Polymer Testing 95 (2021) 107136

ELSEVIER

Contents lists available at ScienceDirect
Polymer Testing

journal homepage: http://www.elsevier.com/locate/polytest

"POLYMER
TESTING

Check for

Toughening of polylactide by in-situ reactive compatibilization with an e

isosorbide-containing copolyester

Chang Kyu Park ?, Dong Jin Jang ", Joo Hyung Lee ?, Seong Hun Kim

b, *

2 Department of Organic and Nano Engineering, Hanyang University, Seoul, 04763, Republic of Korea

® Human-Tech Convergence Program, Hanyang University, Seoul, 04763, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Polylactide (PLA)
Poly(1,4-cyclohexanedimethylene isosorbide
terephthalate) (PEICT)

Polymer blends

In-situ compatibilization

Impact strength

Polylactide (PLA)/poly(1,4-cyclohexanedimethylene isosorbide terephthalate) (PEICT) blends were prepared by
melt processing. Oligomer, with multiple epoxy functional groups, were introduced as a reactive compatibilizer
to enhance interfacial adhesion of the two blend components. The reaction between the reactive compatibilizer
and blend components was confirmed by infrared spectroscopy and rheological analysis. The improved
compatibility of the blends reduced interfacial tension between polymer components, yielding a co-continuous
phase morphology from a sea—island morphology. The added PEICT improved the impact strength of PLA to

22.5 kJ/m? at 40% loading. After compatibilization and the impact strength of PLA/PEICT blends increased to
44.1 kJ/m?, showing that increased interfacial adhesion improved energy transfer between the polymers.

1. Introduction

Commodity polymers with its light weight and good mechanical
properties are crucial components of many industries, including agri-
culture, packaging, medicine, electronics, and automobiles [1]. How-
ever, these petroleum-derived materials cause environmental pollution
because of their large carbon footprints and accumulation of
post-consumer waste [2,3]. Such apprehensions have stimulated
numerous regulations on petroleum-based materials, and the use of
sustainable biobased materials is being encouraged. Polylactide (PLA;
presented in Scheme 1) is a sustainable polyester synthesized from
biomass-derived lactic acid and is a promising replacement for
petroleum-based commodity polymers. PLA is a linear aliphatic poly-
ester with excellent mechanical properties and biocompatibility; how-
ever, its inherent brittleness, poor thermal stability, and low
crystallization rate restrict its widespread use [4-6]. To overcome these
obstacles to commercial use, modifications such as copolymerization
[7-9], blending [9-11], plasticization [12-16], and the incorporation of
reinforcements have been made [2-4,17-21].

The plasticization of polymers is commonly used to aid processing
and improve ductility and flexibility to their final performance. How-
ever, plasticizers typically have comparably low molecular weights than
polymers and are prone to migration into other media, resulting in
performance loss over time [22,23]. The incorporation of nanofillers
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such as carbon nanotubes (CNT) can increase the crystallization rate and
overall mechanical properties, but issues such as aggregation remain an
obstacle to industrialization [3,24]. However, the blending of PLA with
ductile and flexible polymers is a cost-effective and straightforward
method to modify the properties. Polymers such as polycaprolactone
(PCL) [25-27], poly(butylene succinate) (PBS) [28,29], poly(ethylene
terephthalate) [29], thermoplastic starch [31], polyamide 11 (PA11)
[32], and poly(butylene adipate-co-terephthalate) (PBAT) [33,34] have
been investigated as components for blending with PLA.

Recently, SK Chemical Co., Ltd successfully commercialized the
amorphous copolyester poly(1,4-cyclohexanedimethylene isosorbide
terephthalate) (PEICT; presented in Scheme 1) under the trade name
ECOZEN® [35]. Isosorbide is a biobased diol with a bicyclic ring
structure of two tetrahydrofuran units. When incorporated in the
backbone of the polymer, the rigid structure and chirality of isosorbide
can enhance the glass transition temperature (Tg) and transparency. 1,
4-Cyclohexane dimethanol is known for its two conformations, the e,
e-trans cyclohexylene structure and a,a-trans-cyclohexylene ring
twisted-boat form [36-38]. Such conformational transitions result in
significant chain mobility to the cyclic structure, enhancing the relaxa-
tion and giving the final polymer a high impact strength with high
melting temperature. Such attributes give PEICT high heat resistivity,
high transparency, and excellent impact properties. These characteris-
tics make PEICT an excellent candidate for blending with PLA, however
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to the author’s knowledge such attempt has not yet been reported.

