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Chemical and biological degradation behavior of commercial polylactide (PLA) film, poly 

(L-lactide) (PLLA) and poly (DL-lactide) (PDLLA) was investigated by gravimetric analysis, 

X-ray diffractometry, differential scanning calorimetry and Fourier transform Raman 
(FT-Raman) spectroscopy. The PLA film exhibited an extremely high resistance to acid 
hydrolysis by hydrochloric acid, although alkaline treatment with a dilute sodium hydroxide 

brought about the quick decomposition of PLAs, not being reflected in their crystallinity. The 

X-ray and FT-Raman results implied the immediate decomposition occurring only on the PLA 

surfaces. These phenomena were observed both for crystalline PLLA and amorphous PDLLA; 

however, at temperature above their glass transition points, the PDLLA was greater dete-

riorated than the PLLA under acidic conditions, whereas in the alkaline system the tendency 

was reversed. On the biological degradation, the PLA filrn remained almost unchanged even 

after buried in soil for six months, as supported by various analytical results. Possibly, the 

PLA=related products commercially available have lower biodegradability than expected, and 

thus it was indicated that a strategic material design, e.g., the utilization of paper-based 

ecomaterials whose practicality and biodegradability can be compatible with each other, is of 

significance for high performance composite-manufacturing wlth biodegradable plastics. 

INTRODUCTION 
Many plastic products manufactured from finite petroleum resources have provided 

direct and indirect impacts on natural environments, e.g., global warming, exhaustion of 

the resources, waste disposal and a fatal damage on ecosystem by toxic or endocrine-dis-

rupting chemicals. Thus, the social consciousness on environmental protection and 

resource circulation has recently been raised as critical problems all over the world. 

Discrimination of right and wrong for material civilization is an immortal problem, 

although a lot of materials and products are indispensable for our life style in actual 

society. Therefore, a new material compatible for natural environrnents, called an ecoma-

terial, has been required; and thus various biodegradable plastics have been actively 

develo ped. 

In particular, polylactide (PLA) is one of typical biodegradable plastics, which can be 
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chemically produced from L-1actic acid obtained by microbial transformation of biomass 

waste (Nolasco-Hipolito et al., 2001; Mohanty et al., 2000). These plastic materials have 

been studied in many aspects: biocompatibility, biodegradability and physical propert.ies 

(Jacobsen et al., 1999; Amass et al., 1998; Anderson et al., 1997). The material per-

formance has generally been reduced as the biocompatible characteristics are improved 

(Ikada et al., 2000). On a material design, the combination of biodegradable products is 

of very interest and of significance for achieving the coexistence of performance and 

eco-compatibility, and thus we tried to prepare the paper-PLA composites and 
investigated their biodegradability (Kanie et al., 2002) . However, the PLA films and the 

PLA portion of their lanuhated paperboards did not degrade in soil even after six months, 

although the paper-based substrates were rapidly deteriorated. Thus, there is much 

room for doubt about the PLA-related biodegradability reported so far, especially wlth 

regard to the non-enzymatic hydrolysis that a PLA with a high molecular weight is 
converted to the PLA oligomers at the initial stage of biodegradation (Tsuji et al., 2001). 

In any case, the detailed behavior of the PLA decomposition must be elucidated to newly 

devise the biomass-based ecomaterials enforced by the PLA. 

In this study, to obtain the fundamental understandings for PLA deterioration the 

PLA-degrading behavior on chemical and biological degradation was investigated by 

gravirnetric and various chemical analyses: X-ray diffractometry (XRD), differential scan-

ning calorimetry (DSC) and near infrared-Fourier transform (NlR-FT) Raman analysis. 

Weight loss of the PLA samples on acid or aikaline hydrolysis was linked to the results 

obtained by the chemical analyses, and the findings were applied to account for the PLA 

degradation. 

MATERIALS AND METHODS 

Materials 
Poly (L-lactide) (PLLA) and poly (DL-1actide) (PDLLA) were provided by 

Birmingham Polymers Co. Ltd., USA. Commercial PLA fiim (Ecoloju; 25~em; biaxially 
oriented; Mitsubishi Plastics Co. Ltd., Japan) was used as it was, and as laminated on the 

paperboard (Card B, Ide Paper MFG Co. Ltd., Japan) . CoITLmercial polyethylenetereph-

talate (PET; 23lhm; biaxially oriented) fnm was purchased from Goodfellow Cambridge 

Co. Ltd., UK. Other chemicals were reagent grade (Wako Pure Chemical Industries Co. 

Ltd., Japan) and used wlthout further purification. 

Procedures 
The PLA film and the PLA-laminated paperboard were buried in soil at 

Kami-ohshima, Tsukuba city, Ibaragi (the factory site) for six months, as referred to our 

previous study (Kanie et al., 2002). Sample specimens (0.1 g) were immersed in 35ml of 

0-1 M hydrochloric acid or in 35ml of 0-1 M sodiurn hydroxide at room temperature for a 

designated time: O, 0.5, 1, 2, 4 or 8 hours. These samples after the in-soil burial test or 

the chemical treatments were washed thoroughly with deionized water, and then were 

subjected to the following analyses after air-dried. 
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Analyses 
Sample weight that had been measured beforehand was compared with that after 

treated, and the remaining weight ratio was calculated by dividing the sample weight after 

treated by the original sample weight. XRD analysis was carried out using an X-ray dif-

fractometer (XD-D1, Shimadzu Co. Ltd., Japan) with CuKa radiation under X-ray 
generation conditions at 30kV and 40 mA. The scanning rate and range were 4 '/inin and 

5 '-40' as 26, respectively. Crystallinity (X) was obtained by a following equation; X (O/o) 

= Ic / [Ic+1a] X 100, where the lc is an X-ray intensity in crystalline region and the la is 

that in amorphous region. Thermodynarnic characteristics were determined using a DSC 

apparatus (DSC-50, Shimadzu Co. Ltd., Japan) at the heating rate of 10 'C/min from 20 ' 

to 200'C or of 20'C/min from 20' to 120'C for measuring melting point (m.p.) or glass 

transition point (Tg), respectively, in an atmosphere of nitrogen according to JIS K7121. 

NlR-FT Raman analysis was performed using a Perkin Elmer System 2000 spectrometer. 

The laser for excitation was a diode Nd:YAG at 1064nrn. All spectra were obtained in the 

180 ' scattering geometry by using an InGaAS detector at a laser power of 600 mW and by 

averaging 200 scans with a resolution of 4 cm~*. 

RESULTS AND DISCUSSION 

Chemical degradation of PLA products 
Figure I shows the weight loss of PLA and PET films treated by acidic or alkaline 

solution. Acidic treatment wlth 0-1 M HCI gave no impact on the decomposition of both 

samples for 0~ hours; however, the alkaline steeping test resulted in the quick decom-

position of the PLA film wlth time, although the PET film was not affected in weight at all. 

More than 50"/o of the PLA film was chemically decomposed for 4 hours. Figure 2 displays 
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Fig. 1. Weight loss of PLA and PET rilms by chemical treatments with I M HCI or 

with I M NaOH at 20 'C. 
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the changes in the sample weight of PLLA and PDLLA treated by I M HCI or by I M NaOH 

for 4 hours at different temperature; 20 ', 60' or 80'C. At any case, the PLA products 

showed a high resistance to the acidic circumstances. In contrast, the alkali treatment 

brought about an obvious decrease both in the PLLA and the PDLLA. Especially, the 

PDLLA was degradable even at room temperature; however, at 80 'C the tendency was 

reversed. 

Figure 3 illustrates the X-ray diffraction patterns of PLA film (a) , PET film (b) , PLLA 

beads (c) and PDLLA beads (d). Table I represents the crystallinity obtained from the 

results in Fig. 3. Strong singlet peak of the PLA film and the PET filrn appeared at 16.5' 

and 25.9 ', respectively, and two peaks of the PLLA were observed at 16.9 ' and 19.3 '. The 

PDLLA had no crystallinity, being amorphous. Commercial films were biaxially oriented 

to improve their physical properties, and thus ca. 900/0 crystallinity was achieved. The 

PLLA showed lower crystallinity; ca 770/0 than the PLA fiLrn, even though a higher resis-

tance was demonstrated in an alkaline system at room temperature. The alkaline hydrol-

ysis occurs at an amorphous region rather than at a crystalline one, and thus even at room 

temperature the PDLLA was decomposed rapidly. Figure 4 shows the time course of 
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Fig. 2. Weight loss of PLLA and PDLLA by chemical treatments with I M HCI or with I M NaOH at 

various temperatures for 4 hours. 

Table l. Crystallinity of PLA film, PET 

film, PLLA and PDLLA. 

Sam ple Crystallinity ('/.) 

PLA film 

PET rlLm 

PLLA 
PDLLA 

89.3 

92.8 

76.9 

amorphous 
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Fig. 3. X-ray diffraction patterns of PLA rilm (a), PET filrn (b), 

PLLA (c) and PDLLA (d). 

changes in the crystallinity of the PLA filin and the PET filrn by acidic or alkali treatment. 

No appropriate variation was observed under the testing conditions, and thus it was 

suggested that the alkali decomposition immediately proceeded only on the sample 
surfaces without destroying the crystalline structure by the alkaline intrusion. 

