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ABSTRACT: Different poly (L-lactic acid) (PLLA) have been synthesized from L-lactic acid as well as L-lactide 

by direct polycondensation and ring opening polymerization. Depending on reaction time, the resulting products 

having viscosity average molecular weight ranging from 5 to 25,000 g.mol-1. Plasticization effects of some 

popular plasticizer, especially is polyethylene glycols (PEG) for the synthesized PLLA were determined. The 

results suggested that PEG 1000 is a good plasticizer with relative high plasticization effect. The crosslinking 

plasticized materials were prepared form the plasticized PLLA by irradiation with various radiation doses. The 

crosslinking structures were introduced in different formulation of PLLA/PEG/TAIC, the crosslinking density 

increased with radiation dose and seemed to be saturated at 50 kGy. The stable crosslinking structure inhibited 

the mobility for crystallization of PLLA chains, thermal stability of plasticized PLLA crosslinked with TAIC at 

50 kGy become higher than that of initial PLLA with very small endothermic peak at its melting temperature. 

The stress-strain curves of the crosslinking plasticized PLLA showed that the toughness of the materials reduced 

but still higher than that of initial PLLA, whereas its  tensile strength was much improved by radiation 

crosslinking. The results also revealed that the crosslinking plasticized PLLA can be completely degraded by 

proteinase K as well as microorganisms existing in compost. 
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1. INTRODUCTION 

Poly (L-lactic acid) is the thermoplastic polymer with properties similar to poly(ethylene 

phthalate), and high performance like polypropylene (PP) has been intensively studied for many 

applications [1-3]. In industrial production, PLLA is usually produced by polycondensation or ring 

opening polymerization of L-lactic acid or L-lactide, which are obtained from renewable resources. 

These advantages made them become one of the most promising candidates replacing for non-

biodegradable synthetic polymers. However, the application of PLLA is still limited in industry due 

to its heat stability is not high enough for processing in large scale. Many different methods have 

been applied to improve not only its thermal stability but also its other properties such as 

copolymerization, blending with other monomers or polymers having high thermal stability, 

stereocomplexation between L-and D-enantiomers, annealing treatment, plasticization, crosslinking 

[4].  

In the past decades, chemical crosslinking of PLLA with some crosslinkers has been studied, 

but this technique was not much applied due to its low effectiveness and difficulties in removal of 

residual chemical additives [5]. Recently, radiation processing has been proved as a potential tool 

with high efficiency and environmental friendliness. Ionizing radiation can be used as an initiation 

agent replacing for chemical initiators in polymerization of some monomers. Radiation degradation 

is applied to prepare shorter segments that keeping the same nature of origin for application 

requirements. Radiation crosslinking and radiation grafting are also applied to create new materials 

with improved properties [6-9]. The crosslinking structure has been introduced into PLA matrix 

during irradiation and the crosslinking densities can be significantly increased by addition of 

suitable crosslinkers. Among popular crosslinkers that commonly used in industry, triallyl 

isocyanurate (TAIC) is a multifunctional monomers have been known as an effective crosslinking 

agent not only for PLLA, but also for PDLA and PLA stereocomplexes. The results also revealed 

that TAIC of 3 wt % is enough for preparation of the crosslinked PLA materials with high 

crosslinking density [10].  

Study on radiation processing for PLLA/TAIC blends, Jin et al reported that the crosslinking 

network between PLLA and TAIC has been formed during gamma irradiation at the sterilization 

dose of 25 kGy [11]. With double bonds in molecular structure, TAIC can be easily converted into 

motive free radicals and then the crosslinking points with PLLA chains during irradiation. 

Therefore, the TAIC with a ratio of 3 wt% was selected as the suitable crosslinker for PLLA in the 

present study. As reported from literatures, the stability of radiation induced crosslinking PLA 

materials was also remarkably improved, but the crosslinked materials become more brittle, does 

not meet applications requiring high flexibility [4].  

Study on plasticization of PLLA, it has been found that the addition of plasticizers such as 

lactide oligomer, glycerol triacetate, polyethylene glycol (PEG),  especially polyethylene glycol 

molecular weight from 600-8000 g.mol
-1

 can significantly increase the toughness and flexibility of 

PLLA [12]. In order to create the material having the high heat resistance and improved mechanical 

properties from PLLA, the present study was tried to synthesize some PLLA with intermediate 

molecular weight and low degree of crystallization for preparation of the crosslinking materials. 

