAT/PPC ternary blend with ESO, 
the PLA/PBAT/PPC blends were mixed for 2 min, and then 
the ESO was introduced and mixed for 7 min. PLA/PBAT/
PPC blend samples were taken out of the mixer and vacuum 
dried in an oven at 60 °C for 12 h. The compression molded 
sheets were prepared using a hot-press machine (CARVER, 
Inc. Wabash, IN, USA) at 180 °C for 3 min under 4 ~ 5 MPa 
pressure, and the test specimens were cooled for 3 min using 
water circulation aluminum blocks at 10 °C.

Characterization

Spectrophotometric Analysis

The Fourier transform infrared (FT-IR) spectroscopic analy-
sis of PLA/PBAT/PPC blend samples was performed with 
a FT-IR spectrometer with ATR mode (Cary 600 Series, 
Agilent Technologies, Santa Clara, CA, USA). A total of 32 
scans and the percent transmission mode were applied, and 
the tests were carried out in a 3500 ~ 350 cm-1 wavenumber 
scan range with resolution of 4 cm-1.

Thermal Properties

The thermal properties such as glass transition temperature 
(Tg), melting temperature (Tm), and percent crystallinity (Xc) 
of the blend samples with/without effective compatibilizer 

were investigated with a differential scanning calorimeter 
(DSC 25, TA Instruments, New Castle, DE). The whole 
experiments were carried out under nitrogen atmosphere with 
a flow rate of 50 mL/min at a temperature range from − 40 to 
200 °C with 10 °C/min of heating rate including pre-annealing 
at 200 °C for 3 min, followed by cooling to − 40 °C at a cool-
ing rate of 10 °C/min. The heat of fusion (93.1 J/g) for 100% 
PLA was applied to determine Xc from the following equation:

where ΔHm is the enthalpy of fusion, ΔHc is the enthalpy of 
cold crystallization, ΔHc

m is the enthalpy of fusion of the 
pure crystalline PLA, and x is the weight fraction of PBAT 
and PPC. The heat of fusion (114 J/g) for 100% PBAT was 
also used to calculate the crystallinity of PBAT where �Hc

m
 

is the enthalpy of fusion of the pure crystalline PBAT, and x 
is the weight fraction of PLA and PPC. The thermal stability 
of the blend samples was also analyzed using a thermogravi-
metric analyzer (TGA, Q500, TA Instruments, New Castle, 
DE, USA). Approximately 10 ± 2 mg of the blend samples 
was used, and the tests were performed at a temperature of 
up to 550 °C with 10 °C/min of heating rate under a nitrogen 
atmosphere.

Mechanical Properties

The mechanical properties such as the tensile strength, 
Young’s modulus, and elongation at break of the blend sam-
ples were carried out with a universal testing machine (UTM, 
Instron 3367, Instron, Norwood, MA, USA). The specimens 
with dumbbell shape (ISO 37- Type 2) having a width of 3 mm 
and a gauge length of 2 mm were cut from specimen cutter. 
The mechanical property was tested at room temperature 
with a cross-head speed of 50 mm/min. At least 7 specimens 
were selected from each sample except maximum and mini-
mum value, and the average value and standard deviation was 
obtained.

Melt Flow Index

The melt flow index of the neat PLA, PBAT and PPC was 
measured with a melt flow indexer (mi-2 series, GÖTTFERT, 
Buchen, Germany). All samples were performed at 180℃, 
actual processing temperature with a 2.16 kg load. The sam-
ples were cut every 2 min, and the average values of three 
measurements were reported.

Morphological Observation

The micro-structure and morphology of fractured surface 
of blends were identified using the field-emission scanning 

(1)Xc(%) =
�Hm − �Hc

�Hc
m
(1 − x)

Table 1   PLA/PBAT/PPC blends composition

Samples PLA/PBAT Blends (wt%) PPC (wt%)

LBC 0 100 0
LBC 5 95 5
LBC 10 90 10
LBC 15 85 15
LBC 20 80 20

Table 2   Compatibilizer contents on PLA/PBAT/PPC blends compo-
sition

Samples PLA/PBAT/PPC Blends (%) Compatibi-
lizer (phr)

LBCS 0 100 0
LBCS 1 1
LBCS 2 2
LBCS 3 3
LBCS 4 4
LBCS 5 5
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electron microscopy (FE-SEM) (SU8020, Hitachi, Tokyo, 
Japan). Compression molded sheets were fractured after 
being frozen in liquid nitrogen to prevent deformation dur-
ing fracture, and then all samples were sputter-coated via 
an ion sputter coater (E-1045, Hitachi, Tokyo, Japan) under 
vacuum conditions with conductive carbon tape. Test was 
performed under high vacuum with the acceleration voltage 
of 3.0 kV.

