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บทคดัย่อ 
พลาสติกชวีภาพชนิดพอล(ิแอล-แลก็ติกแอซิด) (PLLA) ได้รบัความสนใจอย่างมากในการใช้เป็นบรรจุภณัฑ์อาหาร
เพราะว่า PLLA สามารถแตกสลายทางชวีภาพไดแ้ละผลติไดจ้ากวตัถุดบิหมุนเวยีน แต่ PLLA มลีกัษณะแขง็เปราะจงึ
ตอ้งมกีารเสรมิสภาพพลาสตกิเพื่อใหไ้ดผ้ลติภณัฑ ์PLLA ทีม่คีวามยดืหยุน่ ในงานวจิยัน้ีไดใ้ชพ้อลโิพรพลินีไกลคอลมอ
นอบวิทิลอีเทอร์ (mPPG) เป็นสารเสรมิสภาพพลาสตกิด้วยการหลอมผสมกบั PLLA โดยได้วจิยัถึงอทิธพิลของการ
ผสมเกดิปฏกิริยิาแบบ อนิ สทิู ของสารช่วยยดึสายโซ่ที่มตี่อสมบตัเิชงิความรอ้น สมบตัเิชงิกลและสณัฐานวทิยาของ 

PLLA ผสม mPPG ซึ่งใช้ Joncryl® ADR 4368 เป็นสารช่วยยดึสายโซ่ พบว่าอุณหภูมเิปลี่ยนสภาพคล้ายแก้วของ 
PLLA ลดลงต่อเน่ืองและการยดืตวั ณ จุดขาดเพิม่ขึน้เมื่ออตัราส่วน mPPG เพิม่ขึน้ การยดึสายโซ่ลดความเป็นผลกึ
และปรบัปรุงความยดืหยุน่ของ PLLA ผสม mPPG มกีารแยกเฟสเกดิขึน้โดยมชีอ่งวา่งภายในเน้ือ PLLA ขนาดชอ่งวา่ง
ลดลงเมื่อมกีารยดึสายโซ่ และการยดึสายโซ่ทําให ้PLLA และ mPPG มคีวามเขา้กนัไดม้ากขึน้ดว้ย กล่าวโดยสรุปการ
เสรมิสภาพพลาสตกิและการยดึสายโซ่เป็นการเสรมิกนัในการปรบัปรงุความยดืหยุน่ของ PLLA 
 
คาํสาํคญั: พลาสตกิชวีภาพ  พอล(ิแอล-แลก็ตกิแอซดิ)  สารเสรมิสภาพพลาสตกิ  สารชว่ยยดึสายโซ่  สมบตัเิชงิกล 

 
Abstract 
Poly(L-lactic acid) (PLLA) bioplastic has received much attention in food packaging because of its 
biodegradability and that it is produced from renewable resources. The rigid PLLAs need to be plasticized for 
use as flexible PLLA products. In this research, poly(propylene glycol) monobutyl ether (mPPG) was used as 
a plasticizer for melt blending with the PLLA. The influence of the in situ reactive blending of the chain 
extender on the thermal properties, mechanical properties and morphology of the PLLA/mPPG blends was 

investigated. Joncryl® ADR 4368 was used as the chain extender. It was found that the glass transition 
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temperature of the PLLA decreased steadily and the elongation at break increased significantly as the mPPG 
ratio increased. The chain extension reduced the crystallinity and improved the flexibility of the PLLA/mPPG 
blends. The phase separation occurred as void structures on the PLLA matrices. The void sizes were 
decreased by the chain extension. The chain extension enhanced the compatibility of the PLLA and mPPG. 
In conclusion, the plasticization and the chain extension showed a synergistic effect to improve the flexibility 
of the PLLA.  
 
Keywords: Bioplastics, poly(L-lactic acid), plasticizer, chain extender, mechanical properties 
 

Introduction 
Poly(L-lactic acid) (PLLA) has been widely 
investigated for use as a substitute for commodity 
plastics due to its biodegradability, renewability, 
good processing ability and good mechanical 
properties.1-3 However PLLA has a high glass 

transition temperature (Tg ≈ 55 °C) that leads to 
low flexibility in PLLA products,4 which limits its 
practical applications. The flexibility of PLLA can 
be improved either by copolymerization5 or by 
blending PLLA with other substances and 
polymers.6-10 The blending method is a fast, 
convention and less expensive for plasticization of 
the PLLA.  

