
REFERENCES

Martino, V., Ruseckaite, R-, and Jimenez, A. Thermal and mechanical 
characterization of plasticized poly (L-lactide-co-D,L-lactide) films for food 
packaging. Journal of Thermal Analysis and Calorimetry. 86, 3 (2006): 707-712. 
Ljungberg, N. and Wesslén, B. The effects of plasticizers on the dynamic 
mechanical and thermal properties of polydactic acid). Journal of Applied 
Polymer Science. 86, 5 (2002): 1227-1234.
Cohn, อ. and Flotovely Salomon, A. Designing biodegradable multiblock 
PCL/PLA thermoplastic elastomers. Biomaterials. 26, 15 (2005): 2297-2305. 
Ishida, ร., Nagasaki, R., Chino, K., Dong, T, and Inoue, Y. Toughening of poly(L- 
lactide) by melt blending with rubbers. Journal of Applied Polymer Science. 
113, 1 (2009): 558-566.
Tanrattanakul, V., Sungthong, N., and Raksa, p. Rubber toughening of nylon 6 
with epoxidized natural rubber. Polymer Testing. 27, 7 (2008): 794-800. 

Johnson, T. and Thomas, ร. Effect of epoxidation on the transport behaviour 
and mechanical properties of natural rubber. Polymer, 41, 20 (2000): 7511- 
7522.

Saendee, p. and Tangboriboonrat, p. Latex interpenetrating polymer networks 
of epoxidised natural rubber/poly(methyl methacrylate): an insight into the 
mechanism of epoxidation. Colloid and Polymer Science. 284, 6 (2006): 634- 
643.
Nguyen, T H. Synthesis and characterizations- of polv(L-Lactic acid-co-ethv(ene 

glycol) block copolymers and their application in property modification of 

epoxidized natural rubber. Master's Thesis. Chemical Engineering program. 

Thammasat University (2009): 54.

Nguyen, T.H., et al. Polylactic acid/ethy.ene glycol triblock copolymer as 

novel crosslinker for epoxidized natural rubber. Journal of Applied Polymer 
Science. 124. 1 (2012): 164-1 74.

Nakruangsri, N., Petchsuk, A., opaprakasit. P., and opaprakasit, M. Glycolysis 

Reaction as a Chemical Recycling Process for Polydactic acid). เท The 2nd 

International Conference on Green and Sustainable Innovation (ICGSI 2009). 

Chiang Rai, Thailand, 2009.

Sukpuang, p., Petchsuk, A., Opaprakasit, p., and Opaprakasit, M. Synthesis of 

Lactic Acid-Ethvlene Terephthalate Copolymer from Glvcolvzed products via



90

Chain Linking. Master's Thesis, materials science. Chulalongkorn university
(2008):

12. Sukpuang, P., Petchsuk, A., Opaprakasit, p., and Opaprakasit, M. Lactic Acid- 
Ethylene Terephthalate Copolymers from Glycolyzed Products: Synthesis and 
Characterizations, in The 2nd International Conference on Green and 
Sustainable Innovation (ICGSI 2009). Chiang Rai, Thailand 2009.

13. Tounthai, 1, Petchsuk, A., Opaprakasit, P., and Opaprakasit, M. Curable 
polyester precursors from polylactic acid glycolyzed products. Polymer 
Bulletin. (2013): 1-16.

14. Jamshidian, M., Tehrany, E.A., Imran, M., Jacquot, M., and Desobry, ร. Poly- 
Lactic Acid: Production, Applications, Nanocomposites, and Release Studies. 
Comprehensive Reviews in Food Science and Food Safety. 9, 5 (2010): 552- 
571.

15. van Nostrum, C.F., Veldhuis, T.F.J., Bos, G.W., and Elennink, W.E. Hydrolytic 
degradation of oligodactic acid): a kinetic and mechanistic study. Polymer. 45, 
20 (2004): 6779-6787.

16. Lin Xiao, B.W., Guang Yang and Mario Gauthier Poly(Lactic Acid)-Based 
Biomaterials: Synthesis, Modification and Applications, Biomedical Science, 
Engineering and Technology, in Biomedical Science. Engineering and 
Technology. P.D.N. Ghista, Editor. 2012.

17. Auras, R., Harte, B., and Selke, ร. An Overview of Polylactides as Packaging 
Materials. Macromolecular Bioscience. 4, 9 (2004): 835-864.