Contact Angle Analysis

A static contact angles of PLA, PBAT, and PPC were meas-
ured using a contact angle analyzer with a digital microscope 
(Phoenix-Mt, Surface Electro Optics, Suwon, South Korea). 
A constant volume (100mL) of sessile droplet with water and 
CH2I2 were delivered to the surface of each blend sheets by a 
needle of a syringe with a pump. The Harmonic mean equa-
tions were used to determine the surface free energy. The 
H2O (r1 = 72.8 mJ/m2, r1

d = 22.1 mJ/m2, r1
p = 50.7 mJ/m2) 

and CH2I2 (r2 = 50.8 mJ/m2, r2
d = 44.1 mJ/m2, r2

p = 6.7 mJ/
m2) was assessed as liquid prove on PLA/PBAT/PPC blends. 
Seven samples examined for each specimen.

Rheological Analysis

The melt-rheological behaviors of blend samples were ana-
lyzed with a rotational rheometer (Model: Physica MCR302, 
Anton Paar GmbH, Austria) using parallel-plate geometry at 
190 °C. The disk diameter of the blend sheets is 25 mm with 
1 mm of the thickness. All the samples were vacuum dried 
at 60 °C for 24 h before testing, and tests were performed 
at 190 °C under a nitrogen atmosphere. The dynamic fre-
quency sweep test over a frequency range of 0.1 ~ 100 rad-1 
was applied.

Barrier Properties

The oxygen barrier properties of blend samples were ana-
lyzed by the oxygen permeation analyzer (OX-TRAN 702, 
MOCON, Brooklyn Park, MN) complying with ASTM 
3985. The aluminum masks (5 cm2) were used to prepare 
the test specimens, and the permeation test was performed 
under the condition of 23 °C and 0% relative humidity (RH) 
under atmosphere pressure.

Statistical Analysis

Statistical analyses of PLA/PBAT/PPC ternary blend with/
without ESO data were determined with SPSS software 
(SPSS Inc., Chicago, IL, USA). Oneway analysis of vari-
ance using the general linear model procedure were used to 
determine significant differences (α < 0.05) 

Results and Discussion

Effect of PPC on PLA/PBAT Binary Blends

Spectrophotometric Analysis

The FT-IR spectra results of blend samples were given in 
Fig. 1. The stretching vibration peak of the hydroxyl group 
appears between 2900 and 3000 cm−1 since PLA, PBAT, 
and PPC all include OH groups as part of their molecular 
end groups. The adsorption peak bands at 1737 cm−1 cor-
respond to the strong and sharp C = O stretching vibration 
of pure PPC in amorphous region. The ester groups of 
PLA and PBAT indicate a stretching vibration of carbonyl 
adsorption peaks at 1711  cm-1 and 1748  cm−1, respec-
tively. The distinctive benzene ring structure of PBAT 
relates to C=C at the absorption peak of 1226 cm−1. The 
corresponding absorption peak of carbonyl stretching 
was found to be shifted to lower wavenumber indicating 
that there were some chemical interactions such as Van 
der Waals interactions among PLA, PBAT, and PPC. In 
addition, the absorption peak for hydroxyl group was also 
shifted to the higher wavenumber with addition of PPC 
indicating the formation of hydrogen bonding among poly-
mer chains. Alitotta et al. reported that the peak shift of 
carbonyl stretching could be related to the addition of PPC 
arising the slight alteration of average dipole distribution 
around the carbonyl groups in PLA, supporting the inter-
action of the PBAT and PPC in PLA matrix.[31].

