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ĔŅĺıŀĸŇĵŌĶňŏĪĬŏĮƦĬĔŅĺĪňŗĴňėĺŅĴŐĕŖĚŐĶĚĽŌĚ ĽŅĴŅĶĩĬņœĮŒĝƟĔńĭıŊŘĬįŇĺœħƟľĸŅĵĝĬŇħ őħĵĪńŗĺœĮĔŅĺıŀĸŇĵŌ

ĶňŏĪĬĽŅĴŅĶĩĽńĚŏėĶŅŃľƢįƞŅĬĮĢŇĔŇĶŇĵŅĔŅĶėĺĭŐĬƞĬĶŃľĺƞŅĚ diisocyanate ŐĸŃ diol ŀĵƞŅĚœĶĔŖĨŅĴ isocyanates 
ŏĮƦĬĽŅĶŏėĴňĪňŗŏĮƦĬıŇļ ĽŅĴŅĶĩĪņŒľƟŏĔŇħįĸĔĶŃĪĭĨƞŀĽŋĕĳŅı ŐĸŃĵńĚĔƞŀŒľƟŏĔŇħŀńĬĨĶŅĵĨƞŀĽŇŗĚŐĺħĸƟŀĴ įŌƟĺŇěńĵĽĬŒě
ĔŅĶĽńĚŏėĶŅŃľƢ non-isocyanate polyurethane įƞŅĬĮĢŇĔŇĶŇĵŅ polyaddition őħĵĚŅĬĺŇěńĵĬňŘĪņĔŅĶĻŉĔļŅĔŅĶ
ŏĨĶňĵĴ carbonate soybean oil (CSBO) ěŅĔĺńĽħŋĝňĺģŅĬ ėŊŀŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢ ŐĸŃ epoxidized 
soybean oil (ESBO) őħĵŒĝƟ Zinc glutarate ŐĸŃTetrabutylammonium bromide (TBAB) ŏĮƦĬĨńĺŏĶƞĚ
ĮĢŇĔŇĶŇĵŅŏıŊŗŀŏĸŊŀĔĨńĺŏĶƞĚĪňŗŏľĴŅŃĽĴŐĸŃŒĝƟŏĪėĬŇė Raman spectroscopy ŏıŊŗŀĵŊĬĵńĬĺƞŅĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅœħƟĩŌĔĽĔńħ
ŀŀĔœĮľĴħŐĸƟĺ ŐĸŃěŅĔįĸĔŅĶĺŇěńĵŏĴŊŗŀŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŏĮƦĬ TBAB ěŃĽŅĴŅĶĩĽńĚŏėĶŅŃľƢ CSBO œħƟ įĸ FTIR 
ŐĸŃ NMR ĽŅĴŅĶĩĵŊĬĵńĬőėĶĚĽĶƟŅĚĕŀĚįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟėŊŀ CSBO ŐĸŃĴň %yield ĕŀĚ cyclic carbonate 
ĴŅĔĪňŗĽŋħ ėŊŀ 62.59% ĪňŗŀŋĦľĳŌĴŇ /2.ďAȮŏĮƦĬŏĺĸŅ 72 ĝńŗĺőĴĚ ŒĬŏėĶŊŗŀĚ High pressure reactor ěŅĔĬńŘĬĬņ CSBO 
œĮĪņĮĢŇĔŇĶŇĵŅĔńĭĽŅĶĨńŘĚĨƟĬĪňŗŐĨĔĨƞŅĚĔńĬ 3 ĝĬŇħ ėŊŀ (3-aminopropyl) triethoxysilane (U1), N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (U2) ŐĸŃ Diethylene triamine (U3) ŒĬŀńĨĶŅĽƞĺĬ 1 mol 
NH2 : 1 mol cyclic carbonate őħĵŒĝƟĨńĺĪņĸŃĸŅĵ 2 ĝĬŇħ ėŊŀ tetrahydrofuran (THF) ŐĸŃ 
dimethylformamide (DMF) įĸŇĨĳńĦĤƢĪňŗœħƟěŅĔĔŅĶĽńĚŏėĶŅŃľƢėŊŀ polyurethane ĞŉŗĚĵŊĬĵńĬěŅĔįĸĔŅĶĪħĽŀĭ 
FTIR Īňŗıĭ peak ĕŀĚ Urethane linkage ŐĸŃĸńĔļĦŃĪŅĚĔŅĵĳŅıĕŀĚ U1THF, U1DMF, U2THF ŐĸŃ U2DMF 
ĴňĸńĔļĦŃŏĮƦĬĲƕĸƢĴĽňŏľĸŊŀĚŒĽ ŏĬŊŗŀĚěŅĔŏĔŇħĮĢŇĔŇĶŇĵŅ self-condensation ĕŀĚ amino silane ĽƞĺĬ U3THF ŐĸŃ 
U3DMF ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħ ŏĴŊŗŀĬņĴŅĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħ ıĭĺƞŅ U3THF ĴňėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĵŉħ
ĨŇħĴŅĔĪňŗĽŋħ ŐĸŃŏĴŊŗŀĪħĽŀĭĔŅĶĵŉħĨŇħĭĬĲƕĸƢĴ cellophane ŐĸŃ LDPE ıĭĺƞŅėƞŅ T-peel force ĪňŗœħƟŏĪňĵĭœħƟĔńĭ
ĔŅĺŏĪĮŒĽ (OPP) ĪňŗĴňĕŅĵĨŅĴĪƟŀĚĨĸŅħĪńŗĺœĮ ěŅĔĬńŘĬœħƟĻŉĔļŅĔŅĶŏĨŇĴ lignin alkali ıĭĺƞŅĨńĺĪņĸŃĸŅĵ DMF 
ĽŅĴŅĶĩĪņŒľƟ lignin alkali ĔĶŃěŅĵĨńĺœħƟħňĔĺƞŅ THF ěŅĔįĸĔŅĶĪħĽŀĭ FTIR ŐĸŃ TGA ŐĽħĚŒľƟŏľŖĬĺƞŅ lignin 
alkali ĪňŗŏĨŇĴœĮĽŅĴŅĶĩŏıŇŗĴĮĶŇĴŅĦĺńĽħŋģŅĬĝňĺĳŅıŒľƟĔńĭ polyurethane œħƟ ŐĨƞĪņŒľƟĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚ U3THF 
ŐĸŃ U3DMF ĸħĸĚ ŀňĔĪńŘĚœħƟĻŉĔļŅėĺŅĴŏĽĩňĵĶŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĴňėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĵŉħ
ĨŇħĴŅĔĪňŗĽŋħ U3THF ĪňŗĽńĚŏėĶŅŃľƢœħƟ ıĭĺƞŅĔŅĶĵŉħĨŇħĔńĭ ĲƕĸƢĴ LDPE ŐĸŃ ĲƕĸƢĴ cellophane ŒĬĝƞĺĚŐĶĔĴňėƞŅ T-
peel force ŏıŇŗĴĕŉŘĬ ěŅĔĬńŘĬėƞŅ T-peel force ĴňėƞŅĸħĸĚ ěŅĔĔŅĶĪħĸŀĚŒĬĚŅĬĺŇěńĵĽĶŋĮœħƟĺƞŅĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗ
ĽńĚŏėĶŅŃľƢœħƟĽŅĴŅĶĩĬņœĮŒĝƟœħƟĔńĭĪńŘĚĲƕĸƢĴĴňĕńŘĺŐĸŃœĴƞĴňĕńŘĺ 
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MISS NARUEBHORN PIYATAKSANON : FEASIBILITY STUDY OF ADHESIVE 
DEVELOPMENT BASED ON BIOBASED MATERIALS THESIS ADVISOR : ASSOCIATE 
PROFESSOR SUPAKIJ SUTTIRUENGWONG, Dr.-Ing. 

Polyurethane adhesive has high strength adhesion and can be applied to many types of 
surfaces. Polyurethane adhesives are usually synthesized by polycondensation reaction between 
diisocyanates and diols. However, isocyanates are toxic chemicals, health hazard and harm to the 
environment. The researcher thus focused on isocyanates-free synthesis of polyurethane via the 
polyaddition reaction. This research aims to synthesize adhesive polyurethane by using environment-
benign and renewable materials such as carbon dioxide and soybean oil. The carbonated soybean oil 
(CSBO) was first prepared from carbon dioxide (CO2) and epoxidized soybean oil (ESBO) using Zinc 
glutarate and Tetramethylammonium bromide (TBAB) as catalysts in order to select the suitable catalyst. 
Raman spectroscopy was used to confirm the catalyst removal from CSBO. The results indicated that by 
using TBAB, CSBO cloud be synthesized. The FTIR and NMR results, confirmed the structure of the 
synthesized CSBO and the yield of cyclic carbonate u_qȮ40,37#Ȯ_rȮ/2.ďAȮdmpȮ50ȮfmspqȮglȮFgefȮnpcqqspcȮ
reactor. After that, CSBO was reacted with three types of substances, (3-aminopropyl)triethoxysilane (U1), 
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (U2) and Diethylene triamine (U3) (1 mol NH2 : 1 mol 
cyclic carbonate) with THF or DMF as a solvent. The product polyurethane was confirmed by FTIR 
spectra where the new peak corresponding to the Urethane linkage was present. The U1THF, U1DMF, 
U2THF and U2DMF samples were able to form into films due to the self-condensation of amino silane. 
The U3THF and U3DMF samples were viscous liquid. The T-peel tested on cellophane and LDPE found 
that U3THF showed the highest peel force. The performance of the adhesive was comparable to 
commercial OPP tapes. The study on the addition of lignin alkali revealed that DMF as a solvent could 
disperse lignin better than THF. The results from FTIR and TGA showed that adding lignin alkali can 
increase the bio-based content of polyurethane, but decrease the adhesion of U3THF and U3DMF. The 
study of stability of the optimum as-synthesized polyurethane U3THF adhesive showed that the T-peel 
tested on cellophane film and LDPE film decreased. Based on the finding as-synthesized adhesive can 
be applied on both polar and non-polar films. 
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ĴĬńĽ ŐĞƞħƞŅĬ ŀŅěŅĶĵƢĪňŗĮĶŉĔļŅĺŇĪĵŅĬŇıĬīƢĶƞĺĴ ĪňŗėŀĵŒľƟėĺŅĴĝƞĺĵŏľĸŊŀĪńŘĚŒĬħƟŅĬĕŀĚėņĮĶŉĔļŅ
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ĭĪĬņ 

 
1.1 ėĺŅĴŏĮƦĬĴŅŐĸŃėĺŅĴĽņėńĠĕŀĚĮƤĠľŅ 

ĔŅĺıŀĸŇĵŌĶňŏĪĬŏĮƦĬĔŅĺĪňŗĴňėĺŅĴŐĕŖĚŐĶĚĽŌĚȮėĺŅĴľĬŊħĽŌĚȮŐĸŃĶŃĵŃŏĺĸŅŒĬĔŅĶŏĝŊŗŀĴĕĺŅĚĪňŗ
ĽńŘĬȮŐĸŃĽŅĴŅĶĩĬņœĮŒĝƟĔńĭıŊŘĬįŇĺœħƟľĸŅĵĝĬŇħȮŏĝƞĬȮľĬńĚȮĶŀĚŏĪƟŅȮœĴƟȮıĸŅĽĨŇĔȮĭĶĶěŋĳńĦĤƢȮŏĮƦĬĨƟĬȮ
őħĵĪńŗĺœĮĔŅĺıŀĸŇĵŌĶňŏĪĬĽŅĴŅĶĩĽńĚŏėĶŅŃľƢįƞŅĬĮĢŇĔŇĶŇĵŅĔŅĶėĺĭŐĬƞĬĶŃľĺƞŅĚ diisocyanate ŐĸŃ 
diolȮȮŀĵƞŅĚœĶĔŖĨŅĴȮisocyanates ŏĮƦĬĽŅĶŏėĴňĪňŗŏĮƦĬıŇļȮŏĴŊŗŀĽńĴįńĽȮisocyanates ĽŅĴŅĶĩĪņŒľƟ
ŏĔŇħįĸĔĶŃĪĭĨƞŀĽŋĕĳŅıȮŏĝƞĬȮĔŅĶĶŃėŅĵŏėŊŀĚįŇĺľĬńĚŐĸŃőĶėľŀĭľŊħĶŃĵŃĵŅĺȮŀňĔĪńŘĚȮisocyanatesȮ
ĵńĚĔƞŀŒľƟŏĔŇħŀńĬĨĶŅĵĨƞŀĽŇŗĚŐĺħĸƟŀĴȮěŉĚĴňĔŅĶıńĥĬŅĺŇīňĔŅĶŏĨĶňĵĴıŀĸňĵŌĶňŏĪĬŐĭĭȮnon-isocyanateȮ
ĕŉŘĬĴŅľĸŅĵĺŇīňȮœĴƞĺƞŅěŃŏĮƦĬĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬįƞŅĬĮĢŇĔŇĶŇĵŅĔŅĶėĺĭŐĬƞĬ ĔŅĶěńħŏĶňĵĚĨńĺŒľĴƞ 
ŐĸŃĔŅĶŏĮƕħĺĚ ĞŉŗĚĪńŘĚȮ3 ĺŇīňȮĔŖĵńĚėĚĴňĔŅĶŒĝƟĽŅĶŏėĴňĭŅĚĨńĺĪňŗĴňėĺŅĴŏĮƦĬıŇļȮŏĝƞĬȮphosgene, 
Aziridine, Acyl Azide ŏĮƦĬĨƟĬ įŌƟĺŇěńĵěŉĚĽĬŒěĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬĪňŗœĴƞĴňĔŅĶŒĝƟĽŅĶŏėĴňĪňŗŏĮƦĬ
ıŇļȮĬńŗĬėŊŀĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬįƞŅĬĮĢŇĔŇĶŇĵŅıŀĸŇŏĴŀœĶŏĞĝńĬŐĭĭŏĨŇĴĶŃľĺƞŅĚ cyclic 
carbonate Ĕńĭ amines ĞŉŗĚıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟěŃĴňĽĴĭńĨŇŏĝŇĚĔĸŒĬĝƞĺĚĔĺƟŅĚȮěŉĚĴňĔŅĶĬņœĮŒĝƟ
ŒĬŀŋĨĽŅľĔĶĶĴ 

ŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮsoybean oil ŐĸŃȮligninȮŏĮƦĬĺńĽħŋĝňĺģŅĬĪňŗŏľĸŊŀŒĝƟȮĴňĶŅėŅœĴƞŐıĚ
ŐĸŃľŅœħƟĚƞŅĵȮsoybean oilȮĽŅĴŅĶĩĬņĴŅįƞŅĬĔĶŃĭĺĬĔŅĶȮepoxidized ŏıŊŗŀŏĮĸňŗĵĬěŅĔıńĬīŃėŌƞŒľƟ
ŏĮƦĬľĴŌƞȮepoxide ľĶŊŀĪňŗŏĶňĵĔĺƞŅȮepoxidized soybean oil ŐĸŃĽŅĴŅĶĩĬņȮepoxidized soybean 
oil ĴŅĪņĮĢŇĔŇĶŇĵŅĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢœħƟŏĮƦĬȮcyclic carbonateȮĪňŗĽŅĴŅĶĩĬņœĮŒĝƟŏĮƦĬĽŅĶ
ĨńŘĚĨƟĬŒĬĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬœħƟ 

ħńĚĬńŘĬĚŅĬĺŇěńĵĬňŘěŉĚĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬŐĭĭȮnon-isocyanate ěŅĔȮlignin 
ŐĸŃȮepoxidized soybean oil ĻŉĔļŅĽĴĭńĨŇĪŅĚĔŅĵĳŅı ĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗ
ĽńĚŏėĶŅŃľƢœħƟ ŐĸŃŏıŊŗŀĻŉĔļŅŀŇĪīŇıĸĕŀĚȮSilane additive ĪňŗĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅıŐĸŃĽĴĭńĨŇ
ĔŅĶĵŉħĨŇħĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺĔńĭœĴƞĴňĕńŘĺĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟ ŀňĔĪńŘĚĵńĚĻŉĔļŅėĺŅĴ
ŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶĬņœĮŒĝƟĚŅĬ 

 
1.2 ĺńĨĩŋĮĶŃĽĚėƢĕŀĚĔŅĶĺŇěńĵ 

1.2.1 ŏıŊŗŀĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬŐĭĭȮnon-isocyanate ěŅĔȮlignin ŐĸŃȮ
epoxidized soybean oil 

1.2.2 ŏıŊŗŀĻŉĔļŅĽĴĭńĨŇĪŅĚĔŅĵĳŅıŐĸŃĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟ 
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1.2.3 ŏıŊŗŀĻŉĔļŅŀŇĪīŇıĸĕŀĚȮsilane additiveȮĪňŗĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅıŐĸŃĽĴĭńĨŇĔŅĶ
ĵŉħĨŇħĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺĔńĭœĴƞĴňĕńŘĺĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟ 

1.2.4 ŏıŊŗŀĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶĬņœĮŒĝƟĚŅĬ 
 

1.3 ĕŀĭŏĕĨŐĸŃĕƟŀěņĔńħĕŀĚĚŅĬĺŇěńĵ 
1.3.1 ĽŅĶŏėĴňĪňŗŒĝƟ Lignin,Ȯepoxidized soybean oil ŐĸŃȮ&1-aminopropyl) 

triethoxysilane, N-(0-aminoethyl)-1-aminopropyl-trimethoxysilaneȮŐĸŃȮ
Diethylene triamine 

1.3.2 ŒĝƟŐĔƠĽȮCO2 ŒĬĔŅĶĽńĚŏėĶŅŃľƢȮcyclic carbonate 
1.3.3 ĔĶŃĭĺĬĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬȮŐĭĭ non-isocyanateȮőħĵŏĔŇħĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮ

cyclic carbonateȮĔńĭȮamines 
1.3.4 ŏĨĶňĵĴĔŅĺıŀĸŇĵŌĶňŏĪĬĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺŐĸŃœĴƞĴňĕńŘĺ 

 
1.4 ĕńŘĬĨŀĬĔŅĶħņŏĬŇĬĚŅĬĺŇěńĵ 
/,3,/ȮĻŉĔļŅĚŅĬĺŇěńĵĪňŗŏĔňŗĵĺĕƟŀĚ 
/,3,0ȮŀŀĔŐĭĭĺŇīňĔŅĶŐĸŃĺŅĚŐįĬĚŅĬĺŇěńĵ 
/,3,1ȮħņŏĬŇĬĚŅĬĺŇěńĵ 

 
ĨŀĬĪňŗ /ȮĻŉĔļŅŀĚėƢĮĶŃĔŀĭĕŀĚȮepoxidized soybean oil 

ľŅĮĶŇĴŅĦľĴŌƞȮepoxide ĕŀĚȮepoxidized soybean oil ħƟĺĵŏĪėĬŇėȮNMR 
 

ĨŀĬĪňŗȮ2 ŏĨĶňĵĴŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮcarbonated soybean oil (CSBO)  
 ĪņĔŅĶĽńĚŏėĶŅŃľƢőħĵŒĝƟȮepoxidized soybean oil ĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ
őħĵĴňĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĪňŗŐĨĔĨƞŅĚĔńĬȮ2 ĝĬŇħȮėŊŀȮ Zinc glutarate Ȯ(ZnGA) ŐĸŃȮTetrabutyl 
ammonium bromideȮ(TBAB) ěŅĔĬńŘĬĬņȮCSBOȮĴŅĪņĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢħƟĺĵŏĪėĬŇėȮ
RAMAN spectroscopy, FTIR ŐĸŃȮNMR  
 
ĨŀĬĪňŗȮ3 ŏĨĶňĵĴŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢıŀĸŇĵŌĶňŏĪĬ polyurethane  

 ĪņĔŅĶĽńĚŏėĶŅŃľƢĶŃľĺƞŅĚȮĽŅĶĮĶŃĔŀĭŏŀĴňĬĝĬŇħĨƞŅĚȮŕȮĔńĭȮCSBO ŏıŊŗŀĪņŒľƟŏĔŇħȮ
urethane-linkageȮŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢħƟĺĵŏĪėĬŇėȮFTIRȮŐĸŃĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵȮ 
T-peel test 
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ĨŀĬĪňŗȮ4ȮŏĨĶňĵĴŐĸŃĻŉĔļŅĽĴĭńĨŇĕŀĚȮpolyurethane - lignin 

ĬņĽŅĶĸŃĸŅĵȮlignin alkali įĽĴĔńĭįĸŇĨĳńĦĤƢěŅĔĨŀĬĪňŗȮ3 ŐĸƟĺĬņœĮĪħĽŀĭ
ıŇĽŌěĬƢŏŀĔĸńĔļĦƢħƟĺĵŏĪėĬŇėȮFTIR,ȮĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħȮŐĸŃĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬħƟĺĵ
ŏĪėĬŇėȮTGA  

 
ĨŀĬĪňŗȮ5 ĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬ 

ĬņĪňŗĽńĚŏėĶŅŃľƢœħƟœĮĪħĽŀĭĳŅĵŒĨƟȮaccelerated weathering condition ěŅĔĬńŘĬ
ĬņĔŅĺıŀĸŇĵŌĶňŏĪĬ œĮĻŉĔļŅĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵȮȮT-peel test  

 
/,3,2ȮĺŇŏėĶŅŃľƢįĸĔŅĶĺŇěńĵ 
/,3,3ȮĽĶŋĮįĸĔŅĶĺŇěńĵ 
/,3,4ȮĶŅĵĚŅĬįĸĔŅĶĺŇěńĵ 
 

1.5 ĮĶŃőĵĝĬƢĪňŗėŅħĺƞŅěŃœħƟĶńĭ 
1. ĽŅĴŅĶĩĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬŐĭĭ non-isocyanateȮěŅĔȮlignin ŐĸŃȮEpoxidized 
soybean oil ĪňŗĽŅĴŅĶĩĬņœĮŒĝƟĚŅĬĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺŐĸŃœĴƞĴňĕńŘĺ 
2.  ĽŅĴŅĶĩŏĕƟŅŒěĩŉĚıķĨŇĔĶĶĴĔŅĶĵŉħĨŇħĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬœħƟ 
3. ĽŅĴŅĶĩĬņȮlignin ĞŉŗĚŏĮƦĬĺńĽħŋŏľĸŊŀĪŇŘĚĴŅŒĝƟŒľƟŏĔŇħĮĶŃőĵĝĬƢŐĸŃĽŅĴŅĶĩŏıŇŗĴĴŌĸėƞŅŒľƟĔńĭ 
lignin ŐĸŃȮepoxidized soybean oil œħƟ 
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ĭĪĪňŗȮ0 
ĺĶĶĦĔĶĶĴĪňŗŏĔňŗĵĺĕƟŀĚ 

 
0,/ȮEpoxidized soybean oilȮ&ESBO) [1, 2] 
 ĬŘņĴńĬĩńŗĺŏľĸŊŀĚŏĮƦĬľĬŉŗĚŒĬĺńĽħŋĪňŗœħƟěŅĔīĶĶĴĝŅĨŇŐĸŃŏĮƦĬįĸįĸŇĨĪŅĚĔŅĶŏĔļĨĶĪňŗĴňĴŅĔŒĬ
ĮĶŃŏĪĻœĪĵȮĽŅĴŅĶĩĬņĴŅŏĮƦĬĺńĨĩŋħŇĭŒĬŀŋĨĽŅľĔĶĶĴľĸŅĵŀĵƞŅĚȮŏĝƞĬȮŀŋĨĽŅľĔĶĶĴŀŅľŅĶȮ
ŀŋĨĽŅľĔĶĶĴĽŅĶľĸƞŀĸŊŗĬȮŏĮƦĬĨƟĬȮĬŘņĴńĬĩńŗĺŏľĸŊŀĚŏĮƦĬĽŅĶĮĶŃĔŀĭœĨĶĔĸňŏĞŀœĶħƢȮĴňěņĬĺĬıńĬīŃėŌƞ
ŏĜĸňŗĵȮ4.6 ĨņŐľĬƞĚĨƞŀœĨĶĔĸňŏĞŀœĶħƢȮ1 őĴŏĸĔŋĸȮĞŉŗĚőĴŏĸĔŋĸœĨĶĔĸňŏĞŀœĶħƢĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚ
ĮĶŃĔŀĭħƟĺĵĔĶħĽŏĨňĵĶŇĔȮ14% ĔĶħőŀĸŇŀŇĔȮ23% ĔĶħĸŇőĬĸŇŀŇĔȮ8% ħńĚŐĽħĚŒĬĶŌĮĪňŗȮ2.1Ȯ 
 

 
ĶŌĮĪňŗȮ2.1 őėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚȮ[1] 

  
ěŃŏľŖĬœħƟĺƞŅĬŘņĴńĬĩńŗĺŏľĸŊŀĚĴňőėĶĚĽĶƟŅĚĪŅĚŏėĴňĪňŗĴňıńĬīŃėŅĶƢĭŀĬœĴƞŀŇŗĴĨńĺĽŌĚȮľĶŊŀıńĬīŃėŌƞĞŉŗĚȮȮ

ĺƞŀĚœĺĨƞŀĮĢŇĔŇĶŇĵŅŀŀĔĞŇŏħĝńĬȮěŉĚĽƞĚįĸŒľƟĬŘņĴńĬĩńŗĺŏľĸŊŀĚĴňĕƟŀěņĔńħŒĬĔŅĶŒĝƟĚŅĬĪňŗŀŋĦľĳŌĴŇĽŌĚȮ ěŉĚœħƟ
ĬņœĮħńħŐĮĶįƞŅĬĔĶŃĭĺĬĔŅĶȮepoxidation [3] 

Epoxidized soybean oilȮœħƟěŅĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅȮepoxidationȮĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚŐĸŃ
ĔĶħœĕĴńĬĪńŗĺœĮȮĬŇĵĴŒĝƟĔĶħŏĮŀĶƢŐŀĞŇĨŇĔŏĬŊŗŀĚěŅĔŏĮƦĬĔĶħĪňŗėƞŀĬĕƟŅĚŏĽĩňĵĶȮœħƟěŅĔĔŅĶĔŅĶĪņ
ĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚĔĶħŐŀĞŇĨŇĔȮĔńĭȮœŁőħĶŏěĬŏĮŀĶƢŀŀĔœĞħƢȮĞŉŗĚĔĶħŏĮŀĶƢŐŀĞŇĨŇĔěŃŏĕƟŅĪņĮĢŇĔŇĶŇĵŅȮ
EpoxidationȮĭĬĨņŐľĬƞĚıńĬīŃėŌƞĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚȮĮĢŇĔŇĶŇĵŅŐĽħĚħńĚĶŌĮĪňŗȮ2.2ȮŐĸŃȮĶŌĮĪňŗȮ2.3 
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ĶŌĮĪňŗȮ2.2 ĔĸœĔĮĢŇĔŇĶŇĵŅ epoxidation ĭĬıńĬīŃėŌƞĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚȮ[2]Ȯ 

 
ĶŌĮĪňŗȮ2.3 ĮĢŇĔŇĶŇĵŅȮepoxidationȮĕŀĚĬŘņĴńĬĩńŗĺŏľĸŊŀĚ [4] 

 
ĮĢŇĔŇĶŇĵŅĔŅĶŏĔŇħľĴŌƞȮepoxide ĴńĔŏĔŇħŒĬȮ2 ŏĲĽȮėŊŀȮŏĲĽĬŘņŐĸŃŏĲĽĬŘņĴńĬȮœŁőħĶŏěĬŏĮŀĶƢ

ŀŀĔœĞħƢěŃĪņĮĢŇĔŇĶŇĵŅĔńĭĔĶħŒĬĬŘņȮœħƟŏĮƦĬŏĮŀĶƢŐŀĞŇħĪňŗĸŃĸŅĵŒĬĬŘņĴńĬȮŐĸŃĞŉĴįƞŅĬœĮĪņĮĢŇĔŇĶŇĵŅ
ĔńĭıńĬīŃėŌƞĕŀĚĬŘņĴńĬȮŏĔŇħŏĮƦĬľĴŌƞȮepoxide ŐĸŃĔĶħėŅĶƢĭŀĔĞŇĸŇĔȮĔĶħėŅĶƢĭŀĔĞŇĸŇĔěŃĔĸńĭœĮĽŌƞŏĲĽ
ĬŘņŀňĔȮħƟĺĵĺŇīňĔŅĶĬňŘĽŅĴŅĶĩŏĨĶňĵĴȮepoxidized soybean oilȮěŅĔĬŘņĴńĬĪňŗœĴƞŀŇŗĴĨńĺœħƟȮĮĢŇĔŇĶŇĵŅȮ
epoxidationȮĪņœħƟȮ2 ŐĭĭȮőħĵŐĭĭĪňŗȮ1 ĨƟŀĚĪņĔŅĶŏĨĶňĵĴŏĮŀĶƢŐŀĞŇħĔƞŀĬȮőħĵĔŅĶĪņĮĢŇĔŇĶŇĵŅ
ĶŃľĺƞŅĚĔĶħŐŀĞňĨŇĔľĶŊŀĔĶħĲŀĶƢĴŇĔĔńĭœŁőħĶŏěĬŏĮŀĶƢŀŀĔœĞħƢȮ ŐĸƟĺěŉĚĪņĮĢŇĔŇĶŇĵŅȮepoxidationȮ
ĶŃľĺƞŅĚŏĮŀĶƢŐŀĞŇħĪňŗœħƟĔńĭĬŘņĴńĬĩńŗĺŏľĸŊŀĚȮĶĺĴŏĮƦĬȮ2 ĕńŘĬĨŀĬȮĽƞĺĬŐĭĭĪňŗȮ2 ĴňĕńŘĬĨŀĬŏħňĵĺȮėŊŀĔŅĶ
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ĽńĚŏėĶŅŃľƢŏĮŀĶƢŐŀĞŇħĳŅĵŒĬĬŘņĴńĬĩńŗĺŏľĸŊŀĚȮőħĵĔŅĶŏĨŇĴĔĶħĞŇĨŇėľĶŊŀĔĶħĲŀĶƢĴŇĔĔńĭœŁőħĶŏěĬŏĮŀĶƢ
ŀŀĔœĞħƢĸĚŒĬĬŘņĴńĬĩńŗĺŏľĸŊŀĚŐĸŃŏĔŇħĮĢŇĔŇĶŇĵŅȮepoxidationȮĔńĭĬŘņĴńĬĩńŗĺŏľĸŊŀĚĪńĬĪňȮ ŏĶňĵĔĔŅĶ
ŏĨĶňĵĴŐĭĭĬňŘĺƞŅȮŴin situ epoxgb_rgmlŵȮŐĭĭĪňŗȮ2 ŏĮƦĬĪňŗĬŇĵĴĴŅĔĔĺƞŅȮŏĬŊŗŀĚěŅĔŒĝƟĕńŘĬĨŀĬŏħňĵĺȮěŉĚ
ĽŃħĺĔŐĸŃĶĺħŏĶŖĺĴŅĔĺƞŅ 

Epoxidized soybean oil ĩŌĔĬņĴŅŒĝƟĮĶŃőĵĝĬƢľĸŅĵħƟŅĬȮŏĝƞĬȮŏĮƦĬĽŅĶĝƞĺĵŏıŇŗĴėĺŅĴ
ŏĽĩňĵĶȮ(stabilizer)ȮŒĝƟŏĮƦĬıĸŅĽĨŇœĞŏĞŀĶƢŒĬıŀĸŇœĺĬŇĸėĸŀœĶħƢȮ(poly(vinyl chloride)) ŏĮƦĬĽŅĶŏıŇŗĴ
ėĺŅĴŏľĬňĵĺŒľƟĔńĭȮepoxy resin ŏĮƦĬĽŅĶľĸƞŀĸŊŗĬŐĸŃĽŅĶŏėĸŊŀĭįŇĺ 

 
2.2 Alkali lignin  
 Lignin ŏĮƦĬĽŅĶĮĶŃĔŀĭıŀĸŇŏĴŀĶƢœĴƞĴňĶŌĮįĸŉĔȮěŃŏĔŅŃĔńĬŀĵŌƞŒĬĝńŘĬĶŃľĺƞŅĚŏĽƟĬŒĵȮ&middle 
lamella) ĞŉŗĚĪņľĬƟŅĪňŗȮ ĵŉħŏĔŅŃŏĽƟĬŒĵŏĕƟŅħƟĺĵĔńĬȮ ŐĸŃĴňĭŅĚĽƞĺĬįĽĴŀĵŌƞŒĬŏĽƟĬŒĵħƟĺĵȮ őėĶĚĽĶƟŅĚ
ıŊŘĬģŅĬĕŀĚȮLignin ėŊŀȮphenylpropane ľĶŊŀĽŅĶĮĶŃĔŀĭȮhydrocarbon ĪňŗĴňȮcarbon 9 ŀŃĨŀĴȮ
ĮĶŃĴŅĦĶƟŀĵĸŃȮ65ů67 ĮƤěěŋĭńĬĵńĚœĴƞĽŅĴŅĶĩŐĵĔȮLignin ĭĶŇĽŋĪīŇśŀŀĔĴŅœħƟȮħńĚĬńŘĬȮĔŅĶĻŉĔļŅĩŉĚ
őėĶĚĽĶƟŅĚĕŀĚȮLignin ŒľƟĝńħŏěĬěŉĚœĴƞŀŅěĔĶŃĪņœħƟȮŐĨƞĴňőħĵĴňĬŘņľĬńĔőĴŏĸĔŋĸŀĵŌƞĶŃľĺƞŅĚȮ3,000ů
30,000 [5] 

Alkali lignin œħƟěŅĔȮlignin ĪňŗĽĔńħőħĵŒĝƟħƞŅĚŒĬıŊĝĭŅĚĝĬŇħȮŏĝƞĬȮĲŅĚĕƟŅĺŐĸŃĝŅĬŀƟŀĵȮőħĵ
ĨƞŅĚěŅĔȮkraft ligninȮĨĶĚĪňŗœĴƞĴňĔĶŃĭĺĬĔŅĶĨƟĴħƟĺĵĞńĸŏĲĨȮ ĞŉŗĚȮAlkali ligninȮĪňŗœħƟĴńĔĬņœĮŒĝƟ
ĪņŀŅľŅĶĽńĨĺƢȮĽŅĶĔĶŃěŅĵĨńĺȮŐĸŃĪņĲƖĬŀĸŇĔŏĶĞŇŗĬȮŏĮƦĬĨƟĬȮőħĵěŃĨƟŀĚŏĮƦĬĸŇĔĬŇĬĪňŗĴňėĺŅĴĭĶŇĽŋĪīŇśĽŌĚ
ĶĺĴĩŉĚĵńĚĽŅĴŅĶĩĬņœĮĽńĚŏėĶŅŃľƢıŀĸŇŏĴŀĶƢŐĸŃĽŅĶĪňŗĴňĬŘņľĬńĔőĴŏĸĔŋĸĨŗņœħƟŀňĔħƟĺĵȮĞŉŗĚȮAlkali ligninȮ
ŏĮƦĬĽŅĶĽĔńħĪňŗĮĶŅĻěŅĔĞńĸŏĲŀĶƢȮ ĪňŗĭƞĚĭŀĔĺƞŅĴňŀĚėƢĮĶŃĔŀĭĪŅĚŏėĴňėĸƟŅĵŐĸŃŒĔĸƟŏėňĵĚĔńĭĸŇĔĬŇĬ
īĶĶĴĝŅĨŇŏĴŊŗŀŏĮĶňĵĭŏĪňĵĭĔńĭȮkraft ligninȮŐĸŃȮlignin sulfonate [6]ȮőħĵŒĬĚŅĬĺŇěńĵĬňŘŏĸŊŀĔŒĝƟȮ
Alkali lignin ŏĬŊŗŀĚěŅĔȮlignin alkali ĽŅĴŅĶĩĸŃĸŅĵŒĬĬŘņœħƟȮěŉĚŏĮƦĬĸħĔŅĶŒĝƟĨńĺĪņĸŃĸŅĵŒĬĔŅĶ
ĽńĚŏėĶŅŃľƢ 

 
2.3 ĔŅĺıŀĸŇĵŌĶňŏĪĬȮ(Polyurethane) [7] 

ĔŅĺĝĬŇħĬňŘĽŅĴŅĶĩĽńĚŏėĶŅŃľƢœħƟěŅĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĕŀĚıŀĸŇŏĴŀĶƢĪňŗĴňĬŘņľĬńĔőĴŏĸĔŋĸĨŗņȮĞŉŗĚ
ĨƟŀĚĴňľĴŌƞœŁħĶŀĔĞŇĸŀĵƞŅĚĬƟŀĵĽŀĚľĴŌƞĪňŗĮĸŅĵĽŅĵőĞƞıŀĸŇŏĴŀĶƢĪņĮĢŇĔŇĶŇĵŅĔńĭȮDiisocyanate
őħĵĪńŗĺœĮĮĢŇĔŇĶŇĵŅĪňŗŏĔŇħĕŉŘĬŐĽħĚħńĚĶŌĮĪňŗȮ2.4 ŐĸŃıŀĸŇĵŌĶňŏĪĬĴňőėĶĚĽĶƟŅĚħńĚĶŌĮĪňŗȮ2.5Ȯ 

 
ĶŌĮĪňŗȮ2.4 ĮĢŇĔŇĶŇĵŅĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬȮ[7] 
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ĶŌĮĪňŗȮ2.5ȮŐĽħĚőėĶĚĽĶƟŅĚĕŀĚıŀĸŇĵŌĶňŏĪĬȮ[7] 
 
ĬŀĔěŅĔĬňŘȮœŀőĞœĞĵŅŏĬĨĵńĚĽŅĴŅĶĩĪņĮĢŇĔŇĶŇĵŅĔńĭĽŅĶŀŊŗĬȮŕȮĪňŗĽņėńĠ ŏĝƞĬȮ 

1. ĪņĮĢŇĔŇĶŇĵŅĔńĭŏŀĴňĬĮģĴĳŌĴŇŐĸŃŏŀĴňĬĪŋĨŇĵĳŌĴŇȮ(Primary or secondary amines) ŏĔŇħ
ŏĮƦĬĵŌŏĶňĵȮĪņĮĢŇĔŇĶŇĵŅĔńĭœħŏŀĴňĬȮ(diamine) ŏĔŇħŏĮƦĬıŀĸŇĵŌŏĶňĵȮ(polyurea) [7] 

 
2. ĪņĮĢŇĔŇĶŇĵŅĔńĭĬŘņŏĔŇħŏĮƦĬėŅĶƢĭŀĬœħŀŀĔœĞħƢŐĸŃŏŀĴňĬŒĬĕńŘĬĨŀĬŐĶĔȮŐĸŃĨƞŀĴŅŏĔŇħŏĮƦĬ

ĵŌŏĶňĵȮľĶŊŀıŀĸŇĵŌŏĶňĵȮ[7] 

 
3. ĪņĮĢŇĔŇĶŇĵŅĔńĭ isocyanate ŏĔŇħŏĮƦĬœħŏĴŀĶƢ*ȮœĨĶŏĴŀĶƢȮ&dimer, trimer) ŐĸŃȮcyclic 

polyisocyanate [7] 
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4. ĪņĮĢŇĔŇĶŇĵŅĔńĭĵŌĶňŏĪĬȮ(urethane) ŏĔŇħŏĮƦĬȮŀńĸőĸĲŅŏĬĨȮ(allophanate) [7] 

 
5. ĪņĮĢŇĔŇĶŇĵŅĔńĭĵŌŏĶňĵŏĔŇħŏĮƦĬœĭĵŌŏĶĨȮ(biuret) [7] 

 
6. ĪņĮĢŇĔŇĶŇĵŅĔńĭĔĶħėŅĶƢĭŀĔĞŇĸŇėȮŏĔŇħŏĮƦĬŏŀœĴħƢȮ(amide) [7] 

 
 2.3.1 ĕƟŀŏħƞĬĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬ [7] 

1. ĴňĽĴĭńĨŇĔŅĶŏĝŊŗŀĴĨŇħĪňŗĪĬĪŅĬȮ(toughness) ŐĸŃĴňėĺŅĴĵŊħľĵŋƞĬȮ(flexibility) Īňŗ
ħňĴŅĔěŉĚŒĝƟĨŇħŐįƞĬĲƕĸƢĴȮŐįƞĬȮfoil ŐĸŃĺńĽħŋĵŊħľĵŋƞĬȮ(elastomer) ŀŊŗĬȮŕȮœħƟȮ 

  2. ĴňėĺŅĴĵŊħľĵŋƞĬĪňŗħňĔĺƞŅŏĴŊŗŀıŀĸŇĵŌĶňŏĪĬŏĶŇŗĴŏĔŇħĔŅĶŐĕŖĚĨńĺľĶŊŀĪňŗŀŋĦľĳŌĴŇĴŅĔĔĺƞŅȮ
Freezing temperature 
  3. ĴňĽĴĭńĨŇĔŅĶŏĔŅŃĨŇħĔńĭĺńĽħŋœħƟľĸŅĔľĸŅĵĝĬŇħȮĶĺĴĪńŘĚıĸŅĽĨŇĔĪňŗĨŇħĵŅĔ 
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 2.3.2 ĕƟŀħƟŀĵĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬ [7] 
  1. ŒĝƟĚŅĬĪňŗŀŋĦľĳŌĴŇĽŌĚœĴƞœħƟȮĽŅĴŅĶĩĪĬėĺŅĴĶƟŀĬœħƟĮĶŃĴŅĦȮ7.ďAȮŏĪƞŅĬńŘĬ 
  2. œĴƞŏľĴŅŃĽĴĔńĭĔŅĶŒĝƟĚŅĬĪňŗĴňėĺŅĴĝŊŘĬĽŌĚ 
  3. ĽŅĴŅĶĩŏĔŇħĮĢŇĔŇĶŇĵŅįńĬĔĸńĭœħƟħƟĺĵėĺŅĴĶƟŀĬŐĸŃėĺŅĴĝŊŘĬ 
  4. ĔŅĶįĽĴĔŅĺȮ2 component ľĶŊŀȮ1 component ěŃŀńĬĨĶŅĵ 
  5. ĶŃĵŃŏĺĸŅĪňŗĔŅĺĽŅĴŅĶĩėĚŀĵŌƞŒĬĶŌĮĽĩŅĬŃĕŀĚŏľĸĺŒĬĶŃľĺƞŅĚĔŅĶįĽĴĽńŘĬ 
  6. ĨƟŀĚŒĝƟŏėĶŊŗŀĚĴŊŀıŇŏĻļŒĬĔŅĶįĽĴ 
 
2.4 Non-Isocyanate polyurethane  

Non-Isocyanate polyurethane (NIPU) ŏĮƦĬőıĸňĵŌĶňŏĪĬĝĬŇħŒľĴƞĪňŗŏĨĶňĵĴőħĵĮĢŇĔŇĶŇĵŅĕŀĚ
cyclic carbonate ŐĸŃȮamine őħĵœĴƞŒĝƟȮisocyanate ĪňŗŏĮƦĬıŇļȮNIPU œħƟĶńĭėĺŅĴĽĬŒěŏıŇŗĴĴŅĔĕŉŘĬ
ŏĬŊŗŀĚěŅĔĽŅĴŅĶĩĬņœĮŒĝƟĚŅĬœħƟľĸŅĵħƟŅĬȮ ŏĝƞĬȮĽŅĶŏėĸŊŀĭĪĬĽŅĶŏėĴňȮsealants őĲĴȮŏĮƦĬĨƟĬ 
ıŀĸŇĵŌĶňŏĪĬŐĭĭĽńĚŏėĶŅŃľƢȮ őħĵŒĝƟȮisocyanate ĴňĕƟŀŏĽňĵŏĬŊŗŀĚěŅĔıńĬīŃŏėĴňĪňŗœĴƞŏĽĩňĵĶȮŏĴŊŗŀœħƟĶńĭ
ėĺŅĴĝŊŘĬěŃĽƞĚįĸŒľƟőėĶĚĽĶƟŅĚĕŀĚıŀĸŇŏĴŀĶƢŏĔŇħĔŅĶŏĽŊŗŀĴĽĳŅıȮ ĬŀĔěŅĔĬňŘĔŅĶŒĝƟȮisocyanate ĞŉŗĚ
įĸŇĨĴŅěŅĔȮphosgene ŀŅěĔƞŀŒľƟŏĔŇħŀńĬĨĶŅĵĨƞŀĽŇŗĚŐĺħĸƟŀĴȮŐĸŃȮisocyanates ŀŅěĽƞĚįĸĨƞŀ
ĽŋĕĳŅıŏĝƞĬĔŅĶĶŃėŅĵŏėŊŀĚįŇĺľĬńĚŐĸŃőĶėľŀĭľŊħ[8]ȮħńĚĬńŘĬěŉĚĴňĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮNIPU œħƟěŅĔ
ľĸŅĵĮĢŇĔŇĶŇĵŅȮ ħńĚŐĽħĚŒĬĶŌĮĪňŗȮ2.6ȮěŃŏľŖĬœħƟĺƞŅȮ ĔŅĶĽńĚŏėĶŅŃľƢȮNIPU įƞŅĬĮĢŇĔŇĶŇĵŅȮ
polycondensation, rearrangement ŐĸŃȮring opening polymerization ĵńĚėĚĴňĔŅĶŒĝƟĽŅĶŏėĴň
ĪňŗĴňėĺŅĴŏĮƦĬıŇļŀĵŌƞȮĵĔŏĺƟĬȮĔŅĶĽńĚŏėĶŅŃľƢȮNIPU įƞŅĬĮĢŇĔŇĶŇĵŅȮpolyadditionȮĶŃľĺƞŅĚȮpolycyclic 
carbonate ĔńĭȮpolyamine ĪňŗœĴƞěņŏĮƦĬĨƟŀĚŒĝƟĽŅĶŏėĴňĪňŗŏĮƦĬıŇļȮĺŇīňĬňŘěŉĚŏĮƦĬĺŇīňĪňŗĮĸŀħĳńĵĔńĭįŌƟŒĝƟĚŅĬ
ŐĸŃŏĮƦĬĴŇĨĶĨƞŀĽŇŗĚŐĺħĸƟŀĴĴŅĔĪňŗĽŋħȮ 
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ĶŌĮĪňŗȮ2.6 ŐĬĺĪŅĚĔŅĶĽńĚŏėĶŅŃľƢȮnon-Isocyanate polyurethane [9]Ȯ 
 
0,5ȮĚŅĬĺŇěńĵĪňŗŏĔňŗĵĺĕƟŀĚ 
 ěŅĔĚŅĬĺŇěńĵĕŀĚȮJavier Martínez ŐĸŃėĦŃȮ[10]ȮœħƟĪņĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮcyclic 
carbonate ěŅĔȮunsaturated acid ŐĸŃŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮıĭĺƞŅĽŅĴŅĶĩĽńĚŏėĶŅŃľƢȮcyclic 
carbonate œħƟőħĵĪņĔŅĶŏĮĸňŗĵĬĨņŐľĬƞĚıńĬīŃėŌƞĕŀĚȮunsaturated acid ŒľƟŏĮƦĬľĴŌƞȮepoxide ŐĸŃ
ıĭĺƞŅĔŅĶĽńĚŏėĶŅŃľƢőħĵŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮTBAB ĮĶŇĴŅĦȮ0.05 mol% ěŃœħƟȮ%yield ĕŀĚȮcyclic 
carbonate ĴŅĔĔĺƞŅȮ80% ŐĸŃıĭĺƞŅĽŅĴŅĶĩĬņȮcyclic carbonateȮœĮĪņĮĢŇĔŇĶŇĵŅĔńĭȮ1,4-
diaminobutane œħƟŏĮƦĬıŀĸŇĵŌĶňŏĪĬ 
 ěŅĔĚŅĬĺŇěńĵĕŀĚȮTharathep Chunsakul ŐĸŃėĦŃȮ[11]ȮœħƟĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢőėıŀĸŇ
ėŅĶƢĭŀŏĬĨěŅĔŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ ŐĸŃȮ1, 2-butylene oxide őħĵŒĝƟ Zinc glutarate Ȯ
(ZnGA) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮıĭĺƞŅĔŅĶĽńĚŏėĶŅŃľƢĪňŗŀŋĦľĳŌĴŇȮ73ȮďAȮėĺŅĴħńĬŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ
70 bar ĪňŗŏĺĸŅȮ52 ĝńŗĺőĴĚěŃœħƟȮ%yieldĕŀĚőėıŀĸŇŏĴŀĶƢĴŅĔĪňŗĽŋħȮ38.25% ĞŉŗĚĮĢŇĔŇĶŇĵŅŐĽħĚĶŌĮĪňŗȮ
2,5 



  11 

  
ĶŌĮĪňŗȮ2,5 ĔĸœĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĭŇĺĪňĸňĬėŅĶƢĭŀŏĬĨěŅĔȮ1,2-butylene oxide 

ŐĸŃŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮŐĸŃŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮZnGA [11] 
 
 ěŅĔĚŅĬĺŇěńĵĕŀĚ Moritz Bahr ŐĸŃȮRolf Mulhaupt [12] œħƟĪņĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢ
ıŀĸŇĵŌĶňŏĪĬŐĭĭȮnon-isocayanate ěŅĔȮlinseed oil ŐĸŃȮsoybean oil őħĵœħƟĪņĔŅĶĽńĚŏėĶŅŃľƢȮ
cyclic carbonate ěŅĔȮlinseed oil ŐĸŃȮsoybean oilȮĪņĮĢŇĔŇĶŇĵŅĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀĔœĞħƢȮőħĵ
ŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĪňŗŐĨĔĨƞŅĚĔńĬȮ2 ĝĬŇħȮ ėŊŀȮTBAB ŐĸŃȮsilica-supported 2-
pyrrolidinopyridinium iodideȮ&SiO0ů&I)) ĪňŗŀŋĦľŌĴŇȮ140ďC ıĭĺƞŅĔŅĶĽńĚŏėĶŅŃľƢőħĵŒĝƟ TBAB ŏĮƦĬ
ĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĽŅĴŅĶĩŏĔŇħĮĢŇĔŇĶŇĵŅœħƟħňĔĺƞŅȮőħĵĽńĚŏĔĨœħƟěŅĔĮĶŇĴŅĦĕŀĚľĴŌƞȮepoxide ĸħĸĚěĬĩŉĚȮ
0 ŒĝƟŏĺĸŅĬƟŀĵĔĺƞŅȮ ĔŅĶĽńĚŏėĶŅŃľƢőħĵŒĝƟȮSiO0ů&I)ȮŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŒĬĪŋĔėĺŅĴħńĬĕŀĚŐĔƠĽ
ėŅĶƢĭŀĬœħŀŀĔœĞħƢĪňŗŒĝƟȮŐĽħĚħńĚĶŌĮĪňŗȮ2.8 ŐĸŃĮĢŇĔŇĶŇĵŅĔŅĶĽńĚŏėĶŅŃľƢőħĵŒĝƟ TBAB ŏĮƦĬĨńĺŏĶƞĚ
ĮĢŇĔŇĶŇĵŅŐĽħĚħńĚĶŌĮĪňŗȮ2.9 
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ĶŌĮĪňŗȮ2.8 ěĸĻŅĽĨĶƢĔŅĶŏĮĸňŗĵĬĕŀĚľĴŌƞȮepoxide ŒĬȮepoxidized linseed oil ŏĴŊŗŀĪņĮĢŇĔŇĶŇĵŅ 
ĪňŗėĺŅĴħńĬĕŀĚŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢĪňŗŐĨĔĨƞŅĚĔńĬȮőħĵŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮ(a) TBABȮŐĸŃȮ 

(b) SiO2-(I) [12] 
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 ĶŌĮĪňŗȮ2.9 ŐĽħĚĮĢŇĔŇĶŇĵŅĔŅĶĽńĚŏėĶŅŃľƢȮcyclic carbonate ěŅĔȮepoxidized linseed oilȮ
ŐĸŃŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮőħĵŒĝƟ TBAB ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ [12] 

 
 ěŅĔįĸĔŅĶĪħĽŀĭȮ1H-NMR ĕŀĚȮcyclic carbonate ěŅĔȮepoxidized linseed oil Īňŗ
ŏĺĸŅŒĬĔŅĶĽńĚŏėĶŅŃľƢȮĨƞŅĚȮŕȮŏĪňĵĭĔńĭȮepoxidized linseed oil ŐĽħĚħńĚĶŌĮĪňŗȮ2.10ȮıĭĺƞŅȮpeak 
ĕŀĚȮepoxide ĪňŗĨņŐľĬƞĚȮŭ = 2.80-3.20 ppm ėƞŀĵȮŕȮĸħĸĚȮĨŅĴŏĺĸŅŒĬĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĪňŗŏıŇŗĴĕŉŘĬȮ
ŐĸŃıĭȮpeak ĕŀĚȮcyclic carbonate ĪňŗĨņŐľĬƞĚ ŭ = Ȯ4.45 -5.10 ppm ŐĽħĚŒľƟŏľŖĬĺƞŅȮ
ŏĔŇħĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮepoxidized linseed oil ŐĸŃŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮœħƟįĸŇĨĳńĦĤƢŏĮƦĬȮ
cyclic carbonate  
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ĶŌĮĪňŗȮ2.10 ŐĽħĚȮ1H-NMR ĕŀĚȮepoxidized linseed oil ŐĸŃȮepoxidized linseed oil ĪňŗįƞŅĬĔŅĶ
ĽńĚŏėĶŅŃľƢĪňŗŏĺĸŅĨƞŅĚȮŕȮ[12] 

 
ěŅĔįĸĔŅĶĪħĽŀĭȮFTIR ĕŀĚȮcyclic carbonate ěŅĔȮepoxidized linseed oil ĪňŗŏĺĸŅŒĬ

ĔŅĶĽńĚŏėĶŅŃľƢȮĨƞŅĚȮŕȮŏĪňĵĭĔńĭȮepoxidized linseed oil ŐĽħĚħńĚĶŌĮĪňŗȮ2.11ȮıĭĺƞŅȮŏĔŇħȮpeak ĕŀĚȮ
cyclic carbonate ĪňŗĨņŐľĬƞĚĮĶŃĴŅĦȮ1800 cm-1 ŏıŇŗĴĕŉŘĬĴŅȮ ěŉĚŐĽħĚŒľƟŏľŖĬĺƞŅŏĔŇħĮĢŇĔŇĶŇĵŅ
ĶŃľĺƞŅĚȮepoxidized linseed oil ŐĸŃŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮœħƟįĸŇĨĳńĦĤƢŏĮƦĬȮcyclic 
carbonate ĞŉŗĚĽŀħėĸƟŀĚĔńĭįĸĔŅĶĪħĽŀĭȮNMR 
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ĶŌĮĪňŗȮ2.11 ŐĽħĚȮFTIR ĕŀĚȮepoxidized linseed oil ŐĸŃȮepoxidized linseed oil ĪňŗįƞŅĬĔŅĶ
ĽńĚŏėĶŅŃľƢĪňŗŏĺĸŅĨƞŅĚȮŕ [12] 

 
ěŅĔĚŅĬĺŇěńĵĕŀĚȮAlbert Lee ŐĸŃȮYulin DengȮ[13]ȮœħƟĪņĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬŐĭĭȮ

non-isocyanateěŅĔȮlignin ŐĸŃȮSoybean oilȮěŅĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮcyclic carbonate 
ĔńĭȮamines őħĵŏĶŇŗĴěŅĔĪņĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) ěŅĔĮĢŇĔŇĶŇĵŅ
ĶŃľĺƞŅĚȮepoxidized soybean oil ĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮőħĵĴň Tetra-n-butylammonium 
bromide (TBAB) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĪňŗŀŋĦľĳŌĴŇȮ/2.ďAȮŏĮƦĬŏĺĸŅȮ72 ĝńŗĺőĴĚȮŐĸŃĪņĔŅĶŏĨŇĴŐĔƠĽ
ėŅĶƢĭŀĬœħŀŀĔœĞħƢŀĵƞŅĚĨƞŀŏĬŊŗŀĚȮħƟĺĵėĺŅĴŏĶŖĺȮ0.2 ml/min ěŅĔĬńŘĬĬņœĮĪħĽŀĭȮNMR ıĭĺƞŅȮľĴŌƞȮ
epoxide ĽŅĴŅĶĩŏĮĸňŗĵĬœĮŏĮƦĬȮcyclic carbonate œħƟȮ100Ȯ% ŏĬŊŗŀĚěŅĔœĴƞıĭȮpeak ĕŀĚȮ
epoxide ĪňŗĨņŐľĬƞĚȮŭ = 2.80-3.20 ppmȮŐĸŃıĭȮpeak ĕŀĚȮcyclic carbonate ĪňŗĨņŐľĬƞĚ ŭ = Ȯ
4.45 -5.10 ppmȮěŅĔĬńŘĬŏĴŊŗŀĬņœĮĪħĽŀĭȮFTIR ŏĮĶňĵĭŏĪňĵĭĶŃľĺƞŅĚȮESBO ŐĸŃ CSBO ŐĽħĚħńĚ
ĶŌĮĪňŗȮ2.12ȮěŃŏľŖĬœħƟĺƞŅȮıĭȮpeak ĕŀĚȮcyclic carbonate ĪňŗĨņŐľĬƞĚĮĶŃĴŅĦȮ1800 cm-1 ŐĨƞœĴƞ
ıĭȮpeak ĕŀĚľĴŌƞȮepoxide ĪňŗĨņŐľĬƞĚȮ822 cm-1ȮĝňŘŒľƟŏľŖĬĺƞŅĽŅĴŅĶĩĽńĚŏėĶŅŃľƢȮcyclic carbonateȮ
ěŅĔȮESBO œħƟĽņŏĶŖě 
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ĶŌĮĪňŗȮ2.12 FTIR spectra ĕŀĚȮESBO (ĭĬ'ȮŐĸŃȮCSBO (ĸƞŅĚ'Ȯ[13] 

 
ěŅĔĬńŘĬĪņĔŅĶŏĨŇĴȮ&1-aminopropyl) triethoxysilane (APES) ĞŉŗĚľĴŌƞȮamine ěŃ

ŏĔŇħĮĢŇĔŇĶŇĵŅĔńĭȮcyclic carbonate ĪņŒľƟœħƟȮUrethane linkage ŏĔŇħĕŉŘĬŒĬőėĶĚĽĶƟŅĚȮěŅĔĬńŘĬĪņĔŅĶ
ŏĨŇĴȮKraft lignin ĸĚœĮȮıĭĺƞŅȮľĴŌƞȮOH ĕŀĚĸŇĔĬŇĬěŃœĮŏĔŇħĮĢŇĔŇĶŇĵŅĔńĭȮAPES ĞŉŗĚŐĽħĚŒľƟŏľŖĬĺƞŅȮ
APES ĵńĚĪņľĬƟŅĪňŗŏĮƦĬȮcoupling agent ŒľƟĔńĭȮlignin ŐĸŃȮSoybean oilȮ 
 ěŅĔĬńŘĬœħƟĪņĔŅĶĻŉĔļŅĮĶŇĴŅĦĽŅĶĝňĺĴĺĸĪňŗŏĮƦĬŀĚėƢĮĶŃĔŀĭĕŀĚȮ polyurethane Īňŗ
ĽńĚŏėĶŅŃľƢœħƟĶŅĵĚŅĬŏĪňĵĭĔńĭĚŅĬĺŇěńĵŀŊŗĬȮŐĽħĚħńĚĶŌĮĪňŗȮ2.13 ıĭĺƞŅȮıŀĸŇĵŌŏĪĬěŅĔȮlignin ŐĸŃȮ
soybean oilȮĪňŗĪņĔŅĶĽńĚŏėĶŅŃľƢȮnon-isocyanateȮpolyurethaneȮőħĵįƞŅĬĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮ
cyclic carbonate ĔńĭȮamines ĴňĮĶŇĴŅĦĽŅĶĝňĺĴĺĸĽŌĚĩŉĚȮ85% ĞŉŗĚĨƞŅĚěŅĔĚŅĬĺŇěńĵŀŊŗĬȮŕȮĪňŗĪņĔŅĶ
ĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬěŅĔĝňĺĴĺĸŐĭĭŏħŇĴȮĞŉŗĚĴňĮĶŇĴŅĦĕŀĚĽŅĶĝňĺĴĺĸĪňŗĨŗņȮŀňĔĪńŘĚĵńĚŒĝƟȮisocyanate 
ŒĬĔŅĶĽńĚŏėĶŅŃľƢħƟĺĵȮ 
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ĶŌĮĪňŗȮ2.13ȮŐĽħĚĮĶŇĴŅĦĽŅĶĝňĺĴĺĸĪňŗŏĮƦĬŀĚėƢĮĶŃĔŀĭĕŀĚıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŏĮĶňĵĭŏĪňĵĭĔńĭ
ĚŅĬĺŇěńĵŀŊŗĬȮőħĵȮL = lignin S = Soybean oil ŐĸŃȮN =Non- isocyanate polyurethane [13] 

 
 ěŅĔĚŅĬĺŇěńĵĕŀĚȮArvin Z. Yu ŐĸŃėĦŃȮ[14] œħƟĻŉĔļŅĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĽņľĶńĭĔŅĶĽńĚŏėĶŅŃľƢȮ
non-isocyanate polyurethane ěŅĔȮpoly(cyclic carbonate) ěŅĔĺńĽħŋĝňĺģŅĬȮĽņľĶńĭŒĝƟŏĮƦĬĽŅĶ
ŏėĸŊŀĭįŇĺȮĞŉŗĚıĭĺƞŅȮTBAB ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĪňŗŏľĴŅŃĽņľĶńĭĔŅĶĽńĚŏėĶŅŃľƢȮcyclic carbonateȮěŅĔ
ľĴŌƞȮEpoxide ĕŀĚȮepoxidized sucrose soyate ŐĸŃȮEpoxidized soybean oil őħĵĪņĔŅĶ
ĽńĚŏėĶŅŃĶŃľĺƞŅĚȮepoxidized sucrose soyate ŐĸŃȮEpoxidized soybean oilȮĮĶŇĴŅĦȮ1000 
ĔĶńĴ ĔńĭȮŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮȮĪňŗŀŋĦľĳŌĴŇȮ140 ďC ėĺŅĴħńĬŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ152 bar 
ĪņĔŅĶĔĺĬħƟĺĵėĺŅĴŏĶŖĺȮ222 rpm ŏĮƦĬŏĺĸŅȮ18 ĝńŗĺőĴĚȮěŅĔĬńŘĬœħƟĻŉĔļŅĺŇīňĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮ
TBAB ŀŀĔěŅĔȮcyclic carbonateȮĪňŗĽńĚŏėĶŅŃľƢœħƟȮőħĵĬņȮįĸŇĨĳńĦĤƢĪňŗœħƟȮĴŅĸŃĸŅĵŒĬȮEthyl 
acetate 1000ȮĴŇĸĸŇĸŇĨĶȮěŅĔĬńŘĬĸƟŅĚħƟĺĵĬŘņĔĸńŗĬľĸŅĵŕėĶńŘĚȮŐĸŃĬņœĮĽĔńħŏŀŅĬŘņĔĸńŗĬŐĸŃ Ethyl 
acetateȮŀŀĔȮħƟĺĵŏėĶŊŗŀĚȮrotary evaporator  
 ěŅĔįĸȮNMR ŐĸŃȮFTIR ıĭĺƞŅȮĽńĚŏėĶŅŃľƢȮcyclic carbonate ěŅĔȮľĴŌƞȮepoxide őħĵįƞŅĬ
ŏĔŇħĮĢŇĔŇĶŇĵŅȮring-opening ŐĽħĚħńĚĶŌĮĪňŗ 2.14 ěŅĔĬńŘĬĬņȮCSBO œĮĪņĮĢŇĔŇĶŇĵŅĔńĭȮtris(2-
aminoethly)amine őħĵŒĝƟ /,3,5-triazabicyclo(2,2,.'dec-3-eneȮ(TBD) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮĪňŗ
ŀŋĦľĳŌĴŇȮ120 ďC ŏĮƦĬŏĺĸŅȮ3 ĝńŗĺőĴĚȮıĭĺƞŅĽŅĴŅĶĩĽńĚŏėĶŅŃľƢœħƟŏĮƦĬȮpolyurethane coating 
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ĶŌĮĪňŗ 2.14 ŐĽħĚĔĸœĔĕŀĚĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢȮcyclic carbonate ěŅĔľĴŌƞȮ

epoxide [14]  
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ĭĪĪňŗȮ1 
ĺŇīňħņŏĬŇĬĚŅĬĺŇěńĵ 

1,/ȮĺńĽħŋĪňŗŒĝƟŒĬĚŅĬĺŇěńĵ 
3.1.1 ĽŅĶĨńŘĚĨƟĬŒĬĔŅĶĽńĚŏėĶŅŃľƢȮEpoxidized Soybean oil (ESBO) ĴňėĺŅĴĭĶŇĽŋĪīŇśȮ

99.7%ȮĭĶŇļńĪȮXinjinlong Biobased Material (Hubei) ěņĔńħ ĴňĸńĔļĦŃŏĮƦĬ
ĕŀĚŏľĸĺȮĽňŏľĸŊŀĚŒĽȮĴňėĺŅĴľĬŅŐĬƞĬȮ0.982-1.002 g/cm3 ĬŘņľĬńĔőĴŏĸĔŋĸȮ975 
g/mol őėĶĚĽĶƟŅĚĕŀĚȮEpoxidized Soybean oil (ESBO ŐĽħĚħńĚĶŌĮĪňŗȮ3.1 

 
ĶŌĮĪňŗȮ3.1 ĽŌĨĶőėĶĚĽĶƟŅĚĕŀĚȮEpoxidized Soybean oil (ESBO)Ȯ[15] 

 
3.1.2 ĽŅĶĨńŘĚĨƟĬŒĬĔŅĶĽńĚŏėĶŅŃľƢȮCarbon dioxide ŒĬĽĩŅĬŃĔƠŅĞȮĴňėĺŅĴĭĶŇĽŋĪīŇśȮ99.8%  

ĭĶŇļńĪȮMSG ěņĔńħ  
3.1.3 Zinc Oxide ėĺŅĴĭĶŇĽŋĪīŇśĴŅĔĔĺƞŅ 99.0% ĭĶŇļńĪȮFluka Chemika ĮĶŃŏĪĻ 

ĽĺŇĨŏĞŀŐĸĬħƢȮĴňĸńĔļĦŃŏĮƦĬįĚĽňĕŅĺȮĬŘņľĬńĔőĴŏĸĔŋĸȮ81.38 g/mol 
3.1.4 Glutaric acid ėĺŅĴĭĶŇĽŋĪīŇśĴŅĔĔĺƞŅ 99.0% ĭĶŇļńĪ MERCK ěņĔńħ ĸńĔļĦŃŏĮƦĬ

ŏĔĸŖħĽňĕŅĺȮĬŘņľĬńĔőĴŏĸĔŋĸȮ132.11 g/mol 
3.1.5 Toluene ŒĝƟŏĮƦĬĨńĺĔĸŅĚŒĬĔŅĶĽńĚŏėĶŅŃľƢĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ Zinc glutarate (ZnGA) 

ĴňėĺŅĴĭĶŇĽŋĪīŇśȮ99.9% ĭĶŇļńĪȮMerck ĮĶŃŏĪĻŏĵŀĶĴńĬȮĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺŒĽȮĴň
ĔĸŇŗĬĜŋĬȮ 

 
ĶŌĮĪňŗȮ3,2ȮőėĶĚĽĶƟŅĚĕŀĚȮZinc glutarate (ZnGA) [11] 

3.1.6 Acetone ėĺŅĴĭĶŇĽŋĪīŇśȮ95.5% 
3.1.7 Hydrochloric acid ėĺŅĴĭĶŇĽŋĪīŇśȮ37% ŒĝƟŒĬĔŅĶŏĨĶňĵĴȮHydrochloric acid 

solution ėĺŅĴŏĕƟĴĕƟĬȮ0.001 M  
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3.1.8  Dichloromethane ėĺŅĴĭĶŇĽŋĪīŇśȮ99.8% ėĺŅĴľĬŅŐĬƞĬȮ1.33 g/cm3  
3.1.9  ĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮTetrabutylammonium bromide (TBAB) ėĺŅĴĭĶŇĽŋĪīŇśȮ99.0% 

ĭĶŇļńĪ Sigma-Aldrich ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅȮĴňĸńĔļĦŃŏĮƦĬŏĔĸŖħĽňĕŅĺŒĽȮĬŘņľĬńĔ
őĴŏĸĔŋĸȮ322.37 g/mol 

3.1.10  Ethyl acetate ėĺŅĴĭĶŇĽŋĪīŇśȮ99.5% ĭĶŇļńĪȮScharlau ěņĔńħȮĮĶŃŏĪĻĽŏĮĬ Ĵň
ėĺŅĴľĬŅŐĬƞĬȮ0.90 g/cm3 ĬŘņľĬńĔőĴŏĸĔŋĸȮ88 g/mol 

3.1.11 (3-aminopropyl) triethoxysilane ėĺŅĴĭĶŇĽŋĪīŇśĴŅĔĔĺƞŅȮ98.0% ĭĶŇļńĪ Sigma-
Aldrich ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺŒĽȮĴňėĺŅĴľĬŅŐĬƞĬȮ0.946 
g/cm3 ĬŘņľĬńĔőĴŏĸĔŋĸȮ221.37 g/mol őėĶĚĽĶƟŅĚĕŀĚȮ(3-aminopropyl) 
triethoxysilane ŐĽħĚĶŌĮĪňŗȮ3.3 

 

 
 

ĶŌĮĪňŗȮ3.3 ĽŌĨĶőėĶĚĽĶƟŅĚĕŀĚȮ(3-aminopropyl) triethoxysilane [16] 
 

3.1.12 N-(2-aminoethyl)-3-aminopropyltrimethoxysilane ĭĶŇļńĪ Sigma-Aldrich 
ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺŒĽȮ ĴňėĺŅĴľĬŅŐĬƞĬȮ1.016-1.024 
g/cm3 ėĺŅĴĭĶŇĽŋĪīŇśȮ97.0% ĬŘņľĬńĔőĴŏĸĔŋĸȮ222.36 g/mol őėĶĚĽĶƟŅĚĕŀĚȮN-(2-
aminoethyl)-3-aminopropyltrimethoxysilane ŐĽħĚħńĚĶŌĮĪňŗȮ3.4 

 
ĶŌĮĪňŗȮ3.4 ĽŌĨĶőėĶĚĽĶƟŅĚĕŀĚȮN-(2-aminoethyl)-3-aminopropyltrimethoxysilaneȮ[17] 
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3.1.13  Diethylene triamine ėĺŅĴĭĶŇĽŋĪīŇśȮ97.0% ĭĶŇļńĪȮFLUKA ĮĶŃŏĪĻĽĺŇĨŏĞŀŐĸĬħƢȮ
ĬŘņľĬńĔőĴŏĸĔŋĸȮ103.17 g/mol őėĶĚĽĶƟŅĚĕŀĚȮDiethylene triamine ŐĽħĚĶŌĮĪňŗȮ
3.5 

 
ĶŌĮĪňŗȮ3.5 ĽŌĨĶőėĶĚĽĶƟŅĚĕŀĚȮDiethylene triamineȮ[18] 

 
3.1.14 Titanium chloride ėĺŅĴĭĶŇĽŋĪīŇśȮ99.0% ĭĶŇļńĪ Sigma-Aldrich ĮĶŃŏĪĻ 

ĽľĶńģŀŏĴĶŇĔŅ ĴňĸńĔļĦŃŏĮƦĬįĚĽňĕŅĺȮĬŘņľĬńĔőĴŏĸĔŋĸȮ42.39 g/mol 
3.1.15 Lignin alkali ĴňĸńĔļĦŃŏĮƦĬįĚĽňĬŘņĨŅĸȮĭĶŇļńĪ Sigma-Aldrich ĮĶŃŏĪĻ

ĽľĶńģŀŏĴĶŇĔŅ őėĶĚĽĶƟŅĚĕŀĚȮLignin alkali ŐĽħĚĶŌĮĪňŗȮ3.6 

 
ĶŌĮĪňŗȮ3.6 ĽŌĨĶőėĶĚĽĶƟŅĚĕŀĚȮLignin alkali [19] 

 
3.1.16 Tetrahydrofuran ėĺŅĴĭĶŇĽŋĪīŇśȮ99.5 % ĭĶŇļńĪȮQReC ĮĶŃŏĪĻœĪĵȮĴňĸńĔļĦŃ

ŏĮƦĬĕŀĚŏľĸĺŒĽȮĬŘņľĬńĔőĴŏĸĔŋĸȮ72.01 g/mol 
3.1.17 Dimethylformamide ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺŒĽȮĴňĔĸŇŗĬĜŋĬȮėĺŅĴĭĶŇĽŋĪīŇśȮ99.8% 

ĭĶŇļńĪȮRCI Labscan Limited ĴňėĺŅľĬŅŐĬƞĬȮ0.949 g/cm3  
3.1.18  ĬŘņĔĸńŗĬ 
3.1.19 Polyethylene (PE) ŏĔĶħȮLD2026K InnoPlus, film grade ěŅĔĭĶŇļńĪȮPTT 

global chemical ĮĶŃŏĪĻœĪĵ ĪňŗĬņœĮĕŉŘĬĶŌĮŏĮƦĬĲƕĸƢĴħƟĺĵŏėĶŊŗŀĚȮcast film 
extrusion 
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3.1.20 ŏĞĸőĸŏĲĬȮľĶŊŀĔĶŃħŅļŐĔƟĺȮ&cellophane) ŏĮƦĬĺńĽħŋĪňŗĪņěŅĔŏĞĸĸŌőĸĽȮ&cellulose) 
ŒĬœĴƟľĶŊŀıŊĝŏĽƟĬŒĵŀŊŗĬȮŕȮőėĶĚĽĶƟŅĚĪŅĚŏėĴňŏĮƦĬĔĶŃħŅļȮŐĨƞĶŌĮĶƞŅĚĸńĔļĦŃěńħŏĮƦĬ
ıĸŅĽĨŇĔȮŏĮƦĬĺńĽħŋőĮĶƞĚŐĽĚŐĸŃŒĽȮ 

 
1,0ȮŏėĶŊŗŀĚĴŊŀŐĸŃŀŋĮĔĶĦƢĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢ 
 3.2.1 High pressure Reactor ěŅĔĭĶŇļńĪȮAmar 
 ĚŅĬĺŇěńĵĬňŘœħƟĪņĔŅĶĽńĚŏėĶŅŃľƢȮCarbonated soybean oil őħĵŒĝƟȮHigh pressure ReactorȮ
ĪňŗĴňȮchamber ĕĬŅħȮ200ȮmlȮĽŅĴŅĶĩŒĝƟœħƟĪňŗėĺŅĴħńĬĽŌĚĽŋħȮ100 bar ŐĸŃŀŋĦľĳŌĴŇȮ03.ďAȮŐĽħĚħńĚȮ
ĶŌĮĪňŗȮ3.7 
  

  
 

ĶŌĮĪňŗȮ3.7 High pressure Reactor 
 
3.2.2 ŀŋĮĔĶĦƢŏėĶŊŗŀĚŐĔƟĺ 
 

3.3ȮŏėĶŊŗŀĚĴŊŀĺŇŏėĶŅŃľƢŐĸŃĪħĽŀĭ 
3.3.1ȮŏėĶŊŗŀĚȮNuclear Magnetic Resonance (NMR) ĶŋƞĬȮADVANCE III HD ěŅĔĭĶŇļńĪȮ

Bruker Optic ĮĶŃŏĪĻŏĵŀĶĴńĬ 
ĚŅĬĺŇěńĵĬňŘœħƟĪņĔŅĶĻŉĔļŅőėĶĚĽĶƟŅĚȮŐĸŃĮĶŇĴŅĦľĴŌƞĲƤĚĔƢĝńĬĪňŗĽĬŒěȮőħĵŏĪėĬŇėȮNMR ŏĮƦĬ

ŏĪėĬŇėĪňŗŏĔňŗĵĺĕƟŀĚĔńĭĔŅĶħŌħĔĸŊĬėĸŊŗĬŐĴƞŏľĸŖĔœĲĲƚŅŒĬĝƞĺĚėĸŊŗĬĺŇĪĵŋȮĞŉŗĚĴňıĸńĚĚŅĬŒĬĝƞĺĚĪňŗěŃĪņŒľƟŏĔŇħ
ĔŅĶŏĮĸňŗĵĬŐĮĸĚĔŅĶĽĮƕĬĕŀĚĬŇĺŏėĸňĵĽĪňŗěŃĽŅĴŅĶĩĬņĴŅĺŇŏėĶŅŃľƢœħƟěŃĨƟŀĚĴňėƞŅĽĮƕĬŏĪƞŅĔńĭĻŌĬĵƢ
ŏĪƞŅĬńŘĬȮĞŉŗĚŒĬĚŅĬĺŇěńĵĬňŘȮœħƟĪņĔŅĶĪħĽŀĭĔŅĶĽĮƕĬĕŀĚȮ1HȮĪňŗėĺŅĴĩňŗȮ400ȮMHz ħńĚĶŌĮĪňŗȮ3.8 
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ĶŌĮĪňŗȮ3.8ȮŏėĶŊŗŀĚȮNuclear Magnetic Resonance (NMR) Ȯ 

 
3.3.2ȮŏėĶŊŗŀĚȮRAMAN Spectroscopy ĶŋƞĬȮSenterra ěŅĔĭĶŇļńĪȮBruker Optic ĮĶŃŏĪĻ

ŏĵŀĶĴńĬ  
ĚŅĬĺŇěńĵĬňŘœħƟĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚĽŅĶĪňŗŏĮƦĬĕƟŀěņĔńħĕŀĚȮFTIR ěŉĚŒĝƟŏĪėĬŇėȮRAMAN 

SpectroscopyȮŒĬĔŅĶĪħĽŀĭȮőħĵĬņĽŅĶĨńĺŀĵƞŅĚĴŅĪħĽŀĭőħĵŒĝƟŐĽĚŏĸŏĞŀĶƢĪňŗĴňėĺŅĴĵŅĺėĸŊŗĬȮ
732 nm, laser power = 20 mW, resolution = 9-18 cm-1 őħĵŒĝƟĔņĸńĚĕĵŅĵŏĸĬĽƢŒĔĸƟĺńĨĩŋȮ4x 
ĪħĽŀĭŒĬĝƞĺĚȮ/.5-156/Ȯcm-1ȮħńĚĶŌĮĪňŗȮ3.9Ȯ 

 

 
 

ĶŌĮĪňŗȮ3.9 ŏėĶŊŗŀĚȮRAMAN Spectroscopy 
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 3.3.3ȮŏėĶŊŗŀĚȮFourier Transform Infrared Spectroscopy (FTIR) ĶŋƞĬȮVertex 70 ěŅĔ
ĭĶŇļńĪȮBrukerȮĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ 
 ĚŅĬĺŇěńĵĬňŘœħƟĪņĔŅĶĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚĽŅĶįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟȮ őħĵȮ ŏĪėĬŇėȮ
Fourier Transform Infrared Spectroscopy (FTIR)ȮőħĵĬņĽŅĶĨńĺŀĵƞŅĚĪňŗĨƟŀĚĔŅĶĪħĽŀĭȮŐĸŃȮ
KBr œĮŀĭĪňŗŀŋĦľĳŌĴŇȮ80ďA ŏĮƦĬŏĺĸŅȮ12 ĝńŗĺőĴĚȮŏıŊŗŀĪņĔŅĶœĸƞėĺŅĴĝŊŘĬ ŒĬĔĶĦňĪňŗĽŅĶĨńĺŀĵƞŅĚŏĮƦĬ
ĕŀĚŐĕŖĚěŃĬņĽŅĶĨńĺŀĵƞŅĚŐĸŃȮKBr ĴŅĭħįĽĴŒĬŀńĨĶŅĽƞĺĬȮ1:9 ěŅĔĬńŘĬŀńħħƟĺĵŏėĶŊŗŀĚŀńħœŁőħĶĸŇĔȮěŃ
œħƟĨńĺŀĵƞŅĚŏĮƦĬŐįƞĬĭŅĚĪňŗŐĽĚĽŅĴŅĶĩĽƞŀĚįƞŅĬœħƟȮĔĶĦňȮĽŅĶĨńĺŀĵƞŅĚŏĮƦĬĕŀĚŏľĸĺȮĬņȮKBr ĪňŗįƞŅĬĔŅĶ
ŀĭœĸƞėĺŅĴĝŊŘĬŐĸƟĺĴŅĪņĔŅĶŀńħŒľƟŏĮƦĬŐįƞĬŒĽȮħƟĺĵŏėĶŊŗŀĚŀńħœŁħĶŀĸŇĔȮŐĸŃĬņĽŅĶĨńĺŀĵƞŅĚĴŅĪŅĸĚĭĬ
ŐįƞĬȮKBr ĪňŗŀńħœĺƟȮěŅĔĬńŘĬĪņĔŅĶĪħĽŀĭħƟĺĵȮĶńĚĽňȮIR ŒĬĝƞĺĚŏĸĕėĸŊŗĬȮ400-4000 cm-1 ħńĚĶŌĮĪňŗȮ3.10 
 

 
ĶŌĮĪňŗȮ3.10 ŏėĶŊŗŀĚȮFourier Transform Infrared Spectroscopy 

 
 3.3.4ȮŏėĶŊŗŀĚĪħĽŀĭĽĴĭńĨŇĔŅĶħŉĚĵŊħȮ(Universal Testing Machine) ĶŋƞĬȮNRI-TS500-5B 
ĭĶŇļńĪȮĬĶŇĬĪĶƢŀŇĬĽĪĶŌŏĴƟĬĪƢȮěņĔńħȮĮĶŃŏĪĻœĪĵ 
 ĚŅĬĺŇěńĵĬňŘȮĬņĴŅŒĝƟŒĬĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħȮ(T-peel test) ĨŅĴĴŅĨĶģŅĬȮASTM  
D1876 ĕŀĚĔŅĺĽŌĨĶĨƞŅĚȮŕȮĪňŗĽńĚŏėĶŅŃľƢœħƟȮŐĽħĚħńĚĶŌĮĪňŗȮ1.11ȮőħĵĪŅĔŅĺĮĶŇĴŅĦȮ0.1 gȮĸĚĭĬĲƕĸƢĴȮ
cellophane ŐĸŃĲƕĸƢĴ LDPEȮ&ĭĶŇŏĺĦĽňŏĪŅ'ȮĪňŗĴňĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ304.8 mmȮĭĶŇŏĺĦ
ĪňŗĪŅĔŅĺȮ&ĭĶŇŏĺĦĽňŏľĸŊŀĚ'ȮĴňĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ228.6 mm ŐĽħĚĶŌĮĪňŗȮ3.12 
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ĶŌĮĪňŗȮ1.11 ŏėĶŊŗŀĚĪħĽŀĭĽĴĭńĨŇĔŅĶħŉĚĵŊħȮ(Universal Testing Machine) 
 

 
ĶŌĮĪňŗȮ3.12 ĸńĔļĦŃŐĸŃĕĬŅħĝŇŘĬĚŅĬĪňŗŒĝƟŒĬĔŅĶĪħĽŀĭȮT-peel test 

 3.3.5ȮŏėĶŊŗŀĚȮThermogravimetric analysis (TGA)ȮĶŋƞĬȮTGA/DSC1 ěŅĔĭĶŇļńĪȮMettler-
Toledo ěņĔńħ  
 ŒĬĚŅĬĺŇěńĵĬňŘěŃĬņĽŅĶĪňŗĨƟŀĚĔŅĶĪħĽŀĭœĮŀĭŏıŊŗŀœĸƞėĺŅĴĝŊŘĬĪňŗŀŋĦľĳŌĴŇȮ60 ďC ŏĮƦĬŏĺĸŅ
ŀĵƞŅĚĬƟŀĵȮ12 ĝńŗĺőĴĚȮŐĸŃĬņĽŅĶĪňŗįƞŅĬĔŅĶŀĭœĸƞėĺŅĴĝŊŘĬŐĸƟĺĴŅĝńŗĚŒĽƞȮpan ĮĶŃĴŅĦȮ3-10 mg ŐĸŃ
ĪņĔŅĶĪħĽŀĭĪňŗŀŋĦľĳŌĴŇȮ50-700 ďC ħƟĺĵ heating rate 10ȮďC/min ĳŅĵŒĨƟĭĶĶĵŅĔŅĻȮ(N2) 

3.3.6ȮUbbelohde viscometer ĕĬŅħ 1B ĭĶŇļńĪȮCanon Instrument ĮĶŃŏĪĻ
ĽľĶńģŀŏĴĶŇĔŅ 

ŒĬĚŅĬĺŇěńĵĬňŘĪņĔŅĶĪħĽŀĭŏıŊŗŀĺńħėĺŅĴľĬŊħȮĕŀĚȮESBO, CSBO ŐĸŃȮpolyurethane Īňŗħň
ĪňŗĽŋħȮőħĵŒĝƟĨńĺĪņĸŃĸŅĵŏĮƦĬȮDimethylformamide (DMF) ĪňŗėĺŅĴŏĕƟĴĕƟĬȮ1, 2 ŐĸŃȮ3Ȯg/dL 
ěŅĔĬńŘĬĬņĽŅĶĸŃĸŅĵĪňŗŏĨĶňĵĴœħƟȮŒĽƞŒĬ Ubbelohde viscometer ĪňŗĨņŐľĬƞĚĪňŗȮ1 ŒľƟĴňĮĶŇĴŅĦŀĵŌƞ
ĶŃľĺƞŅĚĕňħȮC ĔńĭȮD &ĮĶŃĴŅĦȮ12-15 ml)ȮěŅĔĬńŘĬĬņĬŇŘĺĝňŘĴŅĮƕħĪňŗĨņŐľĬƞĚĪňŗȮ2 ŒľƟĽĬŇĪȮŐĸƟĺŒĝƟĸŌĔ
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ĵŅĚĮƕŏĮĨħŌħĽŅĶĸŃĸŅĵĨĶĚĨņŐľĬƞĚȮ3 ŒľƟŏĨŖĴĨņŐľĬƞĚĪňŗȮ4 ľĶŊŀĽŌĚĔĺƞŅĨņŐľĬƞĚĪňŗȮ4 ŏĸŖĔĬƟŀĵȮěŅĔĬńŘĬ
ĮĸƞŀĵĬŇŘĺĨņŐľĬƞĚĪňŗȮ3 ŐĸŃĪņĔŅĶěńĭŏĺĸŅŒĬĕĦŃĪňŗĽŅĶŏėĸŊŗŀĬĪňŗįƞŅĬȮĪƞŀȮcapillaryȮěŅĔĕňħȮA ĩŉĚȮB 
ħńĚĶŌĮĪňŗȮ3,13 

 
ĶŌĮĪňŗȮ3,13 Ubbelohde viscosity size 1B 

 3.3.7 ŏėĶŊŗŀĚȮGel permeation chromatography (GPC) ĶŋƞĬ Waters 1515 őħĵĴň   
Waters 2414 Reflective Index ŏĮƦĬȮDetector ĭĶŇļńĪȮWaters China ěņĔńħȮ 

ŒĬĚŅĬĺŇěńĵĬňŘĪņĔŅĶĪħĽŀĭŏıŊŗŀľŅĬŘņľĬńĔőĴŏĸĔŋĸĕŀĚȮpolyurethane ĪňŗĽńĚŏėĶŅŃľƢœħƟȮőħĵ
ĬņœĮĸŃĸŅĵŒĬĨńĺĪņĸŃĸŅĵ tetrahydrofuran (THF) ĪņĔŅĶĪħĽŀĭőĵŒĝƟȮflow rate 1.0 mL/min 
ĪňŗŀŋĦľĳŌĴŇȮ40 °C 

 
ĶŌĮĪňŗ 3.14 ŏėĶŊŗŀĚȮGel permeation chromatography (GPC) ĕŀĚ Waters 1515 őħĵĴň 

Waters 2414 Reflective Index ŏĮƦĬȮDetector 
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3.3.8 ŏėĶŊŗŀĚŏĶƞĚĽĳŅĺŃŀŅĔŅĻȮ&Accelerated weathering tester) ĶŋƞĬȮQUV-SPRAY 
ĭĶŇļńĪȮQ-Lab corporation ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ 

ŒĬĚŅĬĺŇěńĵĬňŘěŃĪņĔŅĶĪħĽŀĭĽŏĩňĵĶĳŅıĕŀĚȮpolyurethane adhesive ĪňŗħňĪňŗĽŋħĽńĚŏėĶŅŃľƢ
œħƟĭĬĲƕĸƢĴȮcellophane (ĲƕĸƢĴĴňĕńŘĺ'ȮŐĸŃĲƕĸƢĴȮLDPE (ĲƕĸƢĴœĴƞĴňĕńŘĺ) ŒĬŏėĶŊŗŀĚĪħĽŀĭėĺŅĴŏĽŊŗŀĴ
ĳŅĵŒĨƟĽĳŅĺŃŏĶƞĚȮ&Accelerated weathering tester) őħĵŒĝƟĽĳŅĺŃĨŅĴĴŅĨĶģŅĬȮASTM G154 
őħĵĴňĔŅĶĜŅĵŐĽĚȮUVA ĪňŗĴňȮIrradiance 0.71 W/m2 ĪňŗŀŋĦľŌĴŇȮ60 ďC ŏĮƦĬŏĺĸŅȮ8 ĝńŗĺőĴĚȮěŅĔĬńŘĬěŃ
ĴňĔŅĶŒľƟėĺŅĴĝŊŘĬőħĵĔŅĶĽŏĮĶĵƢĬŘņőħĵĝŇŘĬĚŅĬěŃŀĵŌƞĳŅĵŒĨƟĽĳŅĺŃŐĭĭȮcondensationȮĪňŗŀŋĦľĳŌĴŇȮ
50 ďC ŏĮƦĬŏĺĸŅȮ4 ĝńŗĺőĴĚ ĪņĔŅĶĪħĽŀĭĪńŘĚľĴħȮ10 ĺńĬȮőħĵĪņĔŅĶŏĔŖĭĨńĺŀĵƞŅĚĪŋĔȮ24 ĝńŗĺőĴĚȮŏıŊŗŀ
ĨŇħĨŅĴĽĴĭńĨŇĔŅĶĵŉħĨŇħ 

 
3.4 ĺŇīňħņŏĬŇĬĚŅĬĺŇěńĵ 

ĨŀĬĪňŗ /ȮĻŉĔļŅĮĶŇĴŅĦľĴŌƞȮEpoxide ĕŀĚȮEpoxidized soybean oil (ESBO) ħƟĺĵ 
ŏĪėĬŇėȮNuclear Magnetic Resonance (NMR)  
  ĬņȮEpoxidized soybean oil (ESBO) ĮĶŇĴŅĦȮ3-5 mg ŐĸŃĨńĺĪņĸŃĸŅĵėŊŀȮ
deuterated chloroform (CDCl3) ĮĶŇĴŅĦȮ2 mlŒĽƞĸĚŒĬľĸŀħȮNMR ŐĸŃĬņœĮĪħĽŀĭ
ħƟĺĵŏĪėĬŇėȮNuclear Magnetic Resonance (NMR) ŐĸŃėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮEpoxideȮ
ĨŅĴĽĴĔŅĶĪňŗȮ1 [20] 

CkȮ;Ȯ
G

0I
   ĽĴĔŅĶĪňŗȮ1  

 
őħĵȮ Em ėŊŀȮĮĶŇĴŅĦľĴŌƞȮEpoxied ŒĬȮepoxidized soybean oil 1Ȯmol 

I  ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮepoxide  
K ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮepoxidized soybean oil  
 
ĨŀĬĪňŗȮ2 ĻŉĔļŅĔŅĶŏĨĶňĵĴŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮcarbonated soybean oil (CSBO)  

2.1 ĻŉĔļŅĔŅĶŏĨĶňĵĴŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮcarbonated soybean oil (CSBO) 
őħĵŒĝƟ Zinc glutarateȮ(ZnGA) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ 

 1) ĬņĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮZnGA ĴŅĪņĔŅĶĭħŒľƟĸŃŏŀňĵħħƟĺĵėĶĔĭħĽŅĶȮŐĸŃĬņȮZnGA 
ŐĸŃȮChamber ĕŀĚŏėĶŊŗŀĚȮHigh pressure reactorȮœĮŀĭŒĬĨŌƟŀĭĪňŗŀŋĦľĳŌĴŇȮ6.ďAȮŏĮƦĬ
ŏĺĸŅȮ12 ĝńŗĺőĴĚȮŏıŊŗŀœĸƞėĺŅĴĝŊŘĬȮ 
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2'ȮŒĽƞȮZnGA 1.8 gȮŐĸŃȮepoxidized soybean oil 25 gȮŒĽƞĸĚŒĬ Chamber ĕŀĚ
ŏėĶŊŗŀĚȮHigh pressure reactorȮĪňŗĴňĕĬŅħȮ200ȮmlȮĪňŗįƞŅĬĔŅĶŀĭœĸƞėĺŅĴĝŊŘĬŐĸƟĺȮěŅĔĬńŘĬĪņ
ĔŅĶĮĶŃĔŀĭŏėĶŊŗŀĚȮHigh pressure reactor 

3) ĪņĮĢŇĔŇĶŇĵŅĪňŗŀŋĦľĳŌĴŇȮ140 ďAȮŐĸŃĪņĔŅĶĮƚŀĬŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢĪňŗėĺŅĴ
ħńĬĮĶŃĴŅĦȮ5 ĭŅĶƢȮŏıŊŗŀĪņĔŅĶĨĶĺěŏĝŖėĭĶŇŏĺĦĶŀĵĨƞŀŏıŊŗŀĮƚŀĚĔńĬĔŅĶĶńŗĺŀŀĔĕŀĚĽŅĶĪňŗŀĵŌƞ
ĳŅĵŒĬŏėĶŊŗŀĚȮHigh pressure reactorȮľĸńĚěŅĔĬńŘĬĪņĔŅĶŏıŇŗĴėĺŅĴħńĬŏĮƦĬȮ70 barȮŏĕƟŅĽŌƞ
ŏėĶŊŗŀĚȮHigh pressure reactorȮŏıŊŗŀĪņĮĢŇĔŇĶŇĵŅőħĵĪņĔŅĶĮƤƧĬĔĺĬħƟĺĵėĺŅĴŏĶŖĺĶŀĭȮ400 
rpm ŐĸŃŏĺĸŅĪňŗŒĝƟŒĬĔŅĶĪņĮĢŇĔŇĶŇĵŅŏĮƦĬȮ24, 48 ŐĸŃȮ72ȮĝńŗĺőĴĚ  

4) ĬņįĸŇĨĳńĦĤƢĪňŗœħƟĸŃĸŅĵŒĬȮDichloromethane ĮĶŇĴŅĨĶȮ100ȮmlȮěŅĔĬńŘĬŒĽƞĸĚ
ŒĬȮseparatory funnel ĪņĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮZnGA őħĵŒĝƟȮHydrochloric acid 
solution (ŏĕƟĴĕƟĬȮ0.001ȮM) 3 ėĶńŘĚȮŐĸŃĬŘņĔĸńŗĬȮ2 ėĶńŘĚȮŏıŊŗŀĸƟŅĚėĺŅĴŏĮƦĬĔĶħ 

5) ĔĸńŗĬŀňĔėĶńŘĚħƟĺĵŏėĶŊŗŀĚȮRotary evaporator ĪňŗŀŋĦľĳŌĴŇȮ4.ȮďAȮŏıŊŗŀĔņěńħȮ
Dichloromethane ŀŀĔěŅĔįĸŇĨĳńĦĤƢĪňŗœħƟ 

6) ıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚįĸŇĨĳńĦĤƢȮħńĚĬňŘ 
-ĻŉĔļŅŐĸŃĺŇŏėĶŅŃľƢőėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢœħƟħƟĺĵŏĪėĬŇėȮ

nuclear magnetic resonance (NMR) 
 
2.2 ĻŉĔļŅĔŅĶŏĨĶňĵĴŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮcarbonated soybean oil (CSBO) 

őħĵŒĝƟ Tetrabutylammonium bromide (TBAB) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ 
 1) ĬņȮChamber ĕŀĚŏėĶŊŗŀĚȮHigh pressure reactorȮœĮŀĭŒĬĨŌƟŀĭĪňŗŀŋĦľĳŌĴŇȮ

6.ďAȮŏĮƦĬŏĺĸŅȮ12 ĝńŗĺőĴĚȮŏıŊŗŀœĸƞėĺŅĴĝŊŘĬȮ 
2'ȮŒĽƞȮepoxidized soybean oil 25 gȮŐĸŃȮTBAB 1.834 gȮ&5 mol% ĕŀĚ

ĮĶŇĴŅĦľĴŌƞȮepoxide) [13] ŒĽƞĸĚŒĬ Chamber ĕŀĚŏėĶŊŗŀĚȮHigh pressure reactorȮĪňŗĴň
ĕĬŅħȮ200ȮmlȮĪňŗįƞŅĬĔŅĶŀĭœĸƞėĺŅĴĝŊŘĬŐĸƟĺȮěŅĔĬńŘĬĪņĔŅĶĮĶŃĔŀĭŏėĶŊŗŀĚȮHigh pressure 
reactor 

3) ĪņĮĢŇĔŇĶŇĵŅĪňŗŀŋĦľĳŌĴŇȮ140 ďAȮŐĸŃĪņĔŅĶĮƚŀĬŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢĪňŗėĺŅĴ
ħńĬĮĶŃĴŅĦȮ5 barȮŏıŊŗŀĪņĔŅĶĨĶĺěŏĝŖėĭĶŇŏĺĦĶŀĵĨƞŀŏıŊŗŀĮƚŀĚĔńĬĔŅĶĶńŗĺŀŀĔĕŀĚĽŅĶĪňŗŀĵŌƞ
ĳŅĵŒĬŏėĶŊŗŀĚȮHigh pressure reactorȮľĸńĚěŅĔĬńŘĬĪņĔŅĶŏıŇŗĴėĺŅĴħńĬŏĮƦĬȮ70 barȮŏĕƟŅĽŌƞ
ŏėĶŊŗŀĚȮHigh pressure reactorȮŐĸŃĪņĔŅĶĮƤƧĬĔĺĬħƟĺĵėĺŅĴŏĶŖĺĶŀĭȮ400 rpm őħĵŏĺĸŅĪňŗ
ŒĝƟŒĬĔŅĶĪņĮĢŇĔŇĶŇĵŅȮ24, 48, 72ȮĝńŗĺőĴĚ  
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4) ĬņįĸŇĨĳńĦĤƢĪňŗœħƟĸŃĸŅĵŒĬȮethyl acetate ĮĶŇĴŅĨĶȮ100ȮmlȮěŅĔĬńŘĬŒĽƞĸĚŒĬȮ
separatory funnel ĪņĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮTBAB őħĵŒĝƟȮĬŘņĔĸńŗĬȮ5 ėĶńŘĚȮ 

5) ĔĸńŗĬŀňĔėĶńŘĚħƟĺĵŏėĶŊŗŀĚȮRotary evaporator ĪňŗŀŋĦľĳŌĴŇȮ80 ďAȮŏıŊŗŀĔņěńħȮethyl 
acetate ŀŀĔěŅĔįĸŇĨĳńĦĤƢĪňŗœħƟ 

6) ıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚįĸŇĨĳńĦĤƢĪňŗœħƟȮħńĚĬňŘ 
- ĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňŐĸŃľĴŌƞĲƤĚĔƢĝńĬĔƞŀĬŐĸŃľĸńĚĪņĔŅĶĽĔńħŐĵĔĨńĺŏĶƞĚ

ĮĢŇĔŇĶŇĵŅħƟĺĵŏĪėĬŇėȮRAMAN spectroscopy 
- ĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňȮŐĸŃľĴŌƞĲƤĚĔƢĝńĬĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢħƟĺĵŏĪėĬŇėȮ

Fourier transform infrared spectrophotometry (FTIR) 
- ĻŉĔļŅŐĸŃĺŇŏėĶŅŃľƢőėĶĚĽĶƟŅĚĪŅĚŏėĴňĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢœħƟħƟĺĵŏĪėĬŇėȮ

Nuclear magnetic resonance (NMR) ŐĸŃėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮcyclic carbonate 
ŐĸŃȮ%Yield ħńĚĽĴĔŅĶĪňŗ 2 ŐĸŃȮ3 [20] 

 

AkȮ;Ȯ
K

0Ia
Ȯ)Ȯ&
HA
0Ia

-
HC
0IC
'   ĽĴĔŅĶĪňŗȮ2  

 
 őħĵȮ Cm ėŊŀȮĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮcarbonated soybean oil 1Ȯmol 

I  ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮepoxide  
JC ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮ-CH2-CH-CH2- ŒĬȮ   

     carbonated soybean oil 
JE ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮ-CH2-CH-CH2- ŒĬȮ   

     epoxidized soybean oil 
KC ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮCarbonated soybean oil  
KE ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮepoxidized soybean oil 
  

ŐĸŃĽŅĴŅĶĩėņĬĺĦȮľŅȮ%yield œħƟěŅĔȮ 

                       #WȮ;ȮAk
Ck
ȮvȮ/.. Ȯ ȮȮȮȮȮ ȮȮȮȮȮĽĴĔŅĶĪňŗȮ3 

 őħĵȮ %Y ėŊŀȮ%yield ĕŀĚȮcyclic carbonate ĪňŗĽńĚŏėĶŅŃľƢœħƟ 
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Cm ėŊŀȮĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮcarbonated soybean oil 1Ȯmol 
Em ėŊŀȮĮĶŇĴŅĦľĴŌƞȮEpoxied ŒĬȮepoxidized soybean oil 1Ȯmol 
 

ĨŀĬĪňŗȮ3 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢ polyurethane   
3.1ȮĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬȮěŅĔȮamino silane 2ȮĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬȮėŊŀȮ(3-

aminopropyl) triethoxysilane ŐĸŃȮN-(2-aminoethyl)-3-aminopropyl 
trimethoxysilane őħĵŒĝƟĨńĺĪņĸŃĸŅĵĪňŗŐĨĔĨƞŅĚĔńĬȮ2 ĝĬŇħȮėŊŀȮTetrahydrofuran 
(THF) ŐĸŃȮDimethylformamide (DMF)  

1) ĬņȮCSBOȮ3 ĔĶńĴȮ&ĪňŗŏĨĶňĵĴœħƟěŅĔĨŀĬĪňŗȮ2) ŐĸŃ TiCl 0.0234 ĔĶńĴȮ&5 mol% 
ĕŀĚĮĶŇĴŅĦľĴŌƞȮcyclic carbonate) ĪņľĬƟŅĪňŗŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮŒĽƞĸĚŒĬĕĺħĔƟĬĔĸĴĽŅĴ
ėŀĪňŗĴňĨńĺĪņĸŃĸŅĵȮTHF ľĶŊŀȮDMF ĮĶŇĴŅĨĶȮ20ȮĴŇĸĸŇĸŇĨĶȮ 

2) ėƞŀĵȮŕȮľĵħȮ3-aminopropyl triethoxysilane ŐĸŃȮN-(2-aminoethyl)-3-
aminopropyltrimethoxysilane ĸĚœĮȮ1.5467 ŐĸŃȮ1.5536ȮĔĶńĴȮ&1 mol NH2 : 1 mol 
cyclic carbonate )ȮĪņĔŅĶĔĺĬĪňŗŀŋĦľĳŌĴŇȮ70 ďAȮŏĮƦĬŏĺĸŅȮ3 ĝńŗĺőĴĚ 

3) ĬņıŀĸŇĵŌĶňŏĪĬĪňŗœħƟȮŐĭƞĚŏĮƦĬȮ2 ĽƞĺĬȮħńĚĬňŘ 
3.1)ȮŏĪĸĚŒĬȮĩŅħȮTeflon ŐĸƟĺĬņœĮŀĭĪňŗŀŋĦľĳŌĴŇȮ60 ďA ŏĮƦĬŏĺĸŅȮ3 

ĝńŗĺőĴĚ ŐĸƟĺĬņœĮĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňȮŐĸŃľĴŌƞĲƤĚĔƢĝńĬĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢ
ħƟĺĵŏĪėĬŇėȮFourier transform infrared spectrophotometry (FTIR) ŐĸŃ
ĻŉĔļŅĬŘņľĬńĔőĴŏĸĔŋĸŐĸŃĔŅĶĔĶŃěŅĵĨńĺĬŘņľĬńĔĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢœħƟħƟĺĵ
ŏĪėĬŇėȮGel permeation chromatography (GPC) 

3.2) ĬņĽŅĶĪňŗĽńĚŏėĶŅŃľƢœħƟȮœĮĪŅĸĚĭĬĲƕĸƢĴȮcellophane ŐĸŃȮLDPEȮĪňŗĴň
ĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ304.8 mmȮĭĶŇŏĺĦĪňŗĪŅĔŅĺȮĴňĕĬŅħĔĺƟŅĚȮ25.4 
mmȮŐĸŃĵŅĺȮ228.6 mm ŐĸƟĺĬņŀĭĪňŗŀŋĦľĳŌĴŇȮ60 ďA őħĵŏĔŖĭĝŇŘĬĚŅĬĪňŗŏĺĸŅȮ1, 2 
ŐĸŃȮ3 ĝńŗĺőĴĚȮŏıŊŗŀĬņœĮĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵŏĪėĬŇėȮT-peel (ASTM 
D1876) 
 
3.2 ĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬȮěŅĔȮDiethylene triamineȮőħĵŒĝƟĨńĺĪņĸŃĸŅĵȮ2 

ĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬėŊŀȮTetrahydrofuran (THF) ŐĸŃȮDimethylformamide (DMF)  
1) ĬņȮCSBOȮ3 ĔĶńĴȮ&ĪňŗŏĨĶňĵĴœħƟěŅĔĨŀĬĪňŗȮ2) ŐĸŃ TiCl 0.0234 g &5 mol% ĕŀĚ

ĮĶŇĴŅĦľĴŌƞȮcyclic carbonate) ŒĽƞĸĚŒĬĕĺħĔƟĬĔĸĴĽŅĴėŀĪňŗĴňĨńĺĪņĸŃĸŅĵȮTHF ĮĶŇĴŅĨĶȮ
20ȮĴŇĸĸŇĸŇĨĶȮľĶŊŀĴňĨńĺĪņĸŃĸŅĵȮDMF ĮĶŇĴŅĨĶȮ20ȮĴŇĸĸŇĸŇĨĶȮ 
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2) ėƞŀĵȮŕȮľĵħȮDiethylene triamine ĸĚœĮȮ0.3604ȮĔĶńĴȮ&1 mol NH2 : 1 mol 
cyclic carbonate)ȮĪņĔŅĶĔĺĬĪňŗŀŋĦľĳŌĴŇȮ70 ďAȮŏĮƦĬŏĺĸŅȮ3 ĝńŗĺőĴĚ 

3) ĬņıŀĸŇĵŌĶňŏĪĬĪňŗœħƟȮŐĭƞĚŏĮƦĬȮ2 ĽƞĺĬȮħńĚĬňŘ 
3.1)ȮŏĪĸĚŒĬȮĩŅħȮTeflon ŐĸƟĺĬņœĮŀĭĪňŗŀŋĦľĳŌĴŇȮ4.ȮďAȮŏĮƦĬŏĺĸŅȮ3 

ĝńŗĺőĴĚ  
3.2) ĬņĽŅĶĪňŗĽńĚŏėĶŅŃľƢœħƟĮĶŇĴŅĦȮ0.1 gȮœĮĪŅĸĚĭĬĲƕĸƢĴȮcellophane 

ŐĸŃȮLDPEȮĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ304.8 mmȮĭĶŇŏĺĦĪňŗĪŅĔŅĺȮĴňĕĬŅħ
ĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ228.6 mm ŐĸƟĺĬņŀĭĪňŗŀŋĦľĳŌĴŇȮ4.ȮďAȮőħĵŏĔŖĭĝŇŘĬĚŅĬ
ĪňŗŏĺĸŅȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚȮŏıŊŗŀĬņœĮĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħ 
4) ıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚıŀĸŇĵŌĶňŏĪĬȮħńĚĬňŘ 
-ȮĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňȮŐĸŃľĴŌƞĲƤĚĔƢĝńĬĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢħƟĺĵŏĪėĬŇėȮ

Fourier transform infrared spectrophotometry (FTIR) 
- ĻŉĔļŅĬŘņľĬńĔőĴŏĸĔŋĸŐĸŃĔŅĶĔĶŃěŅĵĨńĺĬŘņľĬńĔĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢœħƟħƟĺĵ

ŏĪėĬŇėȮGel permeation chromatography (GPC) 
- ĻŉĔļŅĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚ polyurethane adhesives ħƟĺĵŏĪėĬŇėȮT-peel 
(ASTM D1876) 
 

ĨŀĬĪňŗȮ4 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢŐĸŃıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮpolyurethane ĔńĭȮlignin alkali   
4.1 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ů lignin  
1) ĬņȮlignin alkali ĴŅĸŃĸŅĵħƟĺĵȮTHF ľĶŊŀȮDMF 12Ȯml ŐĸŃȮĬŘņĔĸńŗĬȮ8Ȯml 

ŐĸƟĺĬņœĮĪņĔŅĶĔĺĬįĽĴĔńĭ polyurethane ĪňŗœħƟěŅĔĨŀĬĪňŗȮ3.1 ŐĸŃȮ3.2 ĪňŗŀŋĦľĳŌĴŇȮ95 
ďAȮŏĮƦĬŏĺĸŅȮ16 ĝńŗĺőĴĚ 

2)ȮĬņ polyurethane - lignin ĪňŗœħƟȮŐĭƞĚŏĮƦĬȮ2 ĽƞĺĬȮħńĚĬňŘ 
2.1)ȮŏĪĸĚŒĬȮĩŅħȮTeflon ŐĸƟĺĬņœĮŀĭĪňŗŀŋĦľĳŌĴŇȮ60 ďA ŏĮƦĬŏĺĸŅȮ3 

ĝńŗĺőĴĚ ŐĸƟĺĬņœĮĻŉĔļŅőėĶĚĽĶƟŅĚĪŅĚŏėĴňȮŐĸŃľĴŌƞĲƤĚĔƢĝńĬĕŀĚıŀĸŇŏĴŀĶƢĪňŗĽńĚŏėĶŅŃľƢ
ħƟĺĵŏĪėĬŇėȮFourier transform infrared spectrophotometry (FTIR)  

2.2) ĬņĽŅĶĪňŗĽńĚŏėĶŅŃľƢœħƟĮĶŇĴŅĦȮ0.1 gȮœĮĪŅĸĚĭĬĲƕĸƢĴȮcellophane 
ŐĸŃȮLDPE ĪňŗĴňĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ304.8 mmȮĭĶŇŏĺĦĪňŗĪŅĔŅĺȮĴň
ĕĬŅħĔĺƟŅĚȮ25.4 mmȮŐĸŃĵŅĺȮ228.6 mm ŐĸƟĺĬņŀĭĪňŗŀŋĦľĳŌĴŇȮ60 ďA őħĵŏĔŖĭ
ĝŇŘĬĚŅĬĪňŗŏĺĸŅȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚȮŏıŊŗŀĬņœĮĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵŏĪėĬŇėȮT-
peel (ASTM D1876) 
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ĨŀĬĪňŗȮ5 ĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚ polyurethane adhesive ĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚ
ĔŅĶŒĝƟĚŅĬ 

Ĭņ polyurethane adhesive ĽŌĨĶĪňŗħňĪňŗĪňŗĽŋħȮœĮĪħĽŀĭĳŅĵŒĨƟȮaccelerated 
weathering condition őħĵŒĝƟĽĳŅĺŃĨŅĴĴŅĨĶģŅĬȮASTM G154 őħĵĴňĔŅĶĜŅĵŐĽĚȮUVA 
ĪňŗĴňȮIrradiance 0.71 W/m2 ĪňŗŀŋĦľŌĴŇȮ60 ďC ŏĮƦĬŏĺĸŅȮ8 ĝńŗĺőĴĚȮěŅĔĬńŘĬěŃĴňĔŅĶŒľƟ
ėĺŅĴĝŊŘĬőħĵĔŅĶĽŏĮĶĵƢĬŘņőħĵĝŇŘĬĚŅĬěŃŀĵŌƞĳŅĵŒĨƟĽĳŅĺŃŐĭĭȮcondensationȮĪňŗŀŋĦľĳŌĴŇȮ
50 ďC ŏĮƦĬŏĺĸŅȮ4 ĝńŗĺőĴĚ ĪņĔŅĶĪħĽŀĭĪńŘĚľĴħȮ10 ĺńĬȮőħĵĪņĔŅĶŏĔŖĭĨńĺŀĵƞŅĚĪŋĔȮ24 
ĝńŗĺőĴĚȮŏıŊŗŀĨŇħĨŅĴĽĴĭńĨŇĔŅĶĵŉħĨŇħ 

- ĻŉĔļŅĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚ polyurethane adhesives ħƟĺĵȮT-peel (ASTM 
D1876) 
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ĭĪĪňŗȮ4 
įĸĔŅĶĪħĸŀĚŐĸŃĺŇěŅĶĦƢįĸĔŅĶĪħĸŀĚ 

 
ĚŅĬĺŇěńĵĬňŘŏĮƦĬĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬȮ(Polyurethane adhesives) ŐĭĭȮ

non-isocyanate ĽņľĶńĭĲƕĸƢĴĴňĕńŘĺŐĸŃœĴƞĴňĕńŘĺȮőħĵĴňĺńĨĩŋĮĶŃĽĚėƢŏıŊŗŀĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺ 
ıŀĸŇĵŌĶňŏĪĬŐĭĭȮnon-isocyanate ěŅĔȮlignin ŐĸŃȮEpoxidized soybean oil ĻŉĔļŅĽĴĭńĨŇĪŅĚ
ĔŅĵĳŅı, ĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟȮĻŉĔļŅŀŇĪīŇıĸĕŀĚȮSilane additive Īňŗ
ĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅı ĽĴĭńĨŇĔŅĶĵŉħĨŇħĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺĔńĭœĴƞĴňĕńŘĺĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗ
ĽńĚŏėĶŅŃľƢœħƟŐĸŃĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶĬņœĮŒĝƟĚŅĬĪňŗ
ĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅıŐĸŃĔŅĶĵŉħĨŇħĕŀĚĔŅĺȮěŅĔĬńŘĬœħƟĻŉĔļŅĔŅĶŏĨŇĴ lignin alkali ŏıŊŗŀŏĮƦĬ
ĔŅĶŏıŇŗĴĺńĽħŋĝňĺģŅĬŒľƟĔńĭĔŅĺıŀĸŇĵŌĶňŏĪĬ ĪņĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟȮŐĸƟĺ
ĻŉĔļŅŐĸŃŏĮĶňĵĭŏĪňĵĭĽĴĭńĨŇȮĪŅĚĔŅĵĳŅıȮĽĴĭńĨŇĔŅĶĵŉħĨŇħȮŐĸŃĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĕŀĚĔŅĺıŀĸŇĵŌĶň
ŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟ őħĵŒĬĔŅĶĻŉĔļŅĽŅĴŅĶĩŐĭƞĚĔŅĶĪħĸŀĚŀŀĔœħƟŏĮƦĬȮ5 ĽƞĺĬȮħńĚĬňŘ 

ĽƞĺĬĪňŗȮ1ȮĻŉĔļŅĮĶŇĴŅĦľĴŌƞȮepoxide ĕŀĚȮepoxidized soybean oil (ESBO) ħƟĺĵŏĪėĬŇėȮ
NMR ĞŉŗĚĬņœĮŒĝƟŒĬĔŅĶėņĬĺĦĽŅĶĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢŒĬĨŀĬĨƞŀœĮ 

ĽƞĺĬĪňŗȮ2 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) ěŅĔȮESBOȮŐĸŃȮCO2 
őħĵŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮ2 ĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬȮ ėŊŀȮZinc glutarate (ZnGA) ŐĸŃȮTetrabutyl-
ammonium bromide (TBAB) ĪňŗŀŋĦľĳŌĴŇȮ/2.ȮďAȮėĺŅĴħńĬĕŀĚŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ5.ȮbarȮ
ŏĮƦĬŏĺĸŅȮ02, 26ȮŐĸŃȮ50ȮĝńŗĺőĴĚȮŒĬŏėĶŊŗŀĚȮHigh pressure reactorȮŐĸŃĻŉĔļŅėņĬĺĦľŅĮĶŇĴŅĦ
ľĴŌƞȮcyclic carbonate  

ĽƞĺĬĪňŗȮ3 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮcarbonated soybean oil (CSBO) 
ĔńĭȮamino silane ĪňŗŐĨĔĨƞŅĚĔńĬȮ2 ĝĬŇħȮėŊŀȮ3-aminopropyltriethoxysilane(U1) ŐĸŃN-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (U2) őħĵŒĝƟĨńĺĪņĸŃĸŅĵȮ2 ĝĬŇħȮėŊŀȮTHF ŐĸŃȮ
DMF ŐĸŃĻŉĔļŅįĸĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane - lignin alkali  

ĽƞĺĬĪňŗȮ4 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮcarbonated soybean oil (CSBO) 
ĔńĭȮDiethylenetriamine (U3)  őħĵŒĝƟĨńĺĪņĸŃĸŅĵȮ2 ĝĬŇħȮėŊŀȮTHF ŐĸŃȮDMF ŐĸŃĻŉĔļŅįĸĔŅĶ
ĽńĚŏėĶŅŃľƢȮpolyurethane - lignin alkaliȮĪňŗĽƞĚįĸĨƞŀĽĴĭńĨŇĔŅĶĵŉħĨŇħ 

ĽƞĺĬĪňŗȮ5 ĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬ ħƟĺĵ
ŏėĶŊŗŀĚȮaccelerated weathering ĨŅĴĴŅĨĶģŅĬȮASTM G/32ȮőħĵŒĬȮ/Ȯcycle ěŃĪņĔŅĶĜŅĵȮUVAȮ
ŏĮƦĬŏĺĸŅȮ6ȮĝńŗĺőĴĚȮŐĸŃŀĵŌƞĳŅĵŒĨƟȮcondensation condition ŏĮƦĬŏĺĸŅȮ2ȮĝńŗĺőĴĚȮőħĵĪņĔŅĶĪħĽŀĭ
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ĪńŘĚľĴħŏĮƦĬŏĺĸŅȮ10 ĺńĬȮ&240 ĝńŗĺőĴĚ' ŐĸƟĺĬņĴŅĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵŏĪėĬŇėȮT-peel ĨŅĴ
ĴŅĨĶģŅĬȮASTM D1876 
4.1 įĸĔŅĶĻŉĔļŅĮĶŇĴŅĦľĴŌƞȮepoxide ĕŀĚ epoxidized soybean oil (ESBO) ħƟĺĵŏĪėĬŇėȮ
Nuclear magnetic resonance (NMR) 

ěŅĔĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮESBO őħĵŒĝƟȮŏĪėĬŇėȮ1H-NMRȮŏĴŊŗŀıŇěŅĶĦŅȮ1H-NMRȮspectrumȮ
ħńĚĶŌĮĪňŗȮ4.1ȮĞŉŗĚĽŅĴŅĶĩŀīŇĭŅĵĨņŐľĬƞĚĕŀĚȮchemical shift œħƟħńĚĨŅĶŅĚĪňŗȮ4.1ȮıĭĺƞŅėƞŅȮchemical 
shift ĪňŗĨņŐľĬƞĚĨƞŅĚȮŕȮŐĽħĚħńĚĨŅĶŅĚĪňŗȮŐĸŃĽŅĴŅĶĩėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮepoxide ěŅĔıŊŘĬĪňŗŒĨƟȮ
peak ĕŀĚȮľĴŌƞȮepoxide ĪňŗĨņŐľĬƞĚȮŭI = 2.85-3.25 ppmȮŐĸŃĨņŐľĬƞĚȮŭK = 5.25 ppmȮĨŅĴ
ĽĴĔŅĶĪňŗȮ1ȮıĭĺƞŅȮESBOȮ1 mol ěŃĴňľĴŌƞȮepoxide 4.25 molȮĞŉŗĚěŃĬņœĮŒĝƟŒĬĔŅĶėņĬĺĦľŅ
ĮĶŇĴŅĦĽŅĶĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢĨŀĬĨƞŀœĮ 

 

 
 

ĶŌĮĪňŗȮ4.1 1H-NMR spectrum ĕŀĚȮESBO 
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ĨŅĶŅĚĪňŗȮ4.1ȮŐĽħĚĨņŐľĬƞĚȮchemical shiftȮŐĸŃĨņŐľĬƞĚĕŀĚőĮĶĨŀĬěŅĔĔŅĶĪħĽŀĭȮNMR ĕŀĚȮ
epoxidized soybean oil (ESBO) 

 
4.2 įĸĔŅĶĽńĚŏėĶŅŃľƢ Carbonated soybean oil (CSBO) őħĵŒĝƟȮZinc GlutarateȮ&ZnGA) 
ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ 

ěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) ěŅĔȮepoxidized soybean oil 
ĪņĮĢŇĔŇĶŇĵŅĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ(CO2) ŐĸŃŒĝƟȮZnGA ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ ĪňŗŀŋĦľĳŌĴŇȮ 
140 ďA ėĺŅĴħńĬĕŀĚŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ70 barȮŏĮƦĬŏĺĸŅȮ24, 48 ŐĸŃ 72 ĝńŗĺőĴĚȮŒĬŏėĶŊŗŀĚȮ
High pressure reactor ľĸńĚěŅĔĽŇŘĬĽŋħĮĢŇĔŇĶŇĵŅŒĬŏĺĸŅĨƞŅĚȮ ŕȮĬņįĸŇĨĳńĦĤƢĪňŗœħƟĴŅĽĔńħĨńĺŏĶƞĚ
ĮĢŇĔŇĶŇĵŅŐĸƟĺȮıĭĺƞŅȮįĸŇĨĳńĦĤƢĪňŗœħƟĴňĽňŏľĸŊŀĚŒĽŏıŇŗĴĕŉŘĬŏĸŖĔĬƟŀĵŏĴŊŗŀŏĪňĵĭĔńĭĽňĕŀĚȮESBO ŐĽħĚħńĚ
ĨŅĶŅĚĪňŗȮ4.2  

ĨņŐľĬƞĚŒĬĶŌĮȮ4.1 ĨņŐľĬƞĚȮchemical shift 
ŭȮ(ppm) 

ĨņŐľĬƞĚĕŀĚőĮĶĨŀĬ 

A 0.85 - 0.95 -CH2-CH3 
B 1.00 - 1.10 -CH2-CH3 
C 1.20 - 1.40 -CH2-CH2- 
D 1.40 - 1.54 -CH2-CHOCH-CH2 
E 1.54 - 1.67 -CH2-CH2-CO- 
F 1.67 - 1.90 -CHOCH-CH2-CHOCH- 
G 2.15 - 2.45 -CH2-CH2-CO-O- 
I 2.85 - 3.25 -CHOCH- 
J 4.10 - 4.45 -CH2-CH-CH2- 
K 5.25 -CH2-CH-CH2- 
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ĨŅĶŅĚĪňŗȮ4.2 ŐĽħĚȮEpoxidized soybean oil ĪňŗįƞŅĬĔŅĶĽńĚŏėĶŅŃľƢŒĬĽĳŅĺŃĨƞŅĚȮŕ 
 

ESBO pure /2.ďA*Ȯ02Ȯfp /2.ȮďA*Ȯ26Ȯfp /2.ȮďA*Ȯ50Ȯfp 

    
 

  

 
   
ĶŌĮĪňŗȮ4.2ȮŐĽħĚȮ1H-NMR spectrumȮĕŀĚĽŅĶĪňŗœħƟěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮĶŃľĺƞŅĚȮESBO ĔńĭȮCO2ȮĪňŗ
ŀŋĦľĳŌĴŇȮ/2.ďAȮėĺŅĴħńĬȮ70 barȮŏĮƦĬŏĺĸŅȮ(a'Ȯ24, (b' 48 ŐĸŃȮ&c'Ȯ72 ĝńŗĺőĴĚȮĨŅĴĸņħńĭ 

 
ŏĴŊŗŀıŇěŅĶĦŅěŅĔȮ1H-NMR spectrumȮħńĚĶŌĮĪňŗȮ4.2ȮıĭȮpeak ŏľĴŊŀĬĔńĭȮESBO ĞŉŗĚŐĽħĚŒľƟ

ŏľŖĬĺƞŅȮĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil őħĵŒĝƟȮZnGA ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ œĴƞĴňĮĢŇĔŇĶŇĵŅ
ŏĔŇħĕŉŘĬŏĬŊŗŀĚěŅĔœĴƞıĭȮpeak ĕŀĚȮcyclic carbonate 

 

&a' &b' 

&c' 
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4.3 įĸĔŅĶĽńĚŏėĶŅŃľƢ carbonated soybean oil (CSBO) őħĵŒĝƟȮtetrabutylammonium 
bromide &TBAB) ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ 

ěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) ěŅĔȮepoxidized soybean oil 
ĪņĮĢŇĔŇĶŇĵŅĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ(CO2) ŐĸŃŒĝƟȮTBAB ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ ĪňŗŀŋĦľĳŌĴŇȮ 
/2.ȮďAȮėĺŅĴħńĬĕŀĚŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ70 barