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Abstract : A commercialized biobased and biodegradable poly (actic acid) (PLA) containing the functional
monomer of glycidyl methacrylate (GMA) was chemically modified using reactive extrusion to enhance
its melt strength. Modified PLLAs were prepared with various contents of GMA and initiator, and were
characterized by observing their gel fraction, thermal properties, melt viscoelasticity and biodegradability.
The complex viscosity and storage modulus of chemically modified PLA with the initiator alone was
increased by addition of initiator and were more increased in the presence of GMA. There was a optimum
content of GMA showing the maximum complex viscosity with the amount of initiator. The biodegrade—
bility of modified PLA was slightly decreased by addition of GMA.

Keywords : poly (lactic acid), functional monomer, reactive extrusion, thermal and rheological properties,

biodegradability.
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Table 1. Gel Fraction and Thermal Properties of Modified PLA

Code Initiator GMA Gelfraction 7, Tn  AH

number  (phr) (phr) (%) (T (O U/e)
1 PLA® 0.2 61 166 1.4
2 0 0.1 0 62 169 27.1
3 0 0.3 0 61 168 27.7
4 0 0.5 0 61 169 27.0
5 0 1 0 58 167 34.1
6 0 3 0 54 165 32
7 0 5 0 55 165 30.3
8 0.1 0 0.9 59 164 33
9 0.1 0.1 0.6 62 167 279

10 0.1 0.3 0.6 62 167 314
11 0.1 0.5 0.2 61 168 21.3
12 0.1 1 0.3 61 168 229
13 0.1 3 0.5 58 167 23.8
14 0.1 5 1.2 56 166 36.7
15 0.3 0 0.9 58 167 33.9
16 0.3 0.1 2.5 62 165 295
17 0.3 0.3 0.4 62 168 27.3
18 0.3 0.5 0.1 62 169 28.0
19 0.3 1 0.1 56 164 32.1
20 0.3 3 0.5 57 165 283
21 0.3 5 0.3 53 164 27.2
22 0.5 0 3.1 58 166 304
23 0.5 0.1 5.6 57 165 31.7
24 0.5 0.3 8.4 58 165 28.3
25 0.5 0.5 16 61 166 299
26 0.5 1 3.6 60 167 21.3
27 0.5 3 3.1 61 169 27.0
28 0.5 5 0.1 57 166 204

“Plain PLA was commercial grade.
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Figure 1. Complex viscosity versus frequency for modified
PLA with various contents of initiator at 190 C.
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Figure 2. Storage modulus versus frequency for modified
PLA with various contents of initiator at 190 T.
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Figure 3. Plot of storage modulus against loss modulus for
modified PLA with various contents of initiator at 190 T.
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Figure 4. Complex viscosity versus frequency for modified
PLA with various contents of GMA at 190 C.
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Figure 5. Plot of storage modulus against loss modulus for
modified PLA with various contents of GMA at 190 C.

902 J|AE PLASK: H)5gt 4h8 2otk

Figures 6~8°lA] HQ1 figh] B4 B, 44 BT 9y
GMAT H7H PLAS B35} AR ERT 34 7RI
3, %% PLAS} H)3ldE GMA 5 phr 37} 714 PLA(#14) 2
ALty B ¢4 PLARY 2 3h& 2olan i) 7iAA @E e
2 732" PLA#8) ¢k ¥lwshd, GMA 3 % 5 phr® #7712
PLA#13,14) & Alsjsl 25 o|Ht} & BTl 173 &
JES Holal 9tk GMA H7iel o8 HPAE AsaneE &
o 3] AR, GMA O phr 371 712 PLA CIAA b 712
PLA#8)) A2 GMA 0.3 phr7kA EZH e GMA &
Z7Yel el BEEAEETE @A FUelth ) o] F GMAY©]
F7VePa BN AR ashe oS 1otk 5, GMA7F0.3
phr X3 7 PLA#10) 9 BRAE7} w2 Falg Yoy
7P =2 3k B3y, 0|39 HuXE= 5 PLASE /A AI =g
NEE PLAS EAERT 242 3.9 1.58 334 gholdl
t}. GMAQ] 712 E33r) 34 dd o= H7ke GMAZT
o)z A wkgolA] Akze] 7RAIE 2 7hes) 5] AR st
& AT A 2] AESR (coupling) & B3R F2F
S ZTPFIAY AR Ed ihe-S A e 59 9 )

Polymer (Korea), Vol. 32, No. 2, 2008



120 A9d - A - 203 -GS - oY - R - AR

%o
XX A o
nnnuunéﬁﬁﬁg““’ “Aangy
Ay REE
Ay
1000} farsaiian,,
Aay

7Pa-s)

=-PLA  x#8 o# ® #10
O#1 a#l2 o#3  a#4

100 .
0.1 1 10

wlrad/s)