18. Kylma, J., Tuominen, J., Helminen, A., and Seppala, J. Chain extending of 
lactic acid oligomers. Effect of 2,2'-bis(2-oxazoline) on 1,6-hexamethylene 
diisocyanate linking reaction. Polymer, 42, 8 (2001): 3333-3343.

19. Tuominen, J., Kylmà, J., and Seppala, J. Chain extending of lactic acid 
oligomers. 2. Increase of molecular weight with 1.6-hexamethylene 
diisocyanate and 2,2-bis(2-cxazoline). Polymer. 43. 1 (2002): 3-10.

20. Liu, H. and Zhang, J. Research progress in toughening modification of 
polydactic acid). Journal of Polymer Science Part B: Polymer Physics. 49, 15
(2011): 1051-1083.

21. Carné Sanchez, A. and Ccllinson, S.R. The selective recycling of mixed plastic 
waste of polylactic acid and polyethylene terephthalate by control of 
process conditions. European Polymer Journal. 47, 10 (2011): 1970-1976.

22. Ouchi, T. and Ohya, Y. Design of lactide copolymers as biomaterials. Journal 
of Polymer Science Part A: Polymer Chemistry. 42, 3 (2004): 453-462.



9 1

23. Lucas, N., et al. Polymer biodegradation: Mechanisms and estimation 
techniques -  A review. Chemosphere. 73, 4 (2008): 429-442.

24. Pimpan, V., Sirisook, R., and Chuayjuljit, ร. Synthesis of unsaturated polyester 
resin from postconsumer PET bottles: Effect of type of glycol on 
characteristics of unsaturated polyester resin. Journal of Applied Polymer 
Science. 88, 3 (2003): 788-792.

25. Zenkiewicz, M., et al. Characterisation of multi-extruded polydactic acid). 
Polymer Testing. 28, 4 (2009): 412-418.

26. Armentano, I., et al. Multifunctional nanostructured PLA materials for 
packaging and tissue engineering. Progress in Polymer Science. 0

27. Grijpma, D.W., Nijenhuis, A.J., Wijk, P.G.T., and Pennings, A.J. High impact 
strength as-polymerized PLLA Polymer Bulletin. 29, 5 (1992): 571-578.

28. Perkins, W.G. Polymer toughness and impact resistance. Polymer Engineering 
& Science. 39, 12 (1999): 2445-2460.

29. Kopeliovich, D. Fracture Toughness, mechanical testing [Online], 2012. 
Available from:
http://www.substech.com/dokuwi ki/doku.php?id=fracture_toughness.

30. Janorkar, A.V., Metters, A.T., and Hirt, D.E. Modification of Polydactic acid) 

Films: Enhanced Wettability from Surface-Confined Photografting and 
Increased Degradation Rate Due to an Artifact of the Photografting Process. 
Macromolecules. 37, 24 (2004): 9151-9159.

31. Tokiwa, Y. and Calabia, B. Biodegradability and biodegradation of polydactide). 
Applied Microbiology and Biotechnology. 72, 2 (2006): 244-251.

32. Uhrich, K.E., Cannizzaro, S.M., Langer, R.S., and Shakesheff, K.M. Polymeric 
Systems for Controlled Drug Release. Chemical Reviews. 99, 11 (1999): 3181- 
3198.

33. Petitti. M., Vanni. M.. and Barresi. A.A. Controlled release of drug encapsulated 
as a solid core: Theoretical model and sensitivity analysis. Chemical 
Engineering Research and Design. 86, 11 (2008): 1294-1300.

34. Tsuji, H., Mizuno, A., and Ikada, Y. Properties and morphology of poly(L- 
lactide). III. Effects of initial crystallinity on long-term in vitro hydrolysis of high 
molecular weight pcly(L-lactide) film in phosphate-buffered solution. Journal 
of Applied Polymer Science. 77, 7 (2000): 1452-1464.

35. Sriromreun, P., Petchsuk, A., Opaprakasit, M., and Opaprakasit, p. standard 
methods for characterizations of structure and hydrolytic degradation of

http://www.substech.com/dokuwi_ki/doku.php?id=fracture_toughness


92

aliphatic/aromatic copolyesters. Polymer Degradation and Stability. 98, 1 
(2013): 169-176.

36. Rasai, R.M., Janorkar, A.V., and Hirt, D.E. Polydactic acid) modifications.
Progress in Polymer Science. 35, 3 (2010): 338-356.

