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Abstract
Poly (lactic acid) (PLA) is an important biodegradable plastic with unique properties. However, its
widespread application is hindered by its low miscibility and suboptimal degradation properties. To
overcome these limitations, we investigated the mechanical, thermal, and degradation properties of PLA
and poly (butylene sebacate-co-terephthalate) (PBSeT) blends in the presence of poly (ethylene oxide)
(PEO). Speci�cally, this study aimed to identify the effects of PEO as a compatibilizer and hydrolysis
accelerator in PLA/PBSeT blends. PLA (80%) and PBSeT (20%) were melt blended with various PEO
contents (2–10 phr), and their mechanical, thermal, and hydrolytic properties were analyzed. All PEO-
treated blends exhibited a higher elongation at break than that of the control sample, and the tensile
strength was slightly reduced. In the PEO 10% sample, the elongation at break increased to 800% of that
of the control sample. Differential scanning chromatography (DSC) analysis con�rmed that when PEO
was added to the PLA/PBSeT blends, the two glass transition temperatures (Tg) narrowed, resulting in
improved miscibility of PLA and PBSeT. In addition, the hydrolytic degradation of the PLA/PBSeT/PEO
blend accelerated as the PEO content increased. It was con�rmed that PEO can act as a compatibilizer
and hydrolysis-accelerating agent for PLA/PBSeT blends.

Highlights
Novel biodegradable polyester blend was designed with PLA, synthesized PBSeT, and PEO.

PEO was incorporated into PLA/PBSeT as a compatibilizer to promote blend properties.

Hydrolytic degradability was increased owing to an increase in the surface hydrophilicity with the
addition of PEO.

1. Introduction
Plastics are widely applied in various industrial �elds, and their usage is continuously increasing owing to
their low price and excellent properties. Recently, owing to environmental problems such as waste
disposal, soot, and environmental hormones from incineration, some non-degradable plastics have been
gradually replaced by biodegradable ones [1]. The biodegradability feature provides a signi�cant
advantage over non-degradable plastics with regard to resolving these environmental issues; therefore,
the demand for biodegradable plastics such as poly (lactic acid) (PLA), poly (butylene succinate) (PBS),
poly (butylene adipate-co-terephthalate) (PBAT), poly (butylene succinate-co-adipate) (PBSA), and
polycaprolactone (PCL) is expected to increase continuously [2]. PLA has many advantages, such as a
high tensile strength, transparency, and biocompatibility; furthermore, it is a representative biodegradable
plastic material that is widely used in medicine and packaging [3]. However, because PLA is a brittle
material with a poor elongation at break of less than 10% and low impact strength, its application is
limited to �exible packaging [4]. To overcome these shortcomings, the ductility of PLA has been improved
through copolymerization and melt blending with elastomer biodegradable polymers, such as PBAT, PBS,
PBSA, and PCL [5, 6]. In our previous studies, poly (butylene sebacate-co-terephthalate) (PBSeT) was
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synthesized using bio-based sebacic acid, and the synthesized amorphous PBSeT exhibited over 1700 %
an elongaton at break and blended with PLA [7, 8]. Studies have been conducted to improve the
properties of PLA by using polyethylene glycol (PEG) and other plasticizers [9, 10]. PEG, also known as
poly (ethylene oxide) (PEO), is a semi-crystalline polyether compound with ductility and hydrophilicity,
and research for its application as a polymer plasticizer has been previously conducted to complement
the brittleness of PLA. Wang and Li investigated PEG of different molecular weights (Mw 2000–20 000)
melt blended with PLA and con�rmed that the elongation at break and tensile strength increased with the
molecular weight [11, 12]. In addition, our previous research has reported the plasticizing properties of
PEO with a molecular weight of 100 000 [13]. PEG has been reported to promote the miscibility of PBAT
with other polymers [14]. Further, PEO containing a plasticizer can be used as a degradation accelerator.
Momeni et al. reported that the higher the PEO content in PLA/starch composites, the faster the
decomposition [15]. Therefore, blends of PLA with PBSeT and PEO are expected to improve PLA
miscibility and enhance degradation properties. In this study, PLA and PBSeT blends with various PEO
contents were developed to improve the ductility and miscibility of PLA-based blends, and their thermal,
mechanical, and hydrolytic degradation properties were analyzed.