The best plasticizers for PLLA were 
poly(ethylene glycol) (PEG)10-12 [10-12] and 
poly(propylene glycol) (PPG),10,13,14 etc. It has 
been reported that the phase separation of 
PLLA/PEG blends increased when the molecular 
weight and blend ratio of PEG were increased, 
which reduced the plasticization effect.15 The PEG 
crystallization also induced immiscibility with the 
PLLA.16 PPG is a viscous liquid that does not 
crystallize as it has a low Tg in the range -60 to -
75 °C. PPG influenced the crystallization behavior 

via the phase separation of PLLA and the 
plasticizer less than that PEG did. The PPG has 
also been shown to give efficient plasticization to 
improve the flexibility of the PLLA.13,14 

The reactive blending of the linear PLLA 
with a styrene-acrylic multifunctional oligomeric 
agent, under the trade name Joncryl®, is the 
usually method to improve the melt strength of 
PLLA by chain extension for use in melt 
processing.17 The chain extension produces long-
chain branching structures of the PLLA.18 The 
hydroxyl and/or carboxyl end-groups of linear 
PLLA chains react with the epoxy rings of 

Joncryl®. It has been reported that Joncryl® ADR 
4368 is the most efficient chain extender to 
restore the molecular weight of PLLA during melt 
processing.19,20 

However, to the best of our knowledge, the 
in situ reactive blending of PLLA and PPG with 
Joncryl® ADR 4368 has not been reported so far. 
The aim of this research was to study the effect of 
the plasticization and the chain extension obtained 
from the in situ reactive blending on the thermal 
properties, mechanical properties and phase 
morphology of PLLA bioplastic. For this purpose, 
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poly(propylene glycol) monobutyl ether (mPPG) 
containing one hydroxyl end-group was chosen as 
the plasticizer. The un-reacted monobuthyl ether 
end-chains of mPPG were easily mobile for the 
plasticization in the PLLA matrix. In addition, the 
obtained results were compared with those of the 
neat PLLAs. 
 
Materials and Methods 
Materials 
The linear poly(L-lactic acid) (PLLA) was 
synthesized in our research unit at 
Mahasarakham University by the ring-opening 
polymerization of a L-lactide monomer in bulk at 
165 °C for 2.5 h under a nitrogen atmosphere 
using 0.01 mol% stannous octoate (95%, Sigma) 
and 0.14 mol% 1-dodecanol (98%, Fluka) as the 
initiating system. The obtained PLLA was 
granulated before drying in a vacuum at 110 °C 
for 2 h to remove any un-reacted lactides. The 

intrinsic viscosity ([η]) and viscosity-average 
molecular weight (Mv) of the PLLA were 
determined in chloroform at 25 °C, and they were 
2.53 dL/g and 104,700 g/mol, respectively.  

Poly(propylene glycol) monobutyl ether 
(mPPG) with a molecular weight of 2,500 g/mol 
(Sigma-Aldrich) was chosen as a plasticizer. A 
styrene-acrylic multi-functional-epoxide oligomeric 
agent, under the trade name of Joncryl® ADR 
4368 in flake form with a molecular weight of 
6,800 g/mol (an epoxy equivalent weight of 285 
g/mol) was used as a chain extender (supplied by 
BASF, Thailand). All reagents used were 
analytical grade.  

Preparation of chain-extended PLLA/mPPG 
blends 
The PLLA, mPPG plasticizer and Joncryl® ADR 
4368 chain extender were dried in a vacuum at 
50 °C for 24 h before melt blending. The mixtures 
of PLLA, mPPG and Joncryl® ADR 4368 were 
melt blended in an internal mixer (HAAKE Polylab 
OS system) at 190 °C for 4 min. A rotor speed of 
100 rpm was used. The PLLA blends with mPPG 
ratios of 10% and 20% wt. were investigated. The 
Joncryl® ADR 4368 content was kept constant at 
1.0 phr. The neat PLLAs (PLLA/mPEG = 100/0 
w/w) with and without Joncryl® ADR 4368 were 
also prepared by the same method for 
comparison. 
 
