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biodegradable bioplastics.

INTRODUCTION

Poly(L-lactic acid) or poly(L-lactide) (PLLA) has attracted
extensive attention for use instead of traditional petroleum-
based plastics to reduce plastic-waste pollution. This is due
to PLLA being non-toxic, biocompatible, bio-renewable,
biodegradable and easily processable [1-3]. Nevertheless, the
drawbacks of PLLA, such as low flexibility and poor heat-
resistance, have limited some applications such as hot-fill
packaging, electrical devices and microwave applications, efc.
[4-6].

PLLA-b-polyethylene glycol-b-PLLA triblock copolymers
(PLLA-PEG-PLLA) are biocompatible and biodegradable
polymers that have been widely used in tissue engineering
and drug delivery applications [7-9]. PLLA-PEG-PLLAs are
flexible bioplastics because the PEG middle-blocks induce
plasticizing effects leading to enhanced chain mobility of
PLLA end-blocks [10-12]. Unfortunately, these flexible PLLA-
PEG-PLLA still have poor heat-resistance [13].
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Poly(L-lactic acid) (PLLA) with low crystallinity-content
exhibited poor heat-resistance because of its poor stiffness at
temperatures higher than its glassy-to-rubbery transition region
[14,15]. Therefore, many researchers have reported on ways
of increasing crystallinity-content of PLLA by development a
nucleating effect [ 14-17]. It has been shown that stereocomplex-
PLA crystallites obtained by PLLA and poly(D-lactide) (PDLA)
blending accelerated crystallization of homo-PLLA due to
stereocomplex crystallites acting as nucleating sites [18]. The
stereocomplex-PLA crystallites had melting temperatures
(210-240 °C) higher than homo-PLA crystallites (150-170 °C)
due to stronger interactions between PLLLA and PDLA chains
[18-20]. PLLA and PDLA chains with lower molecular weight
showed better stereocomplex formation [21,22]. In addition,
low molecular weight PLLA has been used to accelerate cryst-
allization of high molecular weight PLLA by enhancing its
chain mobility [23-25]. However, low molecular weight PDLA
and low molecular weight PLLA have not been blended together
for improving crystallization of PLLA-PEG-PLLA.
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Thus, the aim of this work was to investigate effects of
low molecular weight PDLA/low molecular weight PLLA
blends on crystallization behavior, mechanical properties and
heat resistance of PLLA-PEG-PLLA. The PLLA-PEG-PLLA/
low molecular weight PDLA and PLLA-PEG-PLLA/low mole-
cular weight PLLA blends were also prepared for comparison.

EXPERIMENTAL

Chain-extended PLLA-PEG-PLLA with a melt flow index
(MFI) of 26 g/10 min (determined at 190 °C under 2.16 kg load)
was synthesized by ring-opening polymerization of L-lactide
monomer in bulk at 165 °C for 6 h under nitrogen atmosphere
in the presence of 2.0 parts per hundred of resin (phr.) Joncryl®
ADRA4368 (chain extender) according to our previous work
[26]. Stannous octoate and PEG (m.w. 20,000 g/mol) were used
as the initiating system. Low molecular weight PDLA (PDLAG6k)
and low molecular weight PLLA (PLLAG6k) were synthesized
by ring-opening polymerization of L-lactide monomer in bulk
at 165 °C for 2.5 h under nitrogen atmosphere as described in
our previous work [27]. Stannous octoate and 1-dodecanol were
used as the initiating system. Number-average molecular weight
(M,) of PDLAG6k and PLLAGk from gel permeation chromato-
graphy (GPC) were 5,700 and 6,200 g/mol, respectively. Their
dispersity indices were 1.9 and 1.4, respectively.

Preparation of PLLA-PEG-PLLA blends: PLLA-PEG-
PLLA, PDLAG6k and PLLAG6K were dried in a vacuum oven at
50°C overnight before melt blending at 190 °C using a Rheomix
batch mixer (HAAKE Polylab OS) with a rotor speed of 100
rpm for 4 min. PLLA-PEG-PLLA/PDLAG6k and PLLA-PEG-
PLLA/PLLAG6k blends were prepared with PDLA6k or PLLA6k
ratios of 2.5, 5.0 and 10.0%wt. Blends with PLLA-PEG-PLLA/
PDLAG6K/PLLAG6k ratios of 90/10/0, 90/7.5/2.5, 90/5/5, 90/
2.5/7.5 and 90/0/10 %wt. were investigated. Pure PLLA-PEG-
PLLA (100/0) was also prepared by the same method for comp-
arison.

The blends were dried in a vacuum oven at 50 °C overnight
before compression moulding. Blend films (100 mm x 100
mm x 0.2 mm) were fabricated using a compression moulding
machine (Auto CH Carver) operated at 190 °C without any
force for 3.0 min before compressing for 1.0 min under 2.5
MPa load. The obtained samples were then quenched to 25 °C
with water-flow plate under 2.5 MPa load for 1.0 min.

Characterization of PLLA-PEG-PLLA blends: A
differential scanning calorimeter (Perkin-Elmer Pyris Diamond)
was used to study thermal transition properties of the blends
under nitrogen gas flow. The blends were first heated at 200 °C
for 3 min to remove their thermal history, then fast quenched
before a heating scan from 0 °C to 200 °C at a rate of 10 °C/min
to determine glass transition (T,), cold crystallization (T..) and
melting (T,,) temperatures as well as enthalpies of melting
(AH;,) and cold crystallization (AH,.). The degree of crystall-
inity for homo-PLLA crystallites from DSC (DSC-X. ;) was
calculated from following equation.

[AH, —AH ]

DSC-X, (%) =

where the 93 J/g is the AH,, for 100% crystallinity content of
PLLA [28,29].

%100 (1)

The blends were melted at 200 °C for 3 min to remove
their thermal history before a cooling scan from 200 °C to 0 °C
at arate of 10 °C/min to investigate their crystallization behav-
iours. Crystallization temperature (T.) was detected. For half
of crystallization time (ti,) measurement, the blends were first
heated at 200 °C for 3 min to completely erase thermal history,
then quenched to 120 °C at a rate of 50 °C/min and isothermally
scanned at 120 °C until the completion of crystallization [30].
The ti, is the time required to obtain half of the final crystall-
inity content.

Crystalline characters of the blend films were investigated
using a wide-angle X-ray diffractometer (XRD, Bruker D8
Advance) equipped with a copper tube operating at 40 kV and
40 mA producing CuKa radiation. Scan speed was 3°/min. The
degree of homo-PLA crystallinity (XRD-X..), degree of stereo-
complex-PLA crystallinity (XRD-X.) and degree of total
crystallinity (XRD-X.) from XRD of the blends were calculated
from eqns. 2, 3 and 4, respectively.

A
XRD-X , (%)=——= %100
L’hC( 0) Ac,hc Ac,sc + Aa (2)
XRD-X_ (%) Acse %100
i Py tese
TN FAL A 3)

¢,he c,sC a

XRD-X_ (%) =[XRD - X 1100 (4)

where the Acne, Acsc and A, are areas of XRD peaks for homo-
PLA crystallites and stereocomplex-PLA crystallites as well
as amorphous halo, respectively.

Tensile properties of the blend films were investigated using
an universal mechanical testing machine (Liyi Environmental
Technology LY-1066B) with a load cell of 100 kg, a crosshead
speed of 50 mm/min and a gauge length of 50 mm. The film
sizes were 100 mm x 10 mm. The averaged tensile properties
were obtained from at least five measurements.