Although polymer blending can effectively enhance the mechanical
properties, the poor compatibility of the blend components can lead to
unsatisfactory mechanical properties. The structural difference between
the two blend components is the main cause of the poor compatibility,
resulting in the aggregation of the minor component in the main poly-
mer matrix [39]. Therefore, improving the interfacial adhesion of the
polymer blends has been the focus of polymer blending research.
Traditionally, immiscible blends have been compatibilized using block
or graft copolymers made of polymers with high interfacial affinity for
each blend component. However, the use of copolymer compatibilizers
requires an additional step of synthesizing the copolymer compatibil-
izer, thus increasing the time and cost of production. The addition of a
crosslinking agent or chain extender to the blending process can reduce
this synthesis process and effectively improve the interfacial adhesion in
the immiscible polymer blends.

Various in-situ reactive agents have been explored for the compati-
bilization of PLA blends. The free-radical initiator dicumyl peroxide has
been repeatedly investigated for its use as reactive compatibilization of
PLA with rubbery polymers [20,28,40,41]. However, free radical initi-
ators with low decomposition temperature can decompose prematurely,
resulting in inefficient compatibilization [20,28,42,43]. Reactive com-
patibilization with multifunctional isocyanates can effectively enhance
the miscibility of PLA blends with -OH terminated polymers [25,26,44].
Nonetheless, the high toxicity and volatility of isocyanates can cause
serious health issues, limiting their use in polymer blends. Recently, a
group of chain extending and crosslinking agents containing epoxy
groups under the trade name JONCRYL ADR® (ADR; presented in
Scheme 1) have drawn extensive interest for the compatibilization of
PLA. Baimark et al. prepared blends of the two stereoisomeric PLA, and
Lin et al. prepared PLA blended with polycarbonate (PC) to improve the
thermal properties of PLA using styrene-acrylic multifunctional oligo-
meric agent [45]. Walha et al. reported on the formation of copolymers
by ADR at the interface of the PLA/PA11 blends, which reduced the size
and interfacial tension [46]. Yu et al. prepared high-performance ADR
compatibilized PLA/PA11 blends with impact strength values of 77.57
MPa [32]. Li et al. and Wang et al. reported the effect of ADR on the
blends of PLA/PBAT and discussed the toughening mechanism of the
blends [39,47,48].

In this work, blends of PLA and PEICT with varying ratios were
prepared and investigated for their mechanical and thermal properties.
ADR was used as an in-situ compatibilizer (Scheme 2 [49]) to enhance
the interfacial affinity of the PLA/PEICT blends. The surface energy of

PEICT

PLA
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the blend components was investigated to understand the compatibili-
zation reaction, and Fourier transform infrared (FTIR) spectroscopy and
rheological analysis were used to confirm the presence of the reaction.
The PLA/PEICT blends exhibited greatly enhanced impact properties
after compatibilization.

2. Experimental
2.1. Materials and preparations

PLA (2003D; specific gravity = 1.24 g/cc, melt flow index (MFI) at
210 °C = 6 g/10 min) and PEICT (Ecozen T90; specific gravity = 1.25 g/
cc, MFI at 230 °C = 10.9 g/10 min) were purchased from NatureWorks
(USA) and SK Chemical (Korea), respectively. The multifunctional epoxy
compatibilizer JONCRYL ADR4468 was supplied by BASF (Germany).
PLA and PEICT pellets were dried at 80 °C for 12 h prior to the melt
compounding process. The melt compounding was performed using a
co-rotating twin-screw extruder (BA-19, Bautek, Korea) with a length/
diameter (L/D) ratio of 40 and a screw diameter of 19 mm. The tem-
perature profile of the individual heating zones from hopper to die was
set to 190, 200, 210, 230, 230, 230, 220, and 210 °C, and the screw
speed was set to 60 rpm. The components of the blends were dry mixed
before the extrusion and fed through a single hopper. The blends were
prepared with PLA/PEICT weight ratios denoted in Table 1. To prepare
the ASTM standard specimens, the compounded blends were injection-
molded (WIZ50E, LS Mtron, Korea) using a three-cavity mold. The
melt and mold temperatures were 230 and 30 °C, respectively.