Characterization of chain-extended 
PLLA/mPPG blends 
The thermal transition properties of the PLLA 
blends were measured with a Perkin-Elmer Pyris 
Diamond differential scanning calorimeter (DSC) 
to detect their glass transition temperature (Tg), 
crystallizing temperature (Tc), heat of 

crystallization (ΔHc), melting temperature (Tm) and 

heat of melting (ΔHm).  
For DSC, samples (3 – 5 mg) were heated 

to 200 °C at 10 oC/min under a nitrogen flow to 
eliminate the thermal history. Then, the samples 
were quenched to 0 °C using the DSC 
instrument’s own default cooling mode before 
heating from 0 to 200 °C to observe the thermal 
transition properties. The degree of crystallinity 
(Xc) of the PLLA phase was calculated from 
equation (1). 
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Xc (%) = [(ΔHm−ΔHc)/(fPLLA × 93.7)] × 100     (1) 
 
where fPLLA was the weight fraction of PLLA in the 

PLLA/mPPG blends. ΔHm and ΔHc were the heat 
of melting and heat of crystallization, respectively, 
that were obtained from the DSC method. The 
93.7 J/g was the heat of melting for 100% 
crystallinity of PLLA.21 

The Tg was taken as the midpoint of the 
heat capacity increment associated with the glass-
to-rubber transition. The Tc and Tm were 
measured as the peak value of the endothermal 
and exothermal phenomena in the DSC curve, 

respectively. The ΔHc and ΔHm were calculated 
from the total areas of the Tc and Tm peaks, 
respectively.  

The mechanical properties, including 
stress at break and elongation at break, of the 
PLLA blends were determined at 25 °C and 50% 
relative humidity with a Narin Instrument NRI-
TS501 Universal Mechanical Testing Machine. For 
this purpose, the specimens of the PLLA blend 
were prepared by compression molding at 190 °C 
following the ASTM D638 standard. The specimen 
samples were tested with a crosshead speed of 
10 mm/min. The mechanical properties were 
determined from the average of at least five 
measurements for each sample. 

The phase morphology of the PLLA blends 
was determined from the fracture surfaces of the 
specimens using a JEOL JSM-6460LV scanning 
electron microscope (SEM). For the SEM 
observation, samples were sputter coated with 
gold to enhance the conductivity before scanning. 

Results and Discussion 
Thermal transition properties 
The thermal transition properties of the PLLA 
blends were investigated from the heating scan 
DSC thermograms, and examples of these are 
shown in Figure 1 for the PLLA blends without 
Joncryl® ADR 4368. They exhibited Tg, Tc and Tm 
points of the PLLA matrices. The DSC results are 
summarized in Table 1, including the Xc values. 
The mPPG decreased the Tg of the PLLA 
matrices from about 59 °C for neat PLLA without 
Joncryl® ADR 4368 to 53 °C and 51 °C for the 
PLLA blends plasticized with 10 and 20 wt% of 
mPPG, respectively, as reported in Table 1. For 
the Joncryl® ADR 4368 addition, the Tg values of 
the PLLA also decreased as the mPPG ratio 
increased. The decreasing Tg results may be 
explained by the mPPG enhanced segmental 
mobility of the PLLA chains for plasticizing 
effect.13 The Tc slightly decreased when the 
mPPG ratio was increased. This may be due to 
the mPPG chains penetrating into the PLLA 
matrices that increase the mobility of the PLLA 
chains to crystallize. The Tm values of the PLLA 
matrices were similar in the range of 172 – 175 
°C. The chain extension of PLLA with 1.0 phr 
Joncryl® ADR 4368 did not significantly affect the 
Tg, Tc and Tm of the PLLA matrices. 
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Figure 1 DSC thermograms of PLLA blends 
prepared with PLLA/mPPG blend ratios of (a) 
100/0, (b) 90/10 and (c) 80/20 (w/w) containing 

1.0 phr Joncryl® ADR 4368. 
 
Table 1 Thermal transition properties of 
PLLA/mPPG blends. 
PLLA/mPPG 
ratio (w/w) 

Joncryl® 
content 
(phr) 

Tg 
(°C) 

Tc 
(°C) 

Tm 
(°C) 

χc 
(%) 

100/0 
90/10 
80/20 
100/0 
90/10 
80/20 

- 
- 
- 

1.0 
1.0 
1.0 

59 
53 
51 
59 
54 
49 

95 
96 
92 
98 
96 
92 

175 
174 
173 
175 
173 
172 

22.4 
23.2 
25.0 
17.6 
12.7 
8.9 

 
The Xc of the PLLA matrices without 

Joncryl® ADR 4368 calculated from equation (1) 
increased slightly when the mPPG ratio was 
increased. However, the Xc of the chain-extended 
PLLA blends was lower than the non-chain-
extended PLLA for the same mPPG ratio. This 
suggests that the long-branched PLLA structures 
of the chain-extended PLLA produced from the 
chain extension inhibited the rearrangement of the 
PLLA chains for crystallization. In addition, the Xc 
of the chain-extended PLLA blends significantly 
decreased as the mPPG ratio increased. Thus, 

the chain extension of the plasticized PLLA blends 
reduced the crystallization of the PLLA. The 
mPPG chains extended with the Joncryl® ADR 
4368 were branching structures as it could 
prevent the crystallization of the PLLA. This is an 
advantage of the mPPG plasticization because 
the thermal crystallization has a negative effect on 
the drawability of the plasticized PLLA.14 

 
Mechanical properties 
The mechanical properties of the PLLA blends 
were investigated by tensile testing. Figure 2 
shows the broken tensile bars of the PLLA blends 
after testing. The broken tensile bars of the neat 
PLLA [PLLA/mPPG = 100/0 (w/w)] showed brittle 
fractures for both the non-chain-extended and the 
chain-extended PLLA blends. While, a ductile 
fracture was observed for the PLLA blends 
plasticized with 10% and 20% wt. mPPG. This 
indicates the flexibility of the PLLA was improved 
by blending with mPPG. In addition, the 
extensions of the tensile bars before breaking of 
the chain-extended PLLA blends were longer than 
those of the non-chain-extended PLLA blends for 
the same mPPG ratio. Therefore, it can be 
concluded that the chain extension also improved 
the flexibility of the PLLA.  

The tensile curves of the chain-extended 
PLLA blends are illustrated in Figure 3. The load 
at break decreased and the extension at break 
increased when the mPPG ratio was increased. 
The neat PLLA yield at the extension was about 
3.5% and the load was about 750 N [see Figure 
3(a)]. The yield effects of the PLLA blends were 
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more observed in Figures 3(b) and 3(c). The 
PLLA blends showed a little strain hardening after 
the yield point that indicates a plasticizing effect of 
the mPPG to increase the load at break before 
the breaking of the PLLA specimens. The mPPG 
increased the segmental mobility of the PLLA 
chains during the strain hardening to improve the 
strain crystallization of the PLLA.13 The tensile 
curve changes of the non-chain-extended PLLA 
blends prepared with different mPPG ratios were 
similar.  

 
Figure 2 Tensile bars after tensile testing of (a) 
non-chain-extended and (b) chain-extended 
PLLA/mPPG blends. 
 

 
Figure 3 Tensile curves of PLLA blends prepared 
with PLLA/mPPG blend ratios of (a) 100/0, (b) 
90/10 and (c) 80/20 (w/w) containing 1.0 phr 

Joncryl® ADR 4368. 
 