Thermal Properties

The DSC thermogram of the neat PLA, PBAT, PPC and 
their blends are presented in Fig. 2; Table 3. The Tg of 
each neat PLA, PBAT and PPC was found to be 55.72 °C, 
− 35.94 °C, and 25.50 °C, respectively. The compatibility 
of blends could be identified from the Tg shift behavior 
with comparison to their original values. The Tg values 
representing PLA of the blend samples were found to be 
shifted to lower temperature from 57.74 °C to 52.66 °C as 
PPC contents gradually increase from 0 to 20 wt%. This 
could indicate the partial compatibility among PLA and 
PPC. It also could be attributed to the increase of free 
volume in the blends with addition of amorphous PPC 
resulting in more active chain mobility in the blends. Pan 
et al. reported that the PBAT were well compatible with 
PLA chains in the amorphous region in the PLA/PBAT 
blend [29]. The Xc of blends was found to be significantly 
reduced by the addition of PPC indicating that the crystal 
growth and lamella arrangement of the PLA molecular 
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chain was hindered by the amorphous chain of PPC as 
compared to that of PLA/PBAT blends. In one study, Xc 
was increased in PLLA/PPC blend, indicating that high 
chain motion and intermolecular rearrangement were 
induced [10]. On the contrary, when the amorphous PPC 
added to the semi-crystalline PLA/PBAT blends, chain 
arrangement could be partially interrupted and then the 
Xc of blends could be reduced.

The TGA thermograms of PLA, PBAT, PPC and blend 
samples were shown in Fig. 3. It was found that the addition 
of PPC on the blends had a profound effect on decreasing 
the onset decomposition temperature due to relatively poor 
thermal stability of neat PPC. It is reported that chain unzip-
ping and random chain scission were two major decomposi-
tion mechanisms for PPC [19]. Cui et al. also investigated 
the thermal degradation behaviors of PPC with PPC/PVA 
blend, and found that the thermal stability of the PPC/PVA 
were significantly reduced under the presence of water and 
the hydroxyl groups in the blend [22]. As the PPC content 
increased, the onset decomposition temperature gradually 
further reduced in the blends, but overall thermal stability 
was found to be remained around 380 ~ 400 ℃ ranges, which 
is similar to that of PLA having much better stability as 
compared to that of PPC. This could be seen that the thermal 
stability of the blends with up to 20 wt% of PPC followed the 
decomposition behavior of PLA suggesting that the poten-
tial feasibility of the PLA/PBAT/PPC blend as a packaging 
material in a variety of applications.

Mechanical Properties

The mechanical properties of the blends were presented in 
Table 4; Fig. 4. It was found that the tensile strength slightly 
increased from 36.54 to 39.5 MPa with addition of 5 wt% of 
PPC and there was no statistically significant difference up to 
20 wt% of PPC maintaining the values of around 35 MPa at 
similar to PLA/PBAT blend. It could be concluded that the 
addition of PPC on the PLA/PBAT blends did not have a pro-
found effect on the tensile strength and Young’s modulus, but 
the elongation at break was significantly reduced from 19.88 
to 9.8%. In immiscible blends, the mechanical properties were 
normally found to be dropped due to the poor compatibility 
in the interface between two polymers. In this research, poor 
interaction among polymers in ternary blend could lead a sig-
nificant drop of elongation at break. It was reported that the 
viscosity mismatch of dispersed droplet phase and matrix in 
polymer blends could influence the morphological develop-
ment during melt processing. In case that the dispersed phase 
having greater viscosity than matrix, full extension of mol-
ecule chain having the functional group were restricted and 
this could limit the interactions between phases [19].

Morphological Observation

Figure  5 presented the morphology of the neat PLA, 
PBAT, PPC, and blends examined from cryo-fractured 
surfaces of samples. The melt viscosity of polymers could 

Table 3   Tg, Tcc, Tm, Xc of neat PLA, neat PBAT, neat PPC, PLA/PBAT/PPC Blends

Values in the same column with different superscript letters are different at α = 0.05

Samples Tg (PLA)(℃) Tg (PBAT)(℃) Tg (PPC)(℃) Tcc (℃) Tm (PLA)(℃) Tm (PBAT)(℃) Xc(PLA)(%) Xc(PBAT)(%)

neat PLA 55.72 ± 0.27bc – – 103.74 ± 0.24a 168.1 ± 0.06a – 4.35 ± 0.49a –
neat PBAT – − 35.94 ± 0.17 – – – 119.43 ± 0.07 – 12.47 ± 0.39
neat PPC – – 25.50 ± 0.44 – – – – –
LBC 0 57.74 ± 0.73a – – 99.77 ± 2.58abc 166.99 ± 0.26bc – 30.16 ± 1.75c –
LBC 5 56.82 ± 0.15ab – – 101.40 ± 0.16ab 167.44 ± 0.16b – 9.83 ± 0.38b –
LBC 10 55.65 ± 0.01bc – – 100.80 ± 0.06ab 167.06 ± 0.07b – 9.70 ± 0.29b –
LBC 15 54.56 ± 0.35c – – 97.94 ± 0.20bc 166.44 ± 0.16 cd – 9.41 ± 0.33b –
LBC 20 52.66 ± 0.78d – – 96.37 ± 0.42c 165.98 ± 0.13d – 11.09 ± 0.49b –

Table 4   Tensile strength, 
Elongation at bread for PLA/
PBAT/PPC Blends

Values in the same column with different superscript letters are different at α = 0.05

Samples Young’s modulus (Gpa) Tensile Strength (Mpa) Elongation at break (%)

LBC 0 1.25 ± 0.08a 36.54 ± 1.18a 19.88 ± 2.50a

LBC 5 1.26 ± 0.08a 39.5 ± 1.16b 14.44 ± 1.12b

LBC 10 1.24 ± 0.08a 35.21 ± 1.70a 11.38 ± 0.74bc

LBC 15 1.31 ± 0.06a 34.24 ± 0.55a 11.10 ± 1.22bc

LBC 20 1.24 ± 0.07a 35.03 ± 0.51a 9.80 ± 0.98c
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be indirectly determined from the melt flow index (MFI). 
The MFI values for neat PLA, PBAT, and PPC were found 
to be 6.97 ± 0.956, 5.09 ± 0.01, and 3.98 ± 0.1897 g/10min, 
respectively at 180 ℃ and 5 min preheating conditions. 
Since the melt viscosity of PLA was found to be lower 
than that of PBAT and PPC, it could be expected that 
PBAT and PPC could form the domains in PLA matrix 
with poor compatibility in interfaces. In addition, the 
PPC could be not only presented in domain with smaller 
droplet size due to lower melt flow index as compared to 
that of PBAT, but PPC could be interfaces between PLA 
and PBAT as well. The PLA/PBAT blends without PPC 
displayed a two-phase morphology with PBAT domain 
in the PLA matrix in Fig. 5D. The cavity and voids in 
interface between PLA and PBAT were observed indicat-
ing the poor interfacial adhesion. Chinsikikul et al. also 
observed similar morphology in PLA/PBAT blends with 
PBAT droplets with poor interfacial adhesion between the 
two phases [32]. Interestingly, the cohesive failures were 
mainly observed in simple PLA/PBAT blend showing that 
there were still some interactions between PLA and PBAT 
holding the mechanical properties, however, as the PPC 
content increased from 0 to 20 wt%, the adhesive failures 
were found with a smooth fracture surface in the PBAT 
domains as compared to PLA/PBAT blends with much 
worse interfacial adhesion. The incorporation of PPC 
could affect the reduction of voids, but domain-shaped 
cavity occurred due to weak interfacial adhesion between 
the domain and matrix when the sample sheets were frac-
tured. Lins et al. illustrated that localization of a small 
component in blend could be theoretically approached 
in the ternary blend through the Young’s equation that is 
applicable to PPC in this study. According to the follow-
ing Eq. (2), rp is the interfacial energy between PLA and 
PBAT. the wetting coefficient(ωa) could be calculated and 
obtained [33] (Table 5).

If �a > 1, PPC is located within the PLA phase;

(2)�a =
rPPC∕PLA − rPPC∕PBAT

rP

If -1 < �a < 1, PPC is located at the interface of the 
two polymers;

If �a < -1, PPC is located within the PBAT phase;
The calculated wetting coefficient values were found to 

be ‘− 0.052’, therefore it could be assumed that the PPC 
phase could be presented between interface of PLA and 
PBAT. It was confirmed that the concentration of PPC had 
a critical role for morphology control in ternary blends.