Thernrodynarnic and Raman characteristics 
Figure 5 profiles the DSC curves of PLA film (a), PLLA (b) and PDLLA (c), and Table 

2 lists their m.p. and Tg. The PLA film displayed m.p. ca. 166'C and Tg ca. 70 'C. The 

PLLA showed m.p. ca. 177'C and slight Tg ca. 66 'C. The PDLLA indicated only Tg 55 'C. 

These thermodynamic characteristics accounted for the chemical degradability depen-

dent on the treatment temperature, as shown in Fig. 2. After all, the alkali accessibility 

was possibly promoted by loosing the polymer chains in the amorphous region as the tem-
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perature increased over the PLLA Tg. The PDLLA was quite rapidly rmished to melt over 

the Tg 55'C because of having no rubber-like property; and then the self-assembling 

aggregation occurred, resulting in a remarkable reduction of specific surface area and 

thus of chemical degradability as shown in Fig. 2. 

Figure 6 shows the NlR-FT Raman spectra of PLA fnm (a) , PLLA (b) and PDLLA (c). 

Table 2. Melting point and glass transition point (Tg) 

of PLA film, PLLA and PDLLA. 

Sam ple Melting point ('O Tg ( 'O 

PLA fllrn 

PLLA 
PDLLA 

165.6 

176.9 

70.0 

66.1 

55.0 
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v C-COO 

3500 3000 2500 2000 1500 1 OOO 500 

Raman Shifi (cm~1) 

Fig. 6. Raman spectra of PLA rnm (a) , PLLA (b) and PDLLA (c) . 
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In the PLA film, characteristic Raman shift was observed at 3420 cm~1 in correspondence 

to N-H stretching. The N-containing components are not derived from the PLA, and 

uriknown components must exist in the conunercial PLA products, somewhat contribut-
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Fig. 7. Changes in the Raman shifts of PLA-laminated paperboard 

by chemicai treatment with I M NaOH at 20 'C. 
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ing to the physical properties. Figure 7 illustrates the changes in the Raman shifts of 

PLA-laminated paperboards treated with I M NaOH. Only PLA-related peaks clearly 

decreased with time, although the paper-related peaks slightly became weaker and 
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Fig. 9. Changes in the Raman shifts of PLA rthn by in-soil burial test for 

O month (a) , I month (b) , 3 months (c) and 6 months (d) . 
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broader even after the 8-hour treatment. Raman intensity reflects the sample crys-

talliruty to some extent; however, the PLA crystallinity was almost constant as shown in 

Fig. 4; and thus the reduction in the Raman intensity must be induced by the sample loss 

as shown in Fig. I . The PLA products demonstrated a high resistance to acid hydrolysis 

and at room temperature alkaline-resistive properties were also indicated in the PLA 

components with relatively high crystallinity; however, the quick decomposition by a 

dilute alkaline was observed in amorphous PDLLA and in all PLAS OVer their Tg. 

Biological degradatiou of PLA products 
Figure 8 shows the changes in the PLA crystallinity during in-soil burial periods of 

0-6 months. On the biological degradation, the PLA film remained almost unchanged 

even after buried in soil for six months, supporting the results from external observation 

reported in our previous study (Kanie et al., 2002). At the burial test, quantitative gravi-

metric analysis was difficult because the reproducibility becomes a serious problem. 

Weaker Raman band for N-H stretching in the in-soil-treated PLA film was observed as 

the burial period went longer in Figure 9, however significant difference in the 

PLA-related portion was not confirmed. Thermodynamic properties were also less 
variable (data not shown). These analyiical results suggested that the commercial PLA 

products were slightly degraded in soil, and their perforrnance for biodegradability was 

overestimated. Biodegradation mechanisms of polyester plastics such as PLA have been 

accounted for by non-enzymatic hydrolysis and sequential biotic metabolism (Tsuji et al., 

2001). However, natural circumstances, water and soil systems, are in general maintained 

at the acidic-to-neutral conditions; and the results obtained in this study revealed that 

the PLA products show an extremely high resistance to acid hydrolysis in any case. 

Hence, the irutial non-enzymatic hydrolysis may not occur in natural environments. On 

the other hand, the paper substrate in paperboards laminated with PLA film was 
irnmediately decomposed in soil possibly by i7~-situ microorganisms, as reported (Kanie 

et al., 2002). Most conunercial paper products are made in alkaline papermaking sys-

tems, and thus the paper waste possibly can show some alkalinity. Therefore, the 

material design for combining a high degradable paper with a low degradable PLA is a 

prornising concept for manufacturing high perfonnance composites with biodegradability. 
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