2.2. 2.2. Characterization

The wetting parameters of the blend components were calculated
using contact angle measurements. The contact angle measurements
were obtained using a SEO Phoenix contact angle analyzer equipped
with a CDD camera (PHX-300, Surface Electro Optics, Korea). The
contact angle between the substrate and the liquid was obtained using
water and diiodomethane (75-11-6) (Sigma Aldrich, Korea) as the probe
liquid. To determine the spreading coefficient at the processing tem-
perature, a temperature coefficient of - 0.06 mJm™ 2K~ was used [39].

Attenuated total reflection (ATR) Fourier transform infrared (FTIR)
spectrometry (Nicolet IS30, Thermo Fisher Scientific, USA) measure-
ments were used to determine the in-situ compatibilization of the blends.
The FTIR spectra were measured at a resolution of 4 cm™*, and 32 scans
were averaged per experiment.
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Scheme 1. Structures of poly(1,4-cyclohexane dimethylene isosorbide terephthalate) (PEICT); Chemical compositions determined by Yoon et al. 1 = 29.8 m = 22.7,

and n = 47.2 [35], polylactide (PLA), and Joncryl ADR® (ADR).
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Scheme 2. Compatibilization reaction of ADR [49].

Table 1

Ratio of the PLA/PEICT blend components in wt%.
Designation PLA PEICT ADR
PLA 100 0 0
PEICT 0 100 0
90/10 90 10 0
80/20 80 20 0
70/30 70 30 0
60/40 60 40 0
90/10A 89.25 10 0.75
80/20A 79.25 20 0.75
70/30A 69.25 30 0.75
60/40A 59.25 40 0.75

The rheological behaviors were analyzed using an advanced rheo-
metric expansion system (ARES) (ARES, Rheometric Scientific, UK)
fitted with two parallel plates. The frequency sweep tests were con-
ducted at 230 °C with a frequency range of 0.1-500 Hz and a strain of
3%. The samples for the rheometric analysis were prepared by
compression molding using 2-mm-thick disk molds having a diameter of
25 mm.

The morphologies of the cryo-fractured surfaces of the samples were
observed using scanning electron microscopy (SEM) (JSM-6340F, JEOL,
Japan). The injection-molded specimens were dipped in liquid nitrogen
and quickly fractured to ensure that the morphology remained
unchanged.

The tensile properties were investigated using a universal testing
machine (Instron 4465, UK), following ASTM D638. The tensile mea-
surements were performed using 10 KN loadcell at a speed of 95 mm/
min. The speed of the tensile measurements was set to the size of the
tensile specimen. Three-point bending tests according to ASTM D790
were performed using MCT-1150 (AND, Japan). Izod impact tests
were performed according to ASTM D4812. At least five specimens were
tested for each test, and average test values were taken. The thermal
transitions of the blends were analyzed using differential scanning
calorimetry (DSC) (DSC 2010, TA Instruments, USA). The samples were
heated from 30 to 250 °C then quenched to 30 °C then reheated to
250 °C at a heating and cooling rate of 10 °C/min. Only the transitions
from the second heating scan were considered to remove any previous
thermal history. Thermogravimetric analysis (TGA) was performed
using a Pyris 1 TGA (Perkin-Elmer, USA) over a temperature range of
30-700 °C and a heating rate of 10 °C/min. The thermal degradation
was performed under a constant nitrogen flow of 100 mL/min to ensure
a completely nonoxidative thermal degradation.