Rheological Analysis

Figure 6 shows the rheological properties such as the stor-
age modulus and dynamic complex viscosity of neat PLA, 
PBAT, PPC and ternary blends. The neat PLA, PBAT, 
and PPC showed the typical Newtonian behavior in the 
1 ~ 10 rad/s frequency range and exhibited non-Newtonian 
behavior in the low and high frequency region (0.1 ~ 1 rad/s, 
10 ~ 100 rad/s). The slope in 1 ~ 10 rad/s frequency range 
for neat PLA, PBAT, and PPC was found be similar, but 
lower slope values were observed in 0.1 ~ 1 rad/s frequency 
range (terminal region) for all neat polymers showing the 
solid-like behavior resulting from the chain entanglements. 
PLA/PBAT blend with PPC presenting a higher elasticity 
and chain entanglements, which lead to much more solid-
like behavior of the blends. It could be concluded that the 
PPC with more flexible chain mobility resulted in increase 
of chain entanglement having an effect on improving the 
elasticity of the PLA/PBAT/PPC ternary blend. The shear 
thinning behavior was observed in the complex viscosity 
data, and PLA/PBAT samples with PPC were substantially 
higher viscosity than that of neat PLA, PBAT, and PPC. This 
increase could be related to the formation of chain entangle-
ments between PLA, PBAT, and PPC.

Barrier Properties

Figure 7 shows the oxygen permeability of neat PPC and 
PLA/PBAT/PPC blends. PPC is widely known to have an 
excellent oxygen barrier property. It was found that the 
addition of PPC on the PLA/PBAT blends had an effect 
on reduction of oxygen permeability of the blends, and as 
PPC contents increased, the oxygen permeability decreased. 
The gas barrier property is influenced by various factors 
such as chemical structure of polymer, chain entanglement, 
and morphology developed from processing condition. As 
confirmed in morphological observation, PPC presented 
in interface between PLA and PBAT reduced the voids in 
interfaces. Therefore, the pathway of oxygen molecule could 
be decreased resulting in better oxygen barrier properties. 
Although the elongation and flexibility of the ternary blends 
still should be overcome, PPC could have a positive effect 

Table 5   Total, Polar, and dispersive components of surface energy of 
PLA, PBAT and PPC

Values in the same column with different superscript letters are differ-
ent at α = 0.05

Samples Contact angle Surface tension

H2O (°) CH2I2 (°) rs rd rp

PLA 64.16 ± 0.32 40.15 ± 5.96 47.530 28.963 18.567
PBAT 66.03 ± 1.39 46.22 ± 4.50 47.007 26.547 18.460
PPC 43.19 ± 0.95 49.19 ± 3.10 56.826 23.730 33.096
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on the blends, therefore the microstructure control of blends 
with compatibilization could be one option to achieve the 
balanced property as mentioned in following section.

Effect of ESO on PLA/PBAT/PPC Blends

Spectrophotometric Analysis

The FT-IR spectra of ESO and PLA/PBAT/PPC blends 
with ESO were shown in Fig. 8 and Scheme 2. The distinc-
tive epoxy functional group(C-O-C) and CH2 oscillating 

structure of ESO is proven by the two adsorption peaks at 
822 cm−1 and 724 cm−1, respectively. When the ESO added, 
the peak increases the intensity of the carbonyl peak consid-
erably. The epoxy groups of ESO could react with the termi-
nal carboxyl and hydroxyl groups of PLA, PBAT and PPC 
forming a branched or cross-linked structure [34]. Han et al. 
found the similar results that ESO and PLA/PBAT blend 
were chemically bound to create a partly soluble branching 
polymer, and it was noted that the lack of absorption peaks 
for the distinctive epoxy group in PLA/PBAT/ESO blend. In 
addition, the generation of the branched structure with ESO 
was confirmed to be caused by the epoxy ring-opening reac-
tion taking place between the epoxy group of ESO and the 
end groups of PLA/PBAT [30]. It was found that the adsorp-
tion peak of carbonyl group showed slight shift to the lower 
wavenumber as compared to PLA/PBAT/PPC blend without 
ESO. Xia et al. reported the similar phenomenon that peak 
shift exhibited an evident chemical reaction between the end 
groups of PLA/PPC and functional groups of epoxy chain 
extender. Jiang et al. also reported that the peak location 
has a slight deviation towards low wavenumber because of 
the interaction between hydrogen bonds [34]. The Scheme 2 
presented the predicted reaction mechanism between com-
patibilizer and polymers.