PLLA was plasticized with PEG 1000 before gamma irradiation and the thermal stabilities, 

mechanical properties and biodegradability of the crosslinking plasticized PLLA were investigated 

with PEG content and radiation dose. 

2. EXPERIMENTAL 

2.1. Materials 

- L-lactic acid (90%), L-lactide (98%) were purchased from Guangdong Xilong Chemical 

Co. Ltd., China and Tokyo Chemical Industry Co. Ltd., (TCI), Japan, respectively. PLLA with 
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number average molecular weight of about 148,000 g.mol
-1

 and polydispersity index of 1.47 was 

bought from NatureWorks, Malaysia. 

- Stannous octanoate Sn(Oct)2, SnCl2.2H2O, p-toluene sulfonic acid (p-TSA); glycerol 

triacetate, PEG, Tris-HCl, proteinase K (80% protein, catalytic activity 26 units per mg) were 

purchased from Wako Pure Chemical Industries., Ltd. and TAIC from TCI, Japan. 

2.2. Methods 

2.2.1. Synthesis of PLLA 

Polycondensation and ring opening polymerization have been applied to prepare different 

PLLA products. In dehydration polycondensation: 200 mL L-lactic acid 90% was loaded into a 3 

neck round bottom flask of 500 mL volume, equipped by a thermometer and a heating controller. 

The reaction flask was immersed in an oil batch, then connected to a condenser, dropping funnel, 

then heated to 150C in hot plate with magnetic stirrer for primary dehydration. After 2 hours, the 

system is connected to manometer and vacuum pump, and the pressure was reduced to 13.3 kPa for 

other 2 hours, then to 4 kPa for 4 hours during second dehydration. Product was cooled and 

catalytic mixture composed of 1 g SnCl2.2H2O and 0.8 g of TSA was added for polymerization by 

heating to about 180C and gradually reduction of the inside pressure to 1.3 kPa. After 

predetermined periods, the system was rapidly cooled to stop the reaction. Resulting products were 

dissolved in chloroform, precipitated and re-precipitated in excess diethyl ether, filtered and dried to 

constant mass at 40C under vacuum to obtain PLLA. 

For ring opening polymerization (ROP): 0.1 mol purified L-lactide and 0.02 to 0.1 mmol 

dried Sn(Oct)2 was added in to reaction flask of 250 mL volume containing 70 mL of xylene. The 

reactor was put on the heating bath with controller, connected to a reflux condenser, nitrogen 

bombs, and then heated to 140C during bubbling with nitrogen gas to prevent moisture. After 

certain reaction times, the system was cooled. The resulting products were concentrated, 

precipitated in excess diethyl ether and dried to constant mass as mentioned above. Chemical 

structure of the typical synthesized PLLA was analyzed by proton magnetic resonance (
1
H-NMR), 

Furrier transform infra red (FT-IR). And the viscosity average molecular weight of synthesized 

PLLA was determined by the viscosity method. 

2.2.2. Preparation of the crosslinking plasticized PLLA sheets 

Plasticization effects of some plasticizers for PLLA were determined by viscosity of mixture 

of PLLA and plasticizer. The plasticizer having high plasticization effect was selected and the 

plasticized PLLA sheets of 150×150×0.5 mm in dimension with and without 3% TAIC were 

prepared by hot and cold press method. After that, the crosslinking plasticized PLLA were formed 

by gamma irradiation with radiation doses ranging from 10 to 100 kGy. Crosslinking densities 

obtained in the crosslinking PLLA sheets were measured by gel fraction in chloroform according to 

the following equation: 

Gel fraction (%) = (Wg/W0)  100      (1) 

where W0 is weight (dry) of the crosslinked PLLA, Wg is the weight remaining (dry gel 

component) of the crosslinked film after dissolved in chloroform at RT for 24 h. 

2.2.3. Characterization of the crosslinking plasticized PLLA 

About 5 mg of PLLA was put in the aluminum pan, sealed and set in the sample holder of a 

differential scanning calorimeter (DSC). The sample was heated from room temperature to 200C 

in air, then cooled with the same heating and cooling rate of 10C per min. Melting point (Tm), glass 

transition temperature (Tg) and enthalpy of melting (Hm) of each sample from DSC thermogram. 

And its degree of crystallization was calculated as follow: 

c (%) = 100       (2) 
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where Hcc and Hm are enthalpies of melting and crystallization, respectively. Heat of fusion 

of PLLA crystal (Hf) is 135 J.g
-1

 as determined by Miyata and Masuko [13]. 

PLLA sheets were cut into dumbbell samples of Type V according to ASTM D 638. 