3. Results and discussion
3.1. Compatibilization of PLA/PEICT blends

Numerous studies have proposed theoretical models to predict the
dispersion of the components in ternary blends. One of the frequently

used models is the spreading coefficient proposed by Harkin [50].
Because the interfacial tension of the blend components

thermodynamically determines the morphology of the ternary blend
systems, the morphology can be predicted using the spreading coeffi-
cient. By rewriting Harkin’s equation (eq. (1)), Hobbs et al. successfully
predicted the morphology of immiscible ternary blend systems [51].

ABC =Yac — Yap — V5c (€8]

Here, Agc is the spreading coefficient of component B on component
C inside matrix component A. In the case where Agc is positive and Acg is
negative, C is encapsulated by B to form a core—shell structure. When
both Apc and Acp are negative and Aap or Aac is negative, B is located at
the interface of A and C. When both Ag¢ and Acp are negative and Aap or
Aac is positive, components B and C will form separate phases inside A
[12]. The interfacial tensions (yap) between two components A and B
can be calculated using the Wu equation (harmonic mean equation, eq.
(2)) [52] and Owens-Wendt equation (geometric mean equation, eq.

(3)) [53].
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Here, v, is the surface energy of component A and yd and yP denoted
are the dispersive and polar contributions of the surface energies,
respectively. The surface energies are calculated from the contact angle
with the two-probe liquid water and diiodomethane [4]. The calcula-
tions were made using egs. (4) and (5).
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The surface tensions of the blend components and the interfacial
tensions between each pair of components are listed in Table 2. The
blend components showed similar surface energy values where ADR had
the highest surface energy of 48.99 mN/m and PEICT the lowest with
42.56 mN/m. Of the surface energy components, the dispersive force is
dominant for all components in the blends. The higher dispersive con-
tributions in the component polymers may result from the kink structure
of polyesters. The sp2 hybridized orbitals from the aromatic rings in
PEICT resulted in higher polar contributions than PLA. Among those of
the blend components, the interfacial tension between PLA and ADR was
the lowest (0.07 mN/m by harmonic mean and 0.03 mN/m by the
geometric mean equation). PEICT and ADR had the second-lowest
interfacial tension. On the basis of the lowest free energy principle for
multi-component systems, the ADR would be located between PLA and
PEICT. Furthermore, the spreading coefficient values are presented in
Table 3 and are all negative values, indicating that ADR would spread at
the interface of PLA and PEICT. These thermodynamic predictions made
using the contact angle values imply that the ADR should be located at
the interface of PLA and PEICT, allowing it to react with both PLA and
PEICT.

The in-situ compatibilization of ADR occurs by the epoxy ring-
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Table 2
Surface and interfacial energy of the blend components.
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Surface energy at 25 °C (mN/m)

Interfacial tension (y;;) at 230 °C (mN/m)

Materials

Material y (25°C) y (dispersive) y (polar) Harmonic mean Geometric mean

PLA 47.53 42.40 5.12 PLA/PEICT 0.91 0.46

PEICT 42.56 35.29 7.27 PLA/ADR 0.07 0.03

ADR 48.99 42.99 6.0 PEICT/ADR 0.94 0.47

ble 3 the added ADR were observed (i.e., the epoxy C-O stretching bands at
Table

Spreading coefficient calculated using Harkin’s equation.

Spreading coefficient (mN/m)

Harmonic mean Geometric mean

APEICT/ADR —1.79 (negative) —0.90 (negative)
AADR/PEICT —0.09 (negative) —0.05 (negative)
APLA/ADR —0.04 (negative) —0.02 (negative)

opening reaction with the terminal carboxyl group or hydroxyl group of
the polyesters. The FTIR spectra of pristine PLA and PEICT are shown in
Fig. 1. The highlighted areas in Fig. 1 show the characteristic stretching
frequencies of polyesters at 2950-2840 cm ™~ for -CH, 17501720 cm-!
for C=0, and 1250-1020 cm ! for C-O, as well as bending frequencies at
1480-1365 cm-1. Because of their structural differences, the charac-
teristic absorption peaks appear at different locations for pristine PLA
and PEICT. A sharp absorption peak for C=0 stretching caused by ester
groups is observed at 1746 cm ™! for PLA [39] and 1713 ¢cm ™! for PEICT
[35]. In addition, the C-O stretching peaks of the aliphatic ester in PLA
appear at 1181 and 1080 cm !, whereas the aromatic ester peaks of
PEICT appear at higher frequencies of 1253 and 1095 cm ™.

The FTIR spectrum of the PLA/PEICT blend (60/40 ratio) shown in
Fig. 1 contains absorption peaks at similar locations to those of pristine
PLA and PEICT. The C=O stretching vibrations of the uncompatibilized
blends show a split peak with similar intensities at 1752 and 1718 cm ™.
The presence of this split peak indicates the presence of both polymers in
the blend. The split peak is also observed in the C-O twisting vibrations
at 1182 and 1264 cm™!. The ADR compatibilized blend also shows split
peaks at the same location in the spectrum as that in the uncompatibi-
lized blend. However, the intensity of the C=0 stretching band at 1718
em™! corresponding to the C=0 groups of PEICT is comparably lower
than that of PLA at 1752 cm ™. This phenomenon is also observed in the
C-O twisting band at 1263 cm™!. In addition, no additional peaks from

PLA/PEICT/ADR

-CH stretching C-H bendin

C=0 stretching C-O stretching

PLA/PEICT
PEICT
—— e -
\\1™ Y
PLA
" Vad

T T T T i T . T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. FTIR spectra of PLA, PEICT, PLA/PEICT blend, and PLA/PEICT/
ADR blend.

906 and 850 cm™Y), indicating the complete reaction of the ADR [39, 54,
55]. These results suggest the reaction between the epoxy groups of ADR
and the carboxyl and hydroxyl chain ends of the two polyesters. The
reacted polymers would, thus, form a copolymer with both PLA and
PEICT chains, and these copolymers would act as surfactants to reduce
the interfacial tension between PLA and PEICT.

The rheological properties of the samples observed at the processing
temperature are shown in Fig. 2. In Fig. 2(a), the complex viscosities of
pristine PLA and PEICT are compared with the complex viscosities of the
prepared blends. PEICT showed somewhat Newtonian behavior with
high viscosity at the processing temperature. In contrast, the processing
temperature, which exceeds the conventional temperature for PLA,
leads to noise-like viscosity distributions in the initial frequency range
and comparably low-viscosity shear thinning behavior in the interme-
diate frequency range. The higher viscosity of the PEICT results from the
stiffer structure induced by the aromatic ring and cyclic alkyls in the
repeating unit. The PLA/PEICT blends showed similar curves to that of
PLA, showing increasing viscosity and decreasing shear thinning
behavior with increased PEICT content. However, with the addition of
ADR, the PLA/PEICT blends showed a significantly higher zero shear
viscosity and a prominent shear thinning behavior in the intermediate
frequency region. The increased viscosity values and shear thinning
behavior is a sign of interfacial interaction and entanglement caused by
the in-situ compatibilization of ADR [39,41].

Plots of the storage (G') and loss (G”) moduli against applied fre-
quency for the prepared samples are shown in Fig. 2(b) and (c). The
storage and loss moduli of viscoelastic materials under oscillatory stress
is the energy stored elastically and dissipated during deformation. These
values correspond to the elastic solid-like and viscous liquid-like
behavior of the material. PEICT, a copolyester with rigid cyclic alkyl
and aromatic rings and flexible alkyl spacers, exhibits excellent storage
capabilities and high energy for deformation. The blending of PEICT
with PLA increased both the storage and loss moduli with increasing
PEICT content. Notably, at 10% PEICT content, the storage modulus in
the lower frequency rate is lower than the pristine PLA. This is due to the
low compatibility of the two blend components resulting in the plasti-
cization of PLA with low PEICT content. Both the storage and loss
modulus increase with the addition of ADR, and the moduli are even
higher than those of PEICT, showing a synergetic increase. The syner-
getic increase in the moduli is caused by the lowering of the interfacial
tension and chain entanglement, indicating the formation of copolymers
by the in-situ reaction [28,41,46,56].