2. Materials And Methods

2.1 Materials
The PLA (4032D) resin was purchased from NatureWorks LLC (USA), and its density, weight-average
molecular weight (Mw), melting temperature (Tm), and glass transition temperature (Tg) were 1.25 g/cm3,
190 000, 170 ℃, and 59 ℃, respectively. Dimethyl terephthalate (DMT) was obtained from SK Chemical
Co. Ltd. (Seoul, Korea). Sebacic acid (Se) and 1,4-butanediol (BDO) were supplied by Daejung Chemicals
& Metals Co. Ltd. (Siheung, Korea). Titanium tetrabutoxide (TBT) was purchased from Merck (Darmstadt,
Germany). PEO was obtained from Alfa Aesar (USA), and its weight-average molecular weight (Mw) and
melting temperature (Tm) were 100 000 and 65°C, respectively.

2.2 Synthesis of PBSeT and Film Preparation
The synthesis of PBSeT was performed using the method described by Kim et al. [7], using 60 mol%
sebacic acid and 40 mol% DMT under vacuum at 200–240°C. The BDO to dicarboxylic acid ratio (mol%)
was set at 1.25:1. PLA and synthesized PBSeT were dried in a forced convection oven for at least 24 h at
40 ℃. PLA/PBSeT/PEO blends were mixed using a kneader (TO-350, TEST ONE, KOREA) at 195 ℃ and
130 rpm. The blend ratios are listed in Table 1. After kneading, �lms ranging 170–200 µm in thickness
were produced using a hot press (QM900A, QMESYS, Korea) set at 195 ℃. In addition, blend specimens
with a thickness of 500 µm were manufactured using the aforementioned hot press to study the changes
in molecular weight over the hydrolysis time of the PLA/PBSeT blends with different PEO contents.
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Table 1
Sample compositions with PLA, PBSeT, and PEO

Sample PLA content (%) PBSeT content (%) PEO content (phr)

PEO-0

(Control)

80 20 -

PEO-2 80 20 2

PEO-5 80 20 5

PEO-10 80 20 10

2.3 Mechanical Properties Analysis
The tensile strength and elongation at break of the sample were analyzed according to ISO 527-3 with a
universal testing machine (UTM) (QM 100T, QMEYSYS, KOREA) using a 10 kN load cell.

2.4 Thermal Properties Analysis
The thermal properties of the samples were studied using differential scanning calorimetry (DSC) (Q-20,
TA Instruments, USA). All specimens were heated at 15°C/min and scanned several times in the range of
− 50 to 220°C under nitrogen conditions. Data from the second cycle were used, and the degree of
crystallinity was determined using the following equation [16].

Xc(%) =
(ΔHm − ΔHcc)
(ΔH0 − WPLA) × 100

Here, ΔHm is the determined melting enthalpy and ΔHcc is the cold crystallization enthalpy of the pure
PLA component. ΔH0 is the theoretical enthalpy of the 100% crystalline PLA, which is 93.6 J/g [17]. WPLA

is the weight percentage of PLA in the blends, and the degree of crystallinity was calculated using ΔHm

and ΔHcc. The thermal degradation properties of each blend were analyzed using thermogravimetric
analysis (TGA 4000, PerkinElmer, USA). Approximately 10 ± 1 mg of each specimen was heated from
30°C to 800°C at a rate of 15°C/min under a nitrogen environment.

2.5 FT-IR
The Fourier-transform infrared (FTIR) absorption spectra of all specimens were recorded using an FT-IR
spectrometer (Spectrum 65, PerkinElmer, USA) in the range of 400–4000 cm− 1 under ambient conditions.
The spectral resolution was 2 cm− 1, and all the specimens were scanned 16 times.

2.6 Gel Permeation Chromatography Analysis
The molecular weights of the polymer blends after hydrolytic degradation were analyzed by gel
permeation chromatography (GPC) using a WatersTM Alliance 2690 high-performance liquid
chromatography (HPLC) separation module, a WatersTM 484 tunable absorbance detector operating at
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265 nm, and an online multiangle laser light scattering (MALLS) detector (miniDAWN®, Wyatt
Technology, Santa Barbara, CA, USA) with a 20 mW gallium-arsenide laser operating at 690 nm. Poly
(styrene) standards were used for calibration, and the sample concentration was 1.0 mg/ml in a
chloroform solution. The injection volume was 200 µL, and the �ow rate was 1.0 ml/min at 30°C.

2.7 Hydrolytic Degradation Measurements
The blend �lms were cut into 40 mm × 40 mm pieces, wrapped with a 2 mm mesh, and placed in a
sodium hydroxide (NaOH, pH 13) buffer solution at 58 ± 0.2°C [18]. After hydrolytic degradation, the
samples were removed from the solution for 24 h cycles, washed three times with distilled water, dried in
a chamber to remove moisture, and weighed. Surface images of the samples were taken using a digital
microscope (MSP-8000P, DIGIBIRD, Korea), and all specimens were silver-coated before scanning.

2.8 Contact Angle analysis
The contact angles were determined using a contact angle tester (FEMTOFAB SDSTEZD, FEMTOFAB,
KOREA). A syringe was used to place a drop of distilled water (10 µL) on the �lm surface, and the contact
angle images were analyzed using SMARTDROP software. The effect of PEO content on the
hydrophilicity of the blend �lms was analyzed by the change in the contact angle. Contact angles were
measured at �ve spots on each surface to obtain average data and standard deviation values.

3. Result & Discussion

3.1 Mechanical Properties analysis
With the addition of PEO, the tensile strength decreased slightly, and the percent elongation at break
increased signi�cantly compared to that of the PEO-0 (control) sample. Particularly, in the case of PEO 10
phr sample, the tensile strength decreased by nearly 10% and the elongation rate increased by 800%. The
minimum change in tensile strength and the improvement in elongation at break are phenomena in which
PEO functions as a plasticizer for the PLA/PBSeT blend and results in the enhanced rubbery nature of
PLA in the presence of PEO [3, 13]. In the stress–strain curve, the control sample exhibited hard and brittle
characteristics, while the PEO-added blends changed their shape to exhibit soft and strong
characteristics. The addition of PEO increased the tensile strength after the yield point, which may have
been caused by recrystallization of the amorphous region after the yield point [13].

3.2 Thermal Properties Analysis

3.2.1 Differential Scanning Calorimetry (DSC)
There were no signi�cant differences in the melting temperature (Tm) with the addition of PEO, while two
glass transition temperatures (Tg) were detected for all blend samples. When PEO content increased, the
gap between the two Tg narrowed owing to an increase from 0.1°C to 17.3°C and a decrease from 62.3°C
to 42.3°C in the two Tg values (Table 2). Compatible polymer blends have one Tg owing to the increased
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interfacial adhesion, and the change in free volume between the molecular chains near the interface
reduces the difference between the intrinsic glass transition temperatures of the blend [19, 20]. In
addition, as the PEO content increases, the cold crystallization temperature (Tcc) decreases. The cold
crystallization peaks for 0, 2, 5, and 10 phr of PEO are observed at 121.6, 104.4, 95.1, and 83.3°C,
respectively (Fig. 2a and Table 2). Cold crystallization primarily indicates the mobility of the chain
segments of the polymer matrix and the presence of nuclei [21]. In general, polymers with higher
crystallization ability exhibit lower Tcc values [22, 23]. It can be inferred that the decrease in crystallization
temperature with increasing PEO content enhanced the molecular chain mobility of the PLA/PBSeT blend
owing to the plasticizing effect of PEO. As the incorporation of PEO increased, the crystallinity degree
increased from 3.3–37.0% (Table 2). The pre-existing crystallites also contribute to the decrease in Tcc

because they function as nucleating agents and help in the crystallization of contiguous chains. By
analyzing the changes in Tg and Tcc, it was con�rmed that PEO acted as a nucleating agent and
compatibilizer.

3.2.2 Thermogravimetric Analysis (TGA)
The TGA and DTGA curves of the blend specimens manufactured with various PEO contents are shown
in Fig. 3. Because PLA, PBSeT, and PEO have different decomposition temperatures of 375.5, 420.1, and
388°C, respectively [24], all samples exhibited two decomposition temperature peaks. The decomposition
onset temperature (Tonset) and �rst decomposition temperature (Tmax) were higher for all PLA/PBSeT
blends than for neat PLA (Table 2). In addition, as the PEO content increased, Tonset decreased, as
reported by Esra et al. [25]. The second decomposition temperature (Tmax2) was detected around 420°C
by PBSeT decomposition, and more residues were observed with increased PEO content; the higher the
PEO content, the higher the second decomposition temperature. This increased thermal stability is due to
the interaction of PEO as a compatibilizer for PLA/PBSeT [26].
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Table 2
Thermal properties of the PLA and PBSeT blends with various PEO contents.

  PEO-0 PEO-2 PEO-5 PEO-10 PLA PBSeT PEO

Tm (°C) 27.1 /
166.1

25.2 /
168.1

25.5 /
166.9

24.2 /
168.0

164.2 26.5 /
94.4

64.9

ΔHm
(J/g)

0.9 / 28.7 0.2 / 28.5 0.1 / 31.0 0.2 / 34.3 2.4 1.2 / 5.7 144.0

Tg (°C) 0.1 / 62.3 9.4 / 57.5 12.3 / 50.4 17.3 / 42.3 62.3 −13.27 -

Tcc (°C) 121.6 104.4 95.1 83.3 - - -

Tc (°C) −2.93 −3.1 −1.8 85.6 - −0.6 41.1

ΔHcc
(J/g)

29.5 29.6 28.8 0.3 - - -

ΔHc (J/g) 0.4 0.2 0.7 23.8 - 14.2 143.1

Xc (%) 3.3 23.1 24.2 37.0 26.0 6.5 70.9

Tonset 361.9 360.3 358.4 356.4 349.9 410.4 363.4

Tmax 380.5 379.5 379.1 378.3 375.4 420.1 388.0

Tmax2 418.6 420.7 422.6 423.4 - - -

3.3 FT-IR analysis
All the FTIR absorption peaks in the spectra of the PLA/PBSeT/PEO blends were almost identical (Fig. 4).
The transmittance ratios of the PEO-0 and PEO-10 samples at 2850 cm− 1, which corresponds to the CH2

stretching peak, were 99.2% and 97.6%, respectively, and the corresponding peaks increased as the PEO
content increased. The 2850 cm− 1 and 2925 cm− 1 bands are due to the symmetrical stretch (sCH2) and

asymmetric stretch (CH2) of the methylene group [27]. In the spectra, the peaks observed at 1700 cm− 1

and within 2800–2900 cm− 1 correspond respectively to the C = O bond and the aliphatic –CH2 stretching
[28].

3.4 GPC analysis
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Table 3
Weight-average molecular weight of the PLA/PBSeT

blends with different PEO contents.
Sample PEO-0 PEO-2 PEO-5 PEO-10

Mw

(g/mol)

132 800 137 000 137 800 150 200

Table 3 shows that the initial molecular weight of PLA/PBSeT blends increases with increasing PEO
contents. The PEO-10 samples exhibited signi�cantly higher molecular weights than those of the others.
This increased molecular weight could be explained by the role of PEO acting as a compatibilizer and a
nucleating agent for PLA and PBSeT blends. It has been also con�rmed by the DSC Tg data wherein the
increased miscibility of blends was veri�ed with the emerged Tg by PEO addition. The change in
molecular weight with the hydrolysis time of each sample is presented in Fig. 5. For the molecular weight
measurements, thicker specimens (0.5 mm) were used to extend the degradation time. Because of the
high amount of PEO, the PEO-10 sample exhibited the fastest decrease in initial molecular weight. This
can also be con�rmed by the hydrolysis weight loss analysis, which explains the phenomenon that the
PEO-10 sample exhibits the lowest contact angle degree, highest surface hydrophilicity, and fastest
degradation.