Mechanical properties of PLLA samples were measured using a tensile with a 10 kN load, 5 

mm.min
-1

 in crosshead rate. Stress-strain curve was recorded with time at room temperature and the 

mechanical properties were determined by the film thickness. At least 3 samples were tested for 

each material. 

2.2.4. Biodegradation tests 

Enzymatic degradation of PLLA was determined as reported by Reeve et al [14]. In briefly, 

dried PLLA was immersed in vials containing 10 mL Tris-HCl buffer (pH 8.6) and 2.0 mg of 

proteinase K at 37°C in a shaking incubator. After predetermined periods of incubation, the PLLA 

sheet was taken out and washed with distilled water, methanol and dried to a constant weight at 

60C in vacuum. Biodegradation was evaluated by measuring the percentage of weight loss as 

follow:  

Wloss (%) = 100 × (Wb - Wa) / Wb      (3) 

where Wloss is weight loss in percentage caused by proteinase K, Wb and Wa is the sample 

weight before and after degradation. Data are average values from at least 3 measurements. 

3. RESULTS AND DISCUSSIONS 

3.1. The chemical structure and molecular properties of synthetic PLLA 

 

IR and 
1
H-NMR spectra of typical 

synthesized PLLA are presented in Figure 1. It 

can be found that absorption bands at wavelength 

number of 1750 and 3292 cm
-1

, indicated the 

presence of H of C=O and OH groups 

representative for PLLA molecules (1a), while 

the resonant peaks at chemical shift around 1.6 

and 5.2 ppm corresponding to the protons of 

methyl (-CH3) and methine (-CH) groups in 

PLLA can be observed from its 
1
H-NMR (1b). 

The signal at 4.3 ppm, corresponding to 

methylene (-CH2) group was also observed in the 

Figure 1b, suggested that the synthesized PLLA 

were shorter than the commercial products, 

because CH2O is end groups in PLLA molecules.  

Figure 1: FT-IR and 
1
H-NMR spectra of the typical synthesized PLLA. 

b 

Figure 2: Viscosity averae molecular weight of 

resulting PLLA with reaction time. 
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Figure 2 shows dependence of viscosity average molecular weight of the synthesized PLLA 

prepared with ROP. Molecular weight of synthesized PLLA increased with reaction time to about 

25000 g.mol
-1

 after 24 hrs, then slightly reduced. Molecular weight of PLLA may be increased by 

applying the further steps for removal almost moisture during ROP, such as radical polymerization 

in vacuum [15].  

3.2. Radiation induced crosslinking plasticized PLLA 

Table 1: Solution viscosity of PLLA mixtures. 

Formulates 
Solution viscosity (cP) 

PLLA R24
a 

PLLA ROP24
b 

PLLA NW
c 

Neat PLLA 4.78 14.23 21.34 

PLLA/TAIC (3% wt) 4.25 12.25 20.85 

PLLA/TAIC + Glycerol 5.37 14.56 21.47 

TAIC/TAIC + Glycerol triacetate 5.76 14.89 21.71 

TAIC + PEG 1000 5.98 15.06 21.98 

TAIC + PEG 8000 6.03 14.74 21.63 

a, b, c
 PLLA obtained after 24 hrs reaction of polycondensation, ROP and commercial products 

Table 1 shows solution viscosities of polymer formulates. It can be found that the  viscosity 

decreased with adding of the crosslinker, then recovered by the presence of plasticizers. The data 

also revealed that PEG 1000 is the best plasticizer for PLLA with relative high effect of 

plasticization. Studies on the crosslinked PLLA, other authors have reported that the optimal 

distance between two neighbor crosslinking points is around 1000 Da. Therefore, PEG 1000 has 

been selected as an appropriate plasticizer for preparation of the crosslinking plasticized PLLA 

sheets. 

Table 2:  Dependence of absorbed doses with irradiation times. 