Dimensional stability to heat of the blend films was
determined under a 200 g load in an air oven at 80 °C for 30 s
with an initial gauge length of 20 mm. The film sizes were 40
mm X 5 mm. The dimensional stability to heat was calculated
by eqn. 5 [13]:

+XRD-X

c.,he c,sc

Initial gauge length

Dimensional stability to heat (%) = x100 (5)

Final gauge length

RESULTS AND DISCUSSION

Thermal transition properties: Fig. 1 shows DSC heating
curves of PLLA-PEG-PLLA blends. The results from DSC
heating curves are summarized in Table-1. PDLAG6k blending
did not affect the glass-transition temperature (T,) of PLLA-
PEG-PLLA matrices. Their T, values were in range 33-34 °C.
This may be due to PDLAG6k chains being formed as stereo-
complex crystallites with PLLA end-blocks of PLLA-PEG-PLLA
[27]. In contrast, T, of PLLA-PEG-PLLA/PLLAGk blends slightly
decreased as the PLLAG6Kk ratio increased. This may be explained
by the PLLAG6k chains induced plasticizing effect for PLLA-
PEG-PLLA matrix [24,25]. Therefore, T, of PLLA-PEG-PLLA/
PDLAG6K/PLLAGk blends decreased as the PLLA6k ratio increased.
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Fig. 1. DSC heating curves of PLLA-PEG-PLLA/PDLAG6k, PLLA-PEG-PLLA/PLLA6k and PLLA-PEG-PLLA/PDLA6k/PLLAGk blends

with various blend ratios

TABLE-1
THERMAL TRANSITION PROPERTIES FROM DSC
HEATING CURVES OF PLLA-PEG-PLLA BLENDS

T, T, T, DSC-X.,.

PLLA-PEG-PLLAblends oy ofp (ol %’
PLLA-PEG-PLLA/PDLAGK (%wt)

100/0 33 68 170 352

97.5/2.5 33 62 168 44.8

95/5 33 60 168 39.7

90/10 34 - 168 324
PLLA-PEG-PLLA/PLLAGK (%wt)

100/0 33 68 170 352

97.5/2.5 33 69 169 34.0

95/5 31 69 169 33.9

90/10 30 69 169 34.8

PLLA-PEG-PLLA/PDLAGK/PLLAGK (%wt)

90/10/0 34 - 168 324

90/7.5/2.5 32 63 169 32.8

90/5/5 33 65 169 33.1

90/2.5/1.5 30 70 169 33.9

90/0/10 30 69 169 34.8

*Glass-transition temperature; "Cold-crystallization temperature;
Melting temperature; ‘Degree of crystallinity from DSC heating
curves calculated from eqn. 1.

The T, peaks of the PLLA-PEG-PLLA/PDLAG6k blends
significantly shifted to lower temperature when the PDL A6k
ratio was increased. The crystallites of stereocomplex PLA
(scPLA) acted as nucleating sites for homo-PLA crystallization
[18-20]. The T, peaks of PLLA-PEG-PLLA/PLLAG6k did not
shift by PLLAGk blending. However, the T.. peaks of PLLA-
PEG-PLLA/PDLAG6k/PLLAGk blends shifted to higher temp-
erature as the PLLAG6k ratio increased because crystallinity
content of scPLA decreased. All the PLLA-PEG-PLLA blends
had T, in range 168-170 °C.

Crystallization temperatures (T.) of PLLA-PEG-PLLA
blends from DSC cooling curves are shown in Fig. 2. The T.
peaks of PLLA-PEG-PLLA/PDLA6k and PLLA-PEG-PLLA/
PLLAG6k blends were largely shifted and slightly shifted, respec-
tively to higher temperature as the PDLA6k and PLL A6k ratios
increased; this confirmed that crystallizability of PLLA-PEG-
PLLA matrices can be improved by PDLA6k and PLLA6k
blending (Table-2). It should be noted that PDLA6k blending
was more effective for crystallization of PLLA end-blocks than
was PLLAGk blending. The T. peaks of PLLA-PEG-PLLA/
PDLAG6K/PLLAGK blends shifted to lower temperature when