3.5 Hydrolytic Degradation
The percentage weight loss of the PLA/PBSeT/PEO blend �lms by hydrolytic degradation is shown in
Fig. 6. The hydrolysis rate increased with increasing PEO content. In particular, the PEO-5 and 10 samples
exhibited a 69% and 82% weight loss in 24 h, respectively, which is much higher than the 16% weight loss
rate of the control sample. After 10 and 20 h of hydrolytic degradation of each sample, the �lm surface
was enlarged 50 times using a digital microscope, as shown in Fig. 7. As the PEO content increased, the
separation of the �lm matrix accelerated, and the PEO-10 sample showed maximum decomposition after
20 h, while the control sample remained barely decomposed. The higher hydrophilicity of these sample
surfaces during hydrolysis resulted in greater leaching of the polymer chain fragments [29, 30]. There are
three phases in the hydrolytic degradation of aliphatic polyesters: the incubation step (water absorption),
the induction step (decreasing molecular weight), and the polymer erosion step (weight loss of the
sample) [31]. The induction period proceeds via random chain scission of the ester bonds in
PLA/PBSeT/PEO blends, which preferentially occurs in the amorphous regions because of the better
exposure of ester groups to the attacking water molecules [29]. Additionally, in an alkaline environment,
hydroxide ions attack the ester carbonyl to form a fraction [32]. It was con�rmed that the erosion behavior
causing mass loss occurred faster in alkaline conditions than in acidic and neutral conditions [33].

3.6 Contact Angle Analysis
The contact angle decreased as the PEO content increased (Fig. 8). As shown in Fig. 8a, 10 µL of distilled
water droplets spread sideways as the PEO content increased owing to an increase in the surface
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hydrophilicity [23, 34]. An increase in the hydrophilicity of the �lm surface may cause an increase in the
amount of hydrophilic polymer erosion during hydrolysis, thereby accelerating the initial decomposition
rate. This phenomenon can explain the hydrolysis weight reduction shown in Fig. 6.

4. Conclusion
The role of PEO as a compatibilizer and hydrolysis accelerator was con�rmed in this study by adding
various PEO contents to commercial neat PLA and synthesized PBSeT. In addition, the thermal,
mechanical, chemical, and hydrolytic characteristics of the prepared blends were analyzed. With PEO
addition, the analysis of the thermal and mechanical properties showed that the gap between the two Tg

values narrowed, the crystallinity increased, and the elongation at break increased to 800% of that of the
control sample, thereby con�rming the role of the PEO as a compatibilizer and nucleating agent. After 24
h of hydrolysis testing, the weight loss rates of blend �lms with 5 and 10 phr of PEO were 69% and 82%,
respectively, which were approximately four to �ve times faster than that of the blend without PEO. This
was due to the increase in the surface hydrophilicity as the PEO content increased during the initial
decomposition and molecular weight reduction. The results of this study demonstrate that PEO is a
promising degradation accelerator and compatibilizer and may suggest its use in the biodegradable
�exible packaging and medical industries, which require ductile polymer blends and rapid degradation
properties.
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Figure 1

Mechanical properties of PLA (80%) and PBSeT (20%) blend �lms with various PEO contents.
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Figure 2

DSC thermal properties of neat PLA and blend samples prepared with various PEO contents; (a) second
heating and (b) second cooling.

Figure 3

TGA and DTGA curves of PLA/PBSeT blends prepared with various PEO contents.
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Figure 4

FTIR spectra of PLA/PBSeT blend samples prepared with various PEO contents
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Figure 5

Molecular weight changes of PLA/PBSeT/PEO blends during hydrolytic degradation.
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Figure 6

Weight loss-based degradation ratios determined for PLA (80%) and PBSeT (20%) blend �lms at various
PEO contents in NaOH solution.

Figure 7

Surface images of hydrolysis degradation changes of PLA (80%) and PBSeT (20%) blend �lm with
various PEO contents in NaOH solution.
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Figure 8

Contact angle changes of PLA (80%) and PBSeT (20%) blend �lms at various PEO contents.