10000 1
§§§§§§§63$9
~ °°°°3300.
Lk AAAAAAAA:OOg
0

—

Figure 6. Complex viscosity versus frequency for modified
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Figure 7. Storage modulus versus frequency for modified
PLA with 0.1 phr initiator and various contents of GMA at
190 T.
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Figure 8. Plot of storage modulus against loss modulus for
modified PLA with 0.1 phr initiator and various contents of
GMA at 190 T.
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Figure 9. Complex viscosity versus frequency for modified
PLA with 0.3 phr initiator and various content of GMA at
190 T.
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Figure 10. Storage modulus versus frequency for modified
PLA with 0.3 phr initiator and various content of GMA at
190 T.
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Figure 11. Plot of storage modulus against loss modulus for
modified PLA with 0.1 phr initiator and various content of
GMA at 190 T.
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Figure 12. Complex viscosity versus frequency for modified
PLA with 0.5 phr initiator and various contents of GMA at
190 TC.
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PLA with 0.5 phr initiator and various contents of GMA at

A #28

190 C.
100000
10000
1000
G
&
G
100
10
+
+
1
100

1000 10000

G"Pa)

100000

Figure 14. Plot of storage modulus against loss modulus for
modified PLA with 0.5 phr initiator and various contents of

GMA at 190 C.



HheshERel sl steE o JdE PLAY @

100

90
= PLA

Cellllose o #15

& #19

Cumulative biodegradability (%)

¢} 5 10 15 20 25 30 35 40 45
Time (day)

Figure 15. Cumulative biodegradability of samples under con—
trolled aerobic composting condition.

2o 7I& PLAZE 7|AA] 0.3 phr ©5.02 7has PLA (#15)
o} A a7 239 AAIA 0.3 phr GMA 1 phrz 73
S PLA(#19)E ©slo] 4597 Al@eh Aial =g nlwsisich 4
EZ o210 AR EE oF 80%, o5 PLAE oF 55%°]30th GMA
ol 7AAA 0.3 phrEit 7148 PLA#15) 9] AR 50%

9 PLAS ARs| s} ok wieky, 0.3 phrt GMA 1 phr
2 W48 PLA#19) 9 AEaEE 43%% 7P ©HA vebith
3ol oJebd AR FFS viAE AREE fElHolR:,
APz, A4skE, BA 9 BEASEY So|ipt® Jerg B
A= e 2= Fjd PLAS) AR5/ £ PLARTH &
2 Oz Table 194 Bokxol %8 A4} Akee] 23}
o g wehect

b
rhu

A28 AFALA PLAS 5348 2 2SR 583
et 2 $84=)r dashd oo & Ao AjAAE o]

Sk RES9EE 7ol 7157 @Al GMAE: 471819 PLAY) €
FHEY AGANES vS IA712A4 sisich GMAZE 71
2] ¢k JIAIA @02 Jidd PLAE AR dEke] 0.1, 0.3
phrd W BT o= PLARC X9 7jAA2) g Z7))
w2} ARe] Bl Sl B EE 7488tk GMAZL
71 o GMAS] ghgo] 231 ZAAlL] go] I 7twsl A%
o] £xxo] ALt Tk o, GMAS el S7lskH A
EHGD 9k 7hwsh whe-S Ak A 71X 8} uhgolu A
Z90l o% TR Y AkE Al 22 T AoE YEl
stk olell what AMAIA] ghefel whet A1 PLAS] B3 wel A%
B o] Hughs zh= 2 GMA 30) 4Bt =, /XA
0] 0.1 phrd W 24 GMA 332 0.3 phr, 7AAA E&0) 0.3
phrd W= GMA 1.0 phr, 7HA1A] g&] 0.5 phrd = GMA
0.5 phrollt}. 2 @79 szt B v 5= PLAS] B3FErr
th 450 A5 &Z3E ¥ GMA 1.0 phrdt AR 0.3 phrE

72" PLA#19)7F 7P¢ 4828 77} 9= A og s

4 By, §AsE 48 D ARaE

123

2kl 2 AP 20078RIE GuishiL Sl

off &l FEG o ool FAR=HUT

11.

12.

13.

14.

15.

16.

17.

18

19

20

#ae s
R. Narayan, “Rationale, Drivers, and Technology Examples”,
in Biobased & Biodegradable Polymer Materials, K. C.
Khemmani and C. Scholz, Editors, ACS, Washington DC
(2006).

. S. B. David, J. D. Geyer, A. Gustafson, J. Snook, and R.

Narayan, “Biodegradation and Composting Studies of Poly—
meric Materials”, in Brodegradable Flastics and Polymers,
Y. Doi and K. Fukuda, Editors, Elsevier, Osaka, p. 601 (1993).

. J.R. Lee, S. W. Chun, and H. J. Kang, Polvmer (Korea), 21,

285 (2003).

. D. Carlson, P. Dubois, and R. Narayan, Polyvm. Eng. Sci., 38,

311 (1998).

. S. S. Ray and M. Okamoto, Macromol. Rapid. Commun., 24,

815 (2003).

. Y. Di, S. lannace, E. D. Maio, and L. Nicolais, J. Polym.

Sci; Part B: Polym. Phys., 43, 689 (2005).