The SEM micrographs of cryo-fractured surfaces of the samples
shown in Fig. 3 also support the formation of compatibilizing co-
polymers. The coalescence of the PEICT inside the PLA matrix in the
PLA/PEICT blends resulted in the formation of spherical droplets, as
shown in Fig. 3(a)-(d). The droplets are well-dispersed having even
sizes, indicating that the processing method was adequate. Furthermore,
the droplet size remained unchanged, even with the increased PEICT
content and at the highest loading, indicating the compatibility between
PEICT and PLA. After the in-situ compatibilization with ADR, PEICT
droplets disappeared showing a single-phase (Fig. 3(a)’-3(d’)). The
appearance of a single phase is consistent with the spreading coefficient
predicted using the contact angle measurements, where ADR is pre-
dicted to be located at the interface of the PEICT and PLA. Based on the
FTIR results, the ADR reacted to form copolymers at the interface to
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Fig. 2. (a) Complex viscosity, (b) storage modulus (G'), and (c) loss modulus (G”) of PLA/PEICT and PLA/PEICT/ADR blends.
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Fig. 3. SEM images of the cryo-fractured surfaces for (a) 90/10, (b) 80/20, (c) 70/30, (d) 60/40, (a’) 90/10A, (b’) 80/30A, (c’) 70/30A, and (d’) 60/40A. (x1000

magnification).
create a continuous phase.

3.2. Mechanical properties

The representative stress—strain curves, Young’s moduli, and tensile
strength of the PLA/PEICT blends are shown in Fig. 4(a)-(c), and the
corresponding values are listed in Table 4. The Young’s modulus and
tensile strength of PLA are 1.66 GPa and 61.23 MPa, respectively,
showing that PLA is a hard and brittle polymer. In contrast, PEICT is soft
and ductile, having a Young’s modulus and tensile strength of 0.93 GPa
and 43.59 MPa. The addition of softer PEICT to PLA results in improved
flexibility, as shown by the reduced modulus with increasing PEICT
content. The PLA/PEICT blends showed a decrease in Young’s modulus
regardless of whether ADR was added, and as shown in Fig. 4(b), blends
with the same PEICT content showed almost identical values. In
contrast, the tensile strength of the PEICT blends showed opposite be-
haviors for blends with and without ADR. The blends without ADR
showed increasing tensile strength with increasing PEICT content,
which is interesting because virgin PEICT exhibits a comparably lower
tensile strength than PLA. This phenomenon can be explained by the
plasticizing effect of the incompatible PEICT in the rigid PLA. As shown
in Fig. 4(a), at low contents, PEICT acts as a defect, leading to premature
tensile break, whereas at higher contents, the plasticization effect of the
PEICT droplets leads to higher tensile strengths. Although the tensile
strength of the PLA/PEICT blends increases with increase in PEICT
content, the PLA/PEICT blends exhibit lower strength than virgin PLA.

However, after the addition of ADR, the tensile strength of 90/10A is
higher than virgin PL, having a value of 65.29 MPa. The tensile strength
of the blends with ADR decreases with increased PEICT content to 57.50
MPa for 60/40A. The decrease in the tensile strength is the result of
unreacted PEICT domains residing in the blend because the amount of
ADR was fixed at 0.75 wt%.

The flexural properties of the blends shown in Fig. 4(d) and (e) and
listed in Table 4 are consistent with the tensile testing. The flexural
modulus decreases for both PEICT/PLA blends and compatibilized
blends, as did the tensile modulus; however, the compatibilized blends
show lower flexural modulus and rate of decrease. The flexural strength
of the PEICT/PLA blends shows a dramatic decrease with the increasing
PEICT contains, whereas the compatibilized blends show a relatively
gradual decrease. The low interfacial adhesion between the dispersed
phases of PEICT and PLA resulted in the plasticization of PLA, leading to
drastic failure during the three-point bend testing. On the other hand,
the increased compatibility brought by the added ADR generated higher
resistance to bending.