37. Ratner, B.D. Surface modification of polymers: chemical, biological and 
surface analytical challenges. Biosensors and Bioelectronics. 10, 9-10 (1995): 
797-804.

38. Burg, K.J.L., et al. Parameters affecting cellular adhesion to polylactide films. 
Journal of Biomaterials Science. Polymer Edition. 10, 2 (1999): 147-161.

39. Paul, M.A., et al. Polylactide/montmorillonite nanocomposites: study of the 
hydrolytic degradation. Polymer Degradation and Stability. 87, 3 (2005): 535- 
542.

40. Sukpuang, P.P., A.; Opaprakasit, P.; Opaprakasit, M. เท Proceedings of the 2nd 
International Conference on Green and Sustainable Innovation (ICGSI 2009); 
Chiang Rai; Thailand. (2009):

41. Riyajan, S.-A., Chaiponban, ร., and Tanbumrung, K. Investigation of the 
preparation and physical properties of a novel semi-interpenetrating polymer 
network based on epoxised NR and PVA using maleic acid as the crosslinking 
agent. Chemical Engineering Journal. 153, 1-3 (2009): 199-205.

42. Yu, H., Zeng, Z., Lu, G., and Wang, Q. Processing characteristics and thermal 
stabilities of gel and sol of epoxidized natural rubber. European Polymer 
Journal. 44, 2 (2008): 453-464.

43. Porter, M. structural characterization of vulcanizates. Part VII. The N- 
cyclohexylbenzothiazole-2-sulfenamide-accelerated natural rubber-sulfur 
system. Journal of Applied Polymer Science. 11, 11 (1967): 2255-2269.

44. Bristow, G.M., Mocre, C.G., and Russell, R.M. Determination of degree of 
crosslinking in natural rubber vulcanizates. Part VII. Crosslinking efficiencies of 
di-tert-butyl and 'dicumyl peroxides in the vulcanization of natural rubber and 
their dependence on the type of natural rubber. Journal of Polymer Science 
Part A: General Papers. 3, 11 (1965): 3893-3904.

45. Chowdhury, R. Electron-beam-induced crosslinking of natural 
rubber/acrylonitrile-butadiene rubber latex blends in the presence of 
ethoxylated pentaerythritol tetraacrylate used as a crosslinking promoter. 
Journal of Applied Polymer Science. 103, 2 (2007): 1206-1214.



93

46. Minoura, Y. and Asao, M. Studies on the Y-irradiation of natural rubber latex. 

The effects of organic halogen compounds on crosslinking by Y'irradiation. 
Journal of Applied Polymer Science. 5, 16 (1961): 401-407.

47. Akiba, M. and Hashim, A.s. Vulcanization and crosslinking in elastomers. 
Progress in Polymer Science. 22, 3 (1997): 475-521

48. Hashim, A.s. and Kohjiya, ร. Curing of epoxidized natural rubber with p- 
phenylenediamine. Journal of Polymer Science Part A: Polymer Chemistry. 32, 
6 (1994): 1149-1157.

49. Perera, M.c.s. Reaction of aromatic amines with epoxidized natural rubber 
latex. Journal of Applied Polymer Science. 39, 3 (1990): 749-758.

50. Derouet, D., Radhakrishnan, N., Brosse, J.C., and Boccaccio, G. Phosphorus 
modification of epoxidized liquid natural rubber to improve flame resistance 
of vulcanized rubbers. Journal of Applied Polymer Science. 52, 9 (1994): 1309- 
1316.

51. Mohanty, ร., Nando, G.B., Vijayan, K., and Neelakanthan, N.R. Mechanical and 
dynamic mechanical properties of miscible blends of epoxidized natural 
rubber and poly(ethylene-co-acrylic acid). Polymer. 37, 24 (1996): 5387-5394.

52. Derouet, อ., Brosse, J.-C, and Challioui, A. Alcoholysis of epoxidized 
polyisoprenes by direct opening of oxirane rings with alcohol derivatives 1. 
Modelization of the reaction. European Polymer Journal. 37, 7 (2001): 1315- 
1326.

53. Derouet, D., Brosse, J.-C., and Challioui, A. Alcoholysis of epoxidized 
polyisoprenes by direct opening of oxirane rings with alcohol derivatives 2. 
Study on epoxidized 1,4-polyisoprene. European Polymer Journal. 37, 7 
(2001): 1327-1337.