Irradiated samples Intended dose 

(kGy) 

Radiation time 

(h) 

Measured dose 

(kGy)
 

PLLAx-10 10 33.9 10.05 

PLLAx-20 20 67.8 20.02 

PLLAx-30 30 101.7 30.67 

PLLAx-50 50 169.5 49.92 

PLLAx-100 100 339.0 100.33 

After irradiation, absorbed doses were measured and reported as average values form 

dosimeters and the data are presented in Table 2. It is obviously that, the absorbed doses were 

similar to the intended doses due to small size of the irradiated samples, so that the intended doses 

were used in all reports for comparison. 
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Gel fraction, namely is crosslinking density formed in the crosslinking plasticized material 

was depended on radiation doses as presented in Figure 3. Except neat PLLA and plasticized PLLA 

without crosslinker, a significant insoluble gels were observed in all PLLA formulation containing 

TAIC irradiated with dose higher than 20 kGy due to the crosslinking networks have been formed, 

even though the lower fractions were formed in the PLLA containing PEG higher than 8 wt%. With 

PEG of 5 wt %, the gel started to form by gamma irradiation and rapidly increased with radiation 

dose to over 85 % at dose of 50 kGy and seemed to level off with further increasing of dose up to 

100 kGy. This result demonstrated PEG of about 5 wt% and radiation dose of 50 kGy are the 

optimal conditions to introduce the crosslinking network into the plasticized PLLA matrix. 

Figure 4 shows the DSC thermograms of different plasticized PLLA and the crosslinking 

plasticized PLLA samples. Plasticization effect much enhanced the mobility for crystallization of 

PLLA chains (4a). As the results, their glass transition, cold crystallization, melting temperatures 

decreased. By radiation crosslinking, the crosslinking structure introduced in the plasticized PLLA 

made it become more stable with heating. The higher the radiation dose, the lower crystallization 

degree, and the PLLA crosslinked at 100 kGy showed no crystallization and small melting peak, 

suggested that the crosslinking networks inhibited the mobility for crystallization of the crosslinking 

PLLA. This result is entirely suitable with our previous studies on the thermal properties of the 

radiation induced crosslinking PLA [10]. 

 

 

Figure 3: Gel fraction of the crosslinking plasticized PLLA with radiation dose. 
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Stress-strain curves of the plasticized PLLA containing TAIC and various amounts of PEG 

crosslinked at 50 kGy, and PLLA/5%PEG irradiated with different radiation doses were presented 

in Figure 6. The results one again proved that PEG is a good plasticizer for PLLA. The extension of 

the plasticized PLLA, which is irradiated at 50 kGy was much increased, but its tensile strength 

decreased with PEG amount (5a). Tensile strength of the crosslinking material of PLLA/5%PEG 

can improve more with radiation dose of 100 kGy, even the material become more brittle and break 

at a low extension (5b). Therefore, radiation dose of 50 kGy is enough for preventing the 

crosslinking plasticized PLLA brittle back while improving the tensile strength in compared to 

initial PLLA. 

Biodegradabilities of different PLLA samples were investigated in the presence of PLA 

degrading enzymes. Figure 6 shows the weight loss of some PLLA samples during incubation with 

proteinase K. The weights of PLLA samples were much reduced by attack of proteinase K. The 

weight loss of all PLLA samples increased with incubation time. In the same conditions, weight 

loss of each PLLA sample was accelerated by irradiation and plasticization, may be due to the 

gamma irradiation at 50 kGy can break PLLA backbone, facilitating the attack of enzyme as well as 

microorganisms to the polymer. During incubation, the PEG can migrate to the sample surface, 

even to surrounding environment resulting in unstable material. However, the tight crosslinking 

network formed in the crosslinking plasticized PLLA prevented the attack of proteinase K as 

indicated by its weight loss. 

4. CONCLUSION 

PLLA with viscosity average 

molecular weight to 25,000 g.mol
-1

 have 

been prepared from L-lactide by ring 

opening polymerization. Chemical structure 

of synthesized PLLA was similar to 

commercial PLLA as indicated by its FT-IR 

and 
1
H-NMR spectra. Among plasticizers, 

PEG 1000 was selected for preparation of 

the crosslinking plasticized PLLA sheets 

due to its high effect of plasticization. 

The crosslinking network was 

introduced into the plasticized PLLA with 

TAIC during irradiation and the gel fraction 

of the crosslinking samples increased with 
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radiation dose. PEG of 5 wt% and radiation dose of 50 kGy are considered to be optimal condition 

to prepare the crosslinking plasticized material with crosslinking density of about 85 %. Mechanical 

properties of the crosslinking plasticized PLLA were also improved. PLLA plasticized with 5% 

PEG, followed crosslinked at 50 kGy having an improved tensile strength and an extension higher 

than that of initial PLLA. 

Plasticization and irradiation treatments accelerated degradation of PLLA by both proteinase 

K and microorganisms that can  exist in compost, but radiation induced crosslinking much reduced 

biodegradation for PLLA in contrary. All PLLA samples were biodegraded. PLLA based materials 

can be completely degraded by proteinase K and the degradation occurred not only on the surface 

but also in bulk of PLLA. 
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