The impact strengths of the PLA/PEICT blends are presented in Fig. 4
(f). PLA is a brittle and hard polymer having an impact strength of 14.22
kJ/m?, whereas PEICT does not break upon impact. The blending of
PEICT with PLA toughened it, increasing the impact strength to 22.51
kJ/m? at 40% loading. As mentioned earlier, the low interfacial tension
between PEICT and PLA led to the formation of small aggregates of
PEICT that were well-dispersed in the PLA matrix. As depicted in Fig. 5,
the small domains of PEICT in the PLA matrix acted as sites for impact
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Fig. 4. Mechanical properties of PLA/PEICT blends, (a) stress—strain curves, (b) Young’s modulus, (c) tensile strength, (d) flexural strength, (e) flexural modulus, and

(f) impact strength.

energy consumption under high impact load, leading to higher impact
strength. On the other hand, the blends with the ADR compatibilizer had
an even higher increase in the impact strength with a value of 22 kJ/m?
at just 10% PEICT, and a more drastic increase at 40% PEICT loading

with an impact strength value of 44.11 kJ/m? The origin of this sig-
nificant increase of impact properties is the result of the compatibilizing
copolymer formed by the ADR reaction. These copolymers in the PLA/
PEICT blends act as pathways for energy dissipation, transferring the
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Table 4
Mechanical properties of PLA, PEICT, and PLA/PEICT.
Young’s Tensile Flexural Flexural Impact
modulus strength modulus strength strength
(GPa) (MPa) (GPa) (MPa) (kJ/m*)
PLA 1.66 + 0.03 61.23 + 1.83+0.00 77.03 £ 14.22 +
0.61 0.19 0.54
PEICT 0.93 £0.01 43.59 + 0.91 +0.01 48.27 + N/B
0.28 0.30
90/10 1.55+0.03 50.26 + 1.73+0.04 66.98 £ 14.68 +
0.92 4.26 0.25
80/20 1.45+0.01 53.15 + 1.59 +0.01 59.03 + 16.71 +
1.22 2.39 1.20
70/30 1.35+0.01 53.98 + 1.514+0.05 45.30 £ 20.17 +
0.80 2.05 1.36
60/40 1.32+0.01 55.90 + 1.40 +0.01 37.30 + 22.51 +
1.24 1.44 5.45
90/ 1.54 +£0.01 65.29 + 1.51 +0.03 74.66 + 22,43 +
10A 0.53 0.87 1.51
80/ 1.46 +0.02 61.14 + 1.43+0.02 69.87 £ 23.71 +
20A 0.60 0.63 1.20
70/ 1.39 +0.01 59.66 + 1.43+0.03 67.94 £ 31.24 +
30A 0.27 0.34 211
60/ 1.31 +£0.02 57.50 + 1.35+0.00 63.41 + 4411 +
40A 0.71 0.57 1.10
PLA P Sl
=t ADR (e %’

Compatibilized
Blend

PLA Blend

Fig. 5. Impact fracturing mechanism.
impact energy from PLA to the load-bearing PEICT [9,25,39].
3.3. Thermal properties

The DSC heating thermograms of PLA, PEICT and the PLA/PEICT
blends are shown in Fig. 6, and their glass transition temperatures (Tg)
are listed in Table 5. PLA and PEICT are immiscible amorphous polymers
so the DSC thermograms show two baseline shifts representing Tg of
each component. The Tg of neat PLA and neat PEICT were observed at
55.17 and 88.95 °C respectively, these values are consistent with other
works [17,57,58]. When blended the Tg of both polymers occur at lower
temperatures than its pristine state. This result might be due to the
degradation of the polymer chains during the melt extrusion process. In
the case of the PLA/PEICT blends the Tg of both PLA and PEICT increases
with increasing PEICT composition. This increase in Tg is caused by the
introduction of rigid structure in PEICT [59]. After the addition of ADR
the Tg increase depending on PEICT composition is almost parallel to the
uncompatibilized blends. However, both Tgs appear at a significantly
higher temperatures when the blends are compatibilized. These results
could be an indication of molecular weight increase for both compo-
nents by the in-situ compatibilization reaction [39].