54. Ratnam, C.T. and Zaman, K. Modification of PVC/ENR blend by electron beam 
irradiation: effect of crosslinking agents. Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions with Materials and Atoms. 152, 
2-3 (1999): 335-342.

55. Michler, G.H. and Bucknall, C.B. New toughening mechanisms in rubber 
modified polymers. Plastics. Rubber and Composites. 30, 3 (2001): 110-115.

56. Kumar, M., Mohanty, ร., Nayak, S.K., and Rahail Parvaiz, M. Effect of glycidyl 
methacrylate (GMA) on the thermal, mechanical and morphological property 
of biodegradable PLA/PBAT blend and its nanocomposites. Bioresource 
Technology. 101, 21 (2010): 8406-8415.



94

57. Kang, H., et al. Employing a novel bioelastomer to toughen polylactide. 
Polymer. 54, 9 (2013): 2450-2458.

58. Crecelius, A.C., Baumgaertel, A., and Schubert, บ.ร. Tandem mass 
spectrometry of synthetic polymers. J Mass Spectrom, 44, 9 (2009): 1277-86.

59. Siao, S.-Y., Lin, L.-H., Chen, พ.-พ., Huang, M.-H., and Chong, p. Characterization 
and emulsifying properties of block copolymers prepared from lactic acid and 
poly(ethylene glycol). Journal of Applied Polymer Science. 114, 1 (2009): 509- 
516.

60. พน, K.J. and Odom, R.w. Peer Reviewed: Characterizing Synthetic Polymers by 
MALDI MS. Analytical Chemistry. 70, 13 (1998): 456A-461A.

61. Tangboriboonrat, p. and Rakdee, c. Effect of epoxidised natural rubber latex 
on carbon black; natural rubber interaction in bead masterbatch. Plastics. 
Rubber and Composites. 29, 6 (2000): 258-262.

62. Mallick, A., De, S.K., and Pfeiffer, D.G. Effect of mixer rotor speed on interfacial 
crosslinking of epoxidized natural rubber and poly(acrylic acid). Die 
Angewandte Makromolekulare Chemie. 222, 1 (1994): 31-48.

63. Xi, G., Lu, M., and รนท, c. Study on depolymerization of waste polyethylene 
terephthalate into monomer of bis(2-hydroxyethyl terephthalate). Polymer 
Degradation and Stability. 87, 1 (2005): 117-120.

64. Espartero, J.L., Rashkov, I., Li, S.M., Manolova, N., and Vert, M. NMR Analysis of 
Low Molecular Weight Polydactic acid)s. Macromolecules. 29, 10 (1996): 3535- 
3539.

65. Phinyocheep, p., Phetphaisit, C.W., Derouet, D., Campistron, I., and Brosse, J.c. 
Chemical degradation of epoxidized natural rubber using periodic acid: 
Preparation of epoxidized liquid natural rubber. Journal of Applied Polymer 
Science. 95, 1 (2005): 6-15.

66. Attharangsan, ร., Ismail. H., Bakar. M.A.. and Ismail. J. The Effect of Rice Husk 
Powder on standard Malaysian Natural Rubber Grade L (SMR L) and 
Epoxidized Natural Rubber (ENR 50) Composites. Polymer-olastics Technology 
and Engineering. 51, 3 (2012): 231-237.

67. Nakason, c ,  Kaesaman, A., and Eardrod, K. Cure and mechanical properties of 
natural rubber-g-poly(methyl methacrylate)-cassava starch compounds. 
Materials I etters. 59, 29-30 (2005): 4020-4025.

68. Teh, P.L., Mohd Ishak, Z.A., Hashim, A.S., Karger-Kocsis, J., and Ishiaku, บ.ร. 
Physical properties of natural rubber/organoclay nanocomposites



95

compatibilized with epoxidized natural rubber. Journal of Applied Polymer 
Science. 100, 2 (2006): 1083-1092.

69. Derouet, อ., Tran, Q.N., and Thuc, H.H. Synthesis of polymer-grafted natural 
rubbers by radical photopolymerization of vinyl monomers initiated from the 
rubber chains. Journal of Applied Polymer Science. 114, 4 (2009): 2149-2160.

70. Okwu, U.N. and Okieimen, F.E. Properties of formic acid crosslinked 
epoxidized natural rubber (FC-ENR) blends with dry natural rubber. European 
Polymer journal 35, 10 (1999): 1855-1859.