Thermal Properties

From the DSC thermogram in Fig. 9, it was found that Tg of 
ternary blends representing PLA gradually decreased from 
57.71 ℃ to 50.52 ℃ as the ESO content increased, and the 
liquid ESO could act as not only the compatibilizer but the 

Fig. 1   Fourier transform infrared spectra of neat PLA, neat PBAT, 
neat PPC, PLA/PBAT/PPC Blends

Fig. 2   TGA thermogram of neat PLA,neat PBAT, neat PPC, PLA/
PBAT/PPC Blends

Fig. 3   DSC thermogram of neat PLA,neat PBAT, neat PPC, PLA/
PBAT/PPC Blends
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plasticizer increasing chain mobility in the ternary blends 
as well. These results are typical for plasticized multi-phase 
systems and such behavior caused segmental flexibility of 
the polymer chains by plasticizing effect [11, 13]. The Xc of 
PLA/PBAT/PPC blends with ESO increased, and this could 
be due to molecular chain rearrangement of polymers under 
the state of high chain mobility from ESO addition resulting 
in increased chain flexibility in the blends.

The TGA thermograms of PLA/PBAT/PPC blends with 
ESO were shown in Fig. 10. The slight decrease of onset 
decomposition temperature of the ternary blend with ESO 
was observed, and this could be due to relatively lower ther-
mal stability of liquid ESO. However, the initial decomposi-
tion temperature of the blends was still significantly greater 
than the processing temperature indicating the thermal sta-
bility would not be greatly affected by the reactive compati-
bilization process (Table 6).

Mechanical Properties

The mechanical properties of the blends with/without ESO 
were presented in Table 7; Fig. 11. There was no statisti-
cally significant difference in tensile strength up to 2 phr 
of ESO, and then it showed decrease tendency from 34.10 
to 24.69 MPa. The addition effect of ESO in the blends on 
the elongation at break was found to be statistically signifi-
cant. As ESO contents increased, the elongation at break 
enhanced dramatically from 12.75 to 49.65% up to 4 phr of 
ESO. This could be due to increase of the chain mobility 
of the PLA/PBAT/PPC by ESO. The formation of hydro-
gen bonding corresponding to shift of absorption peak of 
hydroxyl group to the higher wavenumber as confirmed 
in Fig. 8 could also contribute to enhanced elongation at 
break of the blends. Wang et al. reported that the strong 
physical hydrogen bonding and chemical micro-crosslinking 

Fig. 4   Stress strain curve ofPLA/PBAT/PPC Blends

Fig. 5   SEM images cryo-fracturedsurfaces of neat PLA, PBAT and PPC, PLA/PBAT/PPC Blends
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interaction between the epoxy functional groups of ETBP 
and functional groups inside PLA and PBAT enhances the 
elongation at break.[26] Carbonell-Verdu et al. also observed 
the similar results with a PLA/PBAT blends with great 
improvement of elongation at break from 59.0 to 83.7% 
with the incorporation of 1 wt% Joncryl [35]. When ESO 
is incorporated into the PLA, the PLA containing 15% by 
weight of ESO content compared to the neat PLA had an 
elongation that increased from 5.1–19.2% [5]. In addition, 

it was assumed that the partial compatibility between PPC 
and ESO leads to an enhance in the mechanical properties 
of the blend due to the chemical reaction between the epoxy 
group of ESO and the terminal hydroxyl group of PPC [21].