. Y. Di, S. Iannace, E. D. Maio, and L. Nicolai, Macromol.

Mater. Eng., 290, 1083 (2005).

. E.S. Kim, B. C. Kim, and S. H. Kim, /. Polym. Sci.; Part B-

Polym. Phys., 42,939 (2004).

. M. C. Gupta and V. G. Deshmukh, Polymer, 24, 827 (1983).
10.

B. Y. Shin, K. S. Kang, G. S. Jo, D. H. Han, J. S. Song, S. L.
Lee, T. J. Lee, and B. K. Kim, Polyvmer (Korea), 31, 269
(2007).

Y. K. Lee, J. M. Kim, J. D. Nam, C. S. Park, and S. P. Jang,
Polymer (Korea), 24, 366 (2000).

Y. K. Lee, J. M. Kim, M. Y. Lee, J. D. Nam, Y. H. Park, and
C. S. Park, Polymer (Korea), 26, 139 (2002).

B. H. Jeon, H. G. Yoon, S. S. Hwang, J. A. Kim, and S. M.
Hong, Polyvmer (Korea), 29, 127 (2005).

1. H. Cho, N. S. Kwak, P. H. Kang, Y. C. Nho, and T. S.
Hwang, Polymer (Korea), 30, 217 (2006).

K. S. Hwang, W. S. Ahn, S. H. Suh, and K. R. Ha,
Polymer (Korea), 31, 68 (2007).

K. H. Song, J. H. Hong, Y. T. Sung, Y. H. Kim, M. S. Han,
H. G. Yoon, and W. N. Kim, Polymer (Korea), 31, 283 (2007).
A. H. Hogt, J. Meijer, and J. Jelenic, “Modification of Poly—
propylene by Organic Peroxides”, in Reactive Modifiers for
Polymers, S. Al—Malaik Editor, Blackie Academic and Pro—
fessional, Chapman and Hall, London, p. 84 (1996).

1. J. Meister, Polymer Modification’ Principles, Techniques,

and Applications, Marcell Dekker, Inc., New York, 2000.
D. J. Kim, H. J. Kang, and K. H. Seo, J. Appl Polym. Sci,
81, 637 (2001D).

K. J. Kim, H. S. Ha, S. J. Kim, J. C. Lee, and B. K. Kim,

Polymer (Korea), Vol. 32, No. 2, 2008



124

21

22,

23.
24.

26.

27.

28.

29.

30.

Polymer(Korea), 17, 1 (1993).

A. Sodergard, M. Niemi, J. F. Selin, and H. Ndasman, /nd.
Eng. Chem. Res., 34, 1203 (1995).

R. Auras, B, Harte, and S, Selke, Macromol, Biosci, 4, 835
(2004).

B. J. Jeong and M. Xantos, Polvm. £ng. Sci, 47,244 (2007).
H. G. Chae, B. C. Kim, S. S. Im, and Y. K. Han, Polyvm. Eng.
Sci, 4, 1133 (2001).

. U. Yilmazer, M. Xanthos, G. Bayram, and V. Tan, J. App/.

Polym. Sci, 75, 1371 (2000).

H. H. Yang, C. D Han, and J. K. Kim, Polymer, 35, 1503
(1994).

C. D. Han and M. S. John, J. Appl Polym. Sci, 32, 3809
(1986).

H. Alata, B, Hexig, and Y. Inoue, J. Polym. Sci, Part B:

Polym. Phys., 44, 1813 (2006).

C. Jiao, Z. Wang, X. Liang, and Y. Hu, Polymer Testing, 24,
71 (2005).

N. Kawamoto, A, Sakai, T, Horikoshi, T. Urushihara, and E.
Tobita, J. Appl Polym. Sci., 103, 198 (2007).

BElM, A329 A23, 20084

31.

32.

34.
35.

36.

37.

38.

8. Piccarolo, E. Vassileva, and Z. Kiflie, “Physical Cross Links
in Amorphous PET, Influence of Cooling Rate and Ageing”,
in Polymer Crystallization, J.—U. Sommer and G. Reiter,
Editors, Springer, New York, p. 325 (2003).

D. L. Dotson and BM. Burkhart, U.S.Patent 7,144,939
(2006).

Q. Gui, Z. Xin, W. Zhu, and G. Dai, J. Appl. Polym. Sci, 88,
297 (2003).

J. W. Park and S. S. Im, Polym. Eng. Sci., 40, 2539 (2000).
X. Wei, J. R. Collier, and S. Petrovan, J. Appl. Polym. Sci,
105, 309 (2007).

R. T. Huang, The Practical Handbook of Compost Enginee—
ring, Lewis Publishers, Florida, 1993.

1. B. Snook, Biodegradability of Polyiactide Film in Simulated
Composting Environments, M, S. Thesis, Michigan State
University, Michigan, 1994.

F. Yoshi, D. Darwis, H. Mitimo, and K. Makuuchi, Radiat.
Phys. Chern., 57, 417 (2000).