TABLE-2
THERMAL TRANSITION PROPERTIES FROM
DSC COOLING AND DSC ISOTHERMAL
CURVES OF PLLA-PEG-PLLA BLENDS

PLLA-PEG-PLLA blends T, (°C)* t,, (min)"

PLLA-PEG-PLLA/PDLAGk (%wt)

100/0 101 1.39

97.5/2.5 117 0.93

95/5 120 0.82

90/10 123 0.77
PLLA-PEG-PLLA/PLLAGK (%wt)

100/0 101 1.39

97.5/2.5 102 1.10

95/5 103 1.06

90/10 105 1.02

PLLA-PEG-PLLA/PDLAGK/PLLAGK (%wt)

90/10/0 123 0.77

90/7.5/2.5 124 0.89

90/5/5 124 0.94

90/2.5.7.5 118 0.97

90/0/10 105 1.02

‘Crystallization temperature obtained from DSC cooling curves; "Half
of crystallization time obtained from DSC isothermal curves
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Fig. 2. DSC cooling curves of PLLA-PEG-PLLA/PDLAG6k, PLLA-PEG-PLLA/PLLAGk and PLLA-PEG-PLLA/PDLAG6kK/PLLAGk blends

with various blend ratios
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the PLLAG6k ratio was increased indicating that crystallizability
of PLLA end-blocks during cooling scan was suppressed.

Half of crystallization times (ti») values from DSC
isothermal curves are reported in Table-2. The shorter ti» values
indicated faster crystallization. The t,, values of PLLA-PEG-
PLLA/PDLAG6k and PLLA-PEG-PLLA/PLLAG6k blends dram-
atically decreased and slightly decreased, respectively as the
PDLAG6k and PLLAG6K ratios increased, supporting a conclusion
that PDLA6k and PLLAG6k blending enhanced crystallization
of PLLA-PEG-PLLA matrices (Fig. 3). The t, values of PLLA-
PEG-PLLA/PDLAGk/PLLAG6k blends increased as the PLLA6k
ratio increased.

The results from both the DSC cooling curves and DSC
isothermal curves supported the conclusion that PDLA6k
blending was more effective for the development of PLLA-PEG-
PLLA crystallization than the PLL A6k blending, correspon-
ding to the results from DSC heating curves. It can be concluded
that the crystallization of PLLA-PEG-PLLA/PDLAG6kK/PLLA6k
blends can be varied by adjusting the PDLA6k/PLLAG6k ratio.

Crystalline characters: Crystalline characters of the
blend films were investigated from XRD patterns as shown in
Fig. 4. All degrees of crystallinity values from XRD of the
blend films are summarized in Table-3. Pure PLLA-PEG-PLLA
film displays a XRD diffraction peak at 26 = 16.7° corres-
ponding to homo-PLA crystallites (hc) [29] with 11.2% XRD-
X he. PLLA-PEG-PLLA/PDLAGk blend films in Fig. 4a shows
both peak types of hc at 20 = 16.7° and 19.1° [22,29] as well
as of stereocomplex-PLA crystallites (sc) at 20 = 11.9°, 20.8°
and 24.0° [18,21,22]. All degrees of crystallinity including
XRD-Xche, XRD-X. i and XRD-X. significantly increased as
the PDLAG6K ratio increased (Table-3). This may be explained
by the higher PDL A6k ratio induced more stereocomplexation
between PLLA and PDLA chains to increase the XRD-X. .
[19,22]. Moreover, the obtained sc sites acted as nucleating

TABLE-3
DEGREES OF CRYSTALLINITY FROM
XRD OF PLLA-PEG-PLLA BLEND FILMS

PLLA-PEG-PLLA XRD-X.;,. XRD-X.,  XRD-X,

blend films (%)* (%)b (%)°
PLLA-PEG-PLLA/PDLAG6K (%wt)

100/0 11.2 2 11.2

97.5/2.5 11.8 43 16.1

95/5 14.6 10.7 25.3

90/10 154 232 38.6
PLLA-PEG-PLLA/PLLAGK (%wt)

100/0 11.2 2 11.2

97.5/2.5 12.0 = 12.0

95/5 11.1 = 11.1

90/10 10.7 . 10.7

PLLA-PEG-PLLA/PDLA6K/PLLA6k (%wt)

90/10/0 154 232 38.6

90/7.5/2.5 11.0 17.4 28.4

90/5/5 10.9 10.5 214

90/2.5.7.5 10.3 53 15.6

90/0/10 10.7 = 10.7

“Degree of homo-PLA crystallinity calculated from eqn. 2.
"Degree of stereocomplex-PLA crystallinity calculated from eqn. 3.
‘Degree of total crystallinity calculated from eqn. 4.

sites for homo-PLA crystallization to increase the XRD-X .
[19].

For PLLA-PEG-PLLA/PLLAGk blend films in Fig. 4, all
blend films exhibited only a peak of hc type at 20 = 16.7°. The
XRD-X. . of PLLA-PEG-PLLA/PLLAGk blend films were in
the range 10.7-12.0% that did not change significantly when
the PLLAGk ratio was increased. Both the hc and sc peaks
were detected for PLLA-PEG-PLLA/PDLA6k/PLLAG6k blend
films as presented in Fig. 4c. Their XRD-X. ., XRD-X. .. and
XRD-X. values trended to reduce as the PDLAG6k ratio decre-
ased. This was due to the XRD-X. reducing as the PDLA6k
ratio decreased.

PLLA-PEG-PLLA/PLLABK (%wt)
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Fig. 3. DSC isothermal curves at 120 °C of PLLA-PEG-PLLA/PDLA6k, PLLA-PEG-PLLA/PLLA6k and PLLA-PEG-PLLA/PDLAG6k/

PLLAOK blends with various blend ratios
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Fig. 4. XRD patterns of PLLA-PEG-PLLA/PDLA6k, PLLA-PEG-PLLA/PLLA6k and PLLA-PEG-PLLA/PDLAG6k/PLLAG6k blend films

with various blend ratios



Vol. 34, No. 7 (2022)

Studies of Properties and Heat Resistance of PLLA-PEG-PLLA blended with poly(D-lactide)/poly(L-lactide) 1861

Tensile properties: Fig. 5 shows selected tensile curves
of the blend films. The averaged tensile properties are shown
in Table-4. The ultimate tensile stress, strain at break and
Young’s modulus of pure PLLA-PEG-PLLA film in this work
were 17.9 MPa, 343% and 237 MPa, respectively. The ultimate
tensile stress and Young’s modulus of PLLA-PEG-PLLA/
PDLAGk blend films slightly decreased and strain at break
dramatically decreased as the PDL A6k ratio increased as illus-
trated in Fig. 5a. The 90/10 PLLA-PEG-PLLA/PDLAG6k blend
film exhibited a brittle character. This may have been due to
the blend films with higher XRD-X. exhibiting smaller film-
extensibility (Table-4) [22]. However, tensile properties of
PLLA-PEG-PLLA films did not significantly change by
PLLAGk blending as shown in Fig. 5b. This may be explained
by their XRD-X. values being similar (10.7-12.0%). For the
PLLA-PEG-PLLA/PDLAG6k/PLLA6k blend films in Fig. 5c,
ultimate tensile stress, Young’s modulus and strain at break
significantly increased with the PLLAG6k ratio. Flexibility of
these blend films was then improved by increasing the PLLA6k
ratio. This was due to the XRD-X. of blend films was suppressed.

Heat resistance: Dimensional stability to heat of film
samples was used to determine heat resistance of blend films.
The film samples were kept in an air oven at 80 °C under a
200 g hung load for 30 s to observe film extension. Good heat
resistant polypropylene film prepared by the same method did
not extend after test indicated that it had 100% dimensional
stability to heat. The longer film-extension after test was assigned
to lower dimensional stability to heat (lower heat-resistance)
of the films [13].