Fig. 7 shows the TGA and DTGA curves for PLA, PEICT, and PLA/
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Fig. 6. DSC thermograms of pristine PLA, PEICT and PLA/PEICT blends.

Table 5
Glass transition temperatures of pristine PLA, PEICT, and PLA/PEICT blends.

T, (PLA) (°C) T, (PEICT) (°C)

PLA 55.17 -

PEICT - 88.95
90/10 52.57 79.10
90/10A 56.81 85.39
80/20 53.66 80.49
80/20A 56.84 84.94
70/30 54.26 80.70
70/30A 57.91 85.87
60/40 54.45 83.86
60/40A 58.80 87.73

PEICT blends. All the PLA/PEICT blends show two-step thermal degra-
dation, where the first step represents the degradation of PLA and the
second step represents the degradation of PEICT. The second degrada-
tion peak of the blends occurred at a residual weight equivalent to the
amount of PEICT added, indicating that the second degradation peak is
the degradation of PEICT. As shown by the values in Table 6, the
maximum degradation rate of PLA occurred at 453.3 °C and that of
PEICT at 517.0 °C. The maximum degradation rate of all the PLA/PEICT
blends corresponding to both PLA and PEICT was lower than the pristine
polymer. These results could be due to the increased transesterification
between PLA and PEICT [30,39,47]. Integral procedure decomposition
temperature (IPDT) calculations (Table 6) yield similar values for both
the pristine blends and the compatibilized blends.

4. Conclusions

The impact strength of PLA was improved using a biomass-based
amorphous polymer PEICT and reactive compatibilizer ADR. The
interfacial tension between each blend components calculated using
contact angle, confirmed that the compatibilizer ADR would be located
at the interface of PLA and PEICT. The FTIR spectroscopy and rheo-
logical analysis confirmed the formation of compatibilizing block co-
polymers by in-situ reaction. As the results of improved energy transfer
between the polymers by compatibilization PLA/PEICT blend 60/40A
reached Izod impact strength of 44.11 kJ/m?. These results are com-
parable to high-impact polystyrene (HIPS) and acrylonitrile-butadiene-
styrene (ABS) which are blends of polystyrene. Polystyrene is a com-
modity polymer also known for its brittleness and low impact strength
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Fig. 7. TGA (a), and DTGA (b) curves for PLA/PEICT blends.

Table 6
Thermal degradation parameters of pristine PLA, PEICT, and PLA/PEICT blends.
TGA in N, (°C) Tém (°C)
T," T2, TSs 1PDTY Step 1 Step 2
PLA 390.8 444.2 468.0 460.0 453.3
PEICT 463.8 516.3 769.8 556.0 517.0
90/10 386.7 444.0 612.8 467.3 450.5 489.2
80/20 383.2 440.2 629.0 466.8 443.0 499.8
70/30 386.0 445.0 720.8 488.0 444.0 503.7
60/40 392.0 456.5 771.3 506.5 444.2 512.3
90/10A 388.7 443.2 588.5 466.8 446.2 492.7
80/20/A 392.7 447.3 667.5 475.0 449.8 497.8
70/30A 394.0 450.7 668.2 483.2 450.0 499.8
60/40A 390.8 457.8 789.8 505.9 448.7 511.3

2 Temperature at 2% weight loss.® Temperature at 50% weight 1os®.¢ Tem-
perature at 98% weight loss.? The integral procedure decomposition tempera-
ture, IPDT = A K(T; — T;) + T;, where A is the area ratio of the total experimental
curve, K is the coefficient parameter, T; and T; are the initial and final temper-
ature [2].° Temperature at the maximum degradation rate.

and is blended to reach an unnotched impact strength of 27 kJ/m? for
HIPS and 44 kJ/m? for ABS [60]. The results presented in this research
shows a promising possibility of biobased PLA replacing commodity
polymers and provides new applications to a newly commercialized
copolyester.
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