Morphological Observation

Figure 12 shows the SEM micrographs of cryo-fractured 
surfaces of the PLA/PLA/PPC blends with/without ESO. 
It was observed that the PPC presented in interfaces 
between PLA/ PBAT in Fig. 5 and an appropriate con-
tent of PPC could decrease the voids or cavities in the 
interfacial areas. As confirmed in Table 7, there is no 
statistically significant difference in the Young’s modulus 
and the tensile strength up to 2 phr of ESO contents, and 
a significant difference was found in the elongation at 
break over 3 phr of ESO contents. It was assumed that the 
PPC phase could be presented between interface of PLA 
and PBAT. PPC could be not only presented in domain 
with smaller droplet size due to lower melt flow index as 
compared to that of PBAT, but PPC could be interfaces 
between PLA and PBAT as well. In addition, as seen in 
Fig. 12, the similar phase morphology of LBCS 0 to 3 
samples. However, in LCBS 3 samples, rougher surface of 

Fig. 6   Rheological properties ofneat PLA, PBAT and PPC, PLA/
PBAT/PPC Blends a storage modulus G’ b complexviscosity ŋ*

Fig. 7   Barrier properties for neatPPC, PLA/PBAT/PPC Blends

Table 6   Tg, Tcc, Tm, Xc of PLA/
PBAT/PPC blends with/without 
ESO

Values in the same column with different superscript letters are different at α = 0.05

Samples Tg(PLA) (℃) Tcc (℃) Tm(PLA) (℃) Xc(PLA) (%)

LBCS 0 57.71 ± 0.27a 101.41 ± 0.10a 166.80 ± 0.16ab 9.57 ± 0.80a

LBCS 1 50.96 ± 0.01b 98.59 ± 0.45b 166.89 ± 0.19a 10.54 ± 0.38a

LBCS 2 50.60 ± 0.14b 96.98 ± 0.20c 166.59 ± 0.15abc 16.66 ± 0.55b

LBCS 3 50.65 ± 0.15b 95.80 ± 0.23d 166.21 ± 0.12c 16.56 ± 0.47b

LBCS 4 50.74 ± 0.49b 95.80 ± 0.14d 166.16 ± 0.05c 15.20 ± 0.26c

LBCS 5 50.52 ± 0.05b 95.75 ± 0.10d 166.33 ± 0.11b 16.80 ± 0.49bc
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PBAT domain as compared to that of LBCS 1 and LBCS 
2 indicating the interface interaction. In case of LCBS 
4 to 5 samples also showed the similar phase morphol-
ogy, especially in domain surface roughness seemed to 

be increased, and this could be an evidence for maximum 
elongation at break. Therefore, the critical amount for the 
optimized property in ternary blend system was deter-
mined as 4 phr of ESO in this study.

Fig. 8   Fourier transform infraredspectra of Pure ESO, PLA/PBAT/PPC blends with/without ESO

Fig. 9   DSC thermograms ofPLA/PBAT/PPC Blends with/without 
ESO

Fig. 10   TGA thermograms ofPLA/PBAT/PPC Blends with/without 
ESO

Table 7   Tensile Strength, 
Elongation at break for PLA/
PBAT/PPC blends with/without 
ESO

Values in the same column with different superscript letters are different at α = 0.05

Samples Young’s modulus (GPa) Tensile Strength (MPa) Elongation at break (%)

LBCS 0 0.94 ± 0.05a 34.10 ± 0.73a 12.75 ± 2.45a

LBCS 1 0.95 ± 0.04a 33.74 ± 1.15a 17.25 ± 0.82ab

LBCS 2 1.04 ± 0.08a 34.01 ± 1.16a 22.58 ± 1.38b

LBCS 3 0.96 ± 0.12a 29.30 ± 0.68b 33.66 ± 3.65c

LBCS 4 1.03 ± 0.08a 28.88 ± 1.03b 49.65 ± 4.99d

LBCS 5 0.95 ± 0.07a 24.69 ± 0.46c 44.07 ± 4.33d
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Rheological Properties