Fig. 6 presents results of dimensional stability to heat of
the blend films. The dimensional stability to heat of PLLA-

TABLE-4
TENSILE PROPERTIES OF PLLA-PEG-PLLA/PDLAGK,
PLLA-PEG-PLLA/PLLA6K AND PLLA-PEG-
PLLA/PDLA6K/PLLA6K BLEND FILMS

Ultimate Elongation Young’s
PLLA_PEEI_III:IS"LA e tensile stress at b%eak rnoduiéus
(MPa) (%) (MPa)
PLLA-PEG-PLLA/PDLAG6k (%wt)
100/0 17.9+£0.5 343 +£40 237 £ 10
97.5/2.5 165+ 1.1 241 £ 19 210 +29
95/5 16.9+1.9 43+6 219 =10
90/10 14.6 +0.6 4+1 202 +19
PLLA-PEG-PLLA/PLLAG6Kk (%wt)
100/0 17.9+£0.5 393 +£40 237 £ 10
97.512.5 19.2 £0.8 379 +18 228 =17
95/5 187+ 1.5 418 +37 171 =20
90/10 20.8+1.2 467 £42 210+ 12
PLLA-PEG-PLLA/PDLA6K/PLLA6K (%wt)
90/10/0 14.6 £0.6 4+1 202 =19
90/7.5/2.5 17.8 £0.7 140 = 15 229 + 11
90/5/5 193 +£1.0 255 £28 216 +£27
90/2.5/7.5 194+ 1.8 294 + 34 239 +41
90/0/10 20.8 1.2 467 + 42 210+ 12

PEG-PLLA/PDLAG6k blend films in Fig. 6a steadily increased
with the PDLAG6k ratio suggesting that PDLA6k blending
enhanced heat resistance of PLLA-PEG-PLLA films. The
crystallinity content enhanced film stiffness to resist film
deformation from heat [13,27], whereas PLLLA6k blending
reduced dimensional stability to heat of the PLLA-PEG-PLLA
film. This may have been due to a plasticizing effect of PLLA6k
to decrease film stiffness [25,26]. The dimensional stability to
heat of PLLA-PEG-PLLA/PDLAGkK/PLLAGk blend films in

25 30 30
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Fig. 5. Selected tensile curves of PLLA-PEG-PLLA/PDLAG6k, PLLA-PEG-PLLA/PLLAG6k and PLLA-PEG-PLLA/PDLAG6k/PLLAG6k blends

with various blend ratios
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Fig. 6b steadily decreased as the PLL A6k ratio increased. This
was due to the XRD-X. of blend films decreasing as the PLLA6k
ratio increased.

Conclusion

The mixtures of poly(L-lactide)-b-polyethylene glycol-
b-poly(L-lactide) (PLLA-PEG-PLLA) blended with poly(D-
lactide)/poly(L-lactide) viz. PLLA-PEG-PLLA/PDLAGK,
PLLA-PEG-PLLA/PLLA6k and PLLA-PEG-PLLA/PDLAG6k/
PLLAGk blends were prepared by melt blending. The influence
of blend ratio on the crystallization, mechanical properties and
heat resistance of the blends was determined. These properties
of the PLLA-PEG-PLLA/PDLA6k/PLLAG6k blends strongly
depended upon the PDLA6k/PLLAGK ratio. The crystallizabi-
lity, crystallinity content and heat resistance of PLLA-PEG-
PLLA matrices was directly related to PDLA6k content as
revealed by DSC, XRD and dimensional stability to heat,
respectively. Also, PLLA6k blending improved flexibility of
the blend films as determined by tensile tests. It is, therefore,
concluded that the crystallizability, mechanical properties and
heat resistance of PLLA-PEG-PLLA blend films can be tailored
by adjusting the PDLA6k/PLLAG6k ratio. These PLLA-PEG-
PLLA blend films with controllable crystallizability, mech-
anical properties and heat resistance could be applied for use
as high performance bioplastics.
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