The tensile stress and elongation at break 
of the PLLA blends calculated from the load and 
the extension at break, respectively, are reported 
in Table 2. The mPPG blending caused a 
decrease in the stress at break and an increase in 
the elongation at break. The stress at break 
decreased steadily and the elongation at break 
increased significantly as the mPPG ratio 
increased. It should be noted that the chain 
extension increased the elongation at break of the 
PLLA blends for the same mPPG ratio. This may 
be explained by the long-chain branching 
structures of the chain-extended PLLA enhancing 
the chain entanglement network during the 
extension of the PLLA specimens.  
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Table 2 Mechanical properties of PLLA/mPPG 
blends. 
PLLA/mPPG 
blend ratio 

(w/w) 

Joncryl® 
content 
(phr) 

Stress at 
break 
(MPa) 

Elongation 
at break 

(%) 

100/0 
90/10 
80/20 
100/0 
90/10 
80/20 

- 
- 
- 

1.0 
1.0 
1.0 

50.0 ± 10.2 

16.7 ± 8.3 

7.5 ± 5.8 

45.1 ± 12.1 

15.9 ± 6.7 

8.6 ± 4.5 

5.6 ± 2.2 

41.4 ± 9.8 

57.6 ± 12.7 

7.0 ± 4.2 

82.7 ± 22.6 

98.5 ± 31.6 

 
Phase morphology 
The phase morphology of the blends was studied 
from SEM images. Figure 4 shows the fracture 
surfaces of the PLLA specimens without chain 
extension. The neat PLLA showed a smooth 
fracture surface [Figure 4(a)]. The fracture 
surfaces of both the 90/10 and 80/20 (w/w) 
PLLA/mPPG blends contained some emptied 
voids. The liquid mPPG accumulated in these 
voids during solidification of the PLLA matrices 
and indicated that the phase separation between 
the PLLA and mPPG phases had occurred.13,14 
This may be due to the polarities of the PLLA and 
the mPPG phases being different. However, 
emptied voids with uniform distribution were 
observed, which suggests the mPPG phase was 
well distributed throughout the PLLA matrices. 
The sizes of the voids increased with the mPPG 
ratio, which suggests that more phase separation 
occurred. 

 
 

 
Figure 4 SEM images of PLLA blends prepared 
with PLLA/mPPG blend ratios of (a) 100/0, (b) 

90/10 and (c) 80/20 (w/w) without Joncryl® ADR 

4368 (all bars = 10 μm). 
 

The SEM images of the fracture surfaces 
of the chain-extended PLLA blends are shown in 
Figure 5. The emptied voids of the chain-extended 
PLLA blends are smaller than those of the non-
chain-extended PLLA blends for the same mPPG 
ratio, and this suggested that the chain extension 
enhanced the compatibility of PLLA and mPPG. It 
may be proposed that some mPPG chains could 
react with the Joncryl® ADR 4368 to produce the 
long-chain branching molecules of the PLLA and 
mPPG chains. The latter molecules may act as a 
compatibilizer for the PLLA/mPPG blending. From 
the phase morphology study, the liquid mPPG 
droplets distributed in the PLLA matrices 
obviously enhance the plastic deformation. The 
smaller mPPG droplets in the chain-extended 
PLLA blends induced a higher elongation at break 
of the PLLA specimens (see Table 2). 
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Figure 5 SEM images of PLLA blends prepared 
with PLLA/mPPG blend ratios of (a) 100/0, (b) 
90/10 and (c) 80/20 (w/w) containing 1.0 phr 

Joncryl® ADR 4368 (all bars = 10 μm). 
 

Conclusion 
In this research, the in situ reactive blending of a 
liquid plasticizer (mPPG) with a chain extender 

(Joncryl® ADR 4368) was carried out via reactive 
blending in PLLA/mPPG blends. The DSC 
analysis revealed the shift of the Tg toward lower 
temperatures in the case of the PLLA/mPPG 
blends. The chain extension decreased the Xc 
values and increased the elongation at break of 
the PLLA blends compared to the non-chain-
extended PLLA/mPPG blends. The introduction of 
the mPPG by in situ reactive blending with 

Joncryl® ADR 4368 revealed an effective way to 
presumably depress the crystallinity and improve 
the flexibility of the PLLA. The above 
investigations suggest that the reactive blending 

of the PLLA and the mPPG with Joncryl® ADR 
4368 are the most promising to produce novel 
flexible PLLA bioplastics. 
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