Figure 13 presents the dynamic storage modulus and com-
plex viscosity of PLA/PBAT/PPC ternary blend with/with-
out ESO at 190 ℃. The typical Newtonian behavior at 
the measured frequency range was found for all samples. 
There was no significant change in the slope at a low fre-
quency, a terminal region, for all samples indicating that 

the blend samples showed liquid-like behavior. The addi-
tion effect of PPC having more chain mobility to form the 
chain entanglement improving the elasticity of the blends 
was observed in Fig. 6, but ESO could not have much 
effect on enhancing the elasticity of ternary blends. The 
slope of the blends did not show much difference from that 
of PLA/PBAT/PPC without ESO, but the addition of ESO 
increased the storage modulus values of the blend due to 
the improved interfacial adhesion. The complex viscosity 
was found to increase with addition of ESO, and it could 
be due to chain entanglement among polymers and com-
patibilizer. Wang et al. reported the similar results that 0.5 
wt% of TBT added to the PLA/PPC blend improved the 
viscosity in the lower shear rate region compared to other 
samples [36].

Barrier Properties

The barrier property of PLA/PBAT/PPC ternary blends 
with/without ESO is given in Fig. 14. As the effectiveness 
of PPC addition on the PLA/PBAT blends was confirmed 
from the Fig. 7. It was expected that the addition of ESO 
on the PLA/PBAT/PPC blends could improve the oxygen 
barrier property induced from the increased the interfa-
cial interaction. However, it was found that the oxygen 
permeability increased with addition of ESO, and further 
increase was observed as ESO contents increased. The 

Fig. 11   Stress strain curve ofPLA/PBAT/PPC Blends with/without 
ESO

Fig. 12   SEM images cryo-fracturedsurfaces of PLA/PBAT/PPC Blends with/without ESO
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typical permeation pathway is the free volume generated 
among the molecular chains in polymers, and various 
factors has an effect on movement of gaseous permeant 
molecules such as the microstructure and morphology, 
chain entanglement, chemical structure of polymer, and 
processing conditions. From the mechanical properties 
and the morphological observation, it could be concluded 
that the ability to transfer the tensile stress through the 
interfaces in PLA/PBAT/PPC blends was enough to 
increase the elongation behavior, while the micro voids 
and cavities in the microstructure still allow the oxygen 
molecules penetrate through the interfaces resulting in 
lower barrier property. In addition, the plasticizing effect 
of liquid ESO in the ternary blends increasing the free 
volume in the blend could promote the oxygen permeation 
as well in this case.

Conclusions

In this study, the physical and mechanical properties of 
PLA, PBAT and PPC ternary blend based on an optimized 
ratio of PLA/PBAT was 70:30 wt% from previous studies 
were investigated. It was found that as the PPC contents 
increased, the elongation at break and thermal stability 
showed a decrease tendency, however the barrier proper-
ties of PLA/PBAT with the addition of PPC increased. The 
Tg of most compositions was dropped as compared to that 
of neat PLA and this could be seen that amorphous PPC 
could increase the chain mobility in the blends. From the 
mechanical, thermal and barrier properties, the LBC 10 
(PPC contents 10wt%) ratio are determined for suitable 
compositions for the reactive compatibilization study. It 
was confirmed that the epoxy group of ESO reacted with 
carboxyl/hydroxyl groups of PLA, PBAT, PPC during melt 
blending process, and it was found that as the ESO con-
tents increased, the elongation at break also considerably 
increased while slight reduction in the tensile strength. 
In case of the LBCS 4 (ESO 4 phr), elongation at break 
increased by about 389% as compared to the LBCS 0 with-
out the ESO, and the 4 phr of ESO was determined for 
critical amount in this study. The addition of ESO did not 
have a significant effect on the thermal stability of the 
blends, and the crystallinity was also found to be increased 
due to the polymer chain rearrangement. Although the 
addition of ESO affected on increasing the elongation at 
break, the ESO showed a negative effect on the oxygen 
barrier property. This could be attributed to the combina-
tion effect with the presence of the micro voids and cavi-
ties in the microstructure in the blends and the plasticizing 

Fig. 13   Rheological properties ofPLA/PBAT/PPC Blends with/with-
out ESO a storage modulus G’ b complexviscosity ŋ*

Fig. 14   Barrier properties forPLA/PBAT/PPC Blends with/without 
ESO
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effect of ESO increasing the free volume in the blends. 
Therefore, it could be still challenged to enhance the inter-
action among each polymer and compatibilizer and control 
the morphology and interface to acquire the better prop-
erty in following further study.
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