71. Martins, M.A., et al. Thermooxidative study of raw natural rubber from 
Brazilian IAC 300 series clones. Thermochimica Acta. 474, 1-2 (2008): 62-66.

72. Inoue, T. Selective crosslinking in polymer blends. I. Novel selective crosslink 
systems for polypropylene/unsaturated elastomer blends. Journal of Applied 
Polymer Science. 54, 6 (1994): 709-721.

73. Garlotta, อ. A Literature Review of Polydactic Acid). Journal of Polymers and 
The Environment. 9, 2 (2001): 63-84.

74. Jorge, R.M., et al. Thiol Addition to Epoxidized Natural Rubber: Effect on the 
Tensile and Thermal Properties. International Journal of Polymeric Materials. 
59, 5 (2010): 330-341.



APPENDIX



97

Appendix 1: 'แ -NMR spectrum of GPLAs and ENR.

1.1 'แ -NMR spectrum of GPLAs

G44
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Figure A l. H-NMR spectrum of GPLAs.
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1.2. H-NMR and calculation o f mole epoxide of ENR.

111 a? • 5 ชุรSSII
น/ \i 1

ENR

Figure A2. 'แ -NMR spectrum of ENR.

poxioe content (%) = [{2 7 / (l2 7+!51)]* 100 

rom figure A2 ;

l27 = 0.234

u 1= 1

Epoxide content (%) = 18.96%



Table A l. Calculation of Mole percent of GPLA-cured ENR.

Composition in feed
GPLA

samples (ผt%) MW ร mole

GPLA ENR .

G;.ER11 51! 50 2000 2.5 0.00125

G .E R12 53 6 7 2000 1.65 0.000825

Cl EH ไ 4 20 8Û 2000 1 0.0005

G;r;EHl 1 .ร,.' 50 10000 2.5 0.00025

0; 1;โ: i'll : ไ 10000 1.65 0.000165

G 1,FRI n 2n 80 10000 1 0.0001

G,|.T ER 11 50 50 44000 2.5 5.68E-05

Gn,,ER12 J 6 7 44000 1.65 3.75E-05
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ncuredENR 0 100 0

228l8CSZ.frC
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Mole

OH
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0.0025 7200 2.5 0.000347
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0.001 7200 4 0.000556
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0.00033 7200 3.35 0.000465

0.0002 7200 4 0.000556

0.000114 7200 2.5 0.000347

0.000075 7200 3.35 0.000465

4.55E-05 7200 4 0.000556

7200 5 0.000694

mole %mole %mole

>
■อ์
■บิ
ชุ

a
X
M

epoxide OH epoxide
ก
QJ_

6.94E-05 97.3 2.7

FT
c_
ST
Ô

9.31E-05 94.7 5.3
ว ิ
๐

0.000111 90.0 10.0 n̂

6.94E-05 87.8 12.2 1

9.31 E-05 78.0 22.0
"๐
n)

0.000111 64.3 35.7
ชุ
r-t

6.94E-05 62.1 37.9
๐  “ h

9.31E-05 44.6 55.4
GO
•g

0.000111 29.0 71.0
>
ท

0.000139 0.0 100.0 ร
Cl
m
iz
ะบ

\๐<D



1 0 0

Appendix 3: SEM micrograph of the ENR/PLA blends at different content and 

type of ENR.

3.1. SEM micrograph o f using uncured ENR as toughening agent for PLA 

5% w t u n c u re d  EN R /PLA 10% wt u n c u r e d  EN R /PLA  15% wt u n c u r e d  EN R /PLA
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3.2. SEM  m ic rog raph  o f  using G 2 -cu red  ENR as to u g h en in g  agen t fo r P LA

5% wt G 2 -cu re d  ENR /PLA 10% wt G 2 -cu re d  EN R /PLA 15% wt G 2 -cu re d  ENR /PLA
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3.3. SEM  m ic rog raph  o f  using G 1 0 -cu re d  ENR as to u g h e n in g  ag en t fo r  P LA

5% G10-cured ENR/PLA 10% G 10-cured ENR/PLA 15% G 10-cured ENR/PLA
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3.4. SEM  m ic ro g raph  o f  using G 44 -cu red  ENR as to u g h en in g  agen t fo r  P LA

5% G 44-cured  ENR/PLA 10% G 44-cured ENR/PLA 15% G44-cured ENR/PLA

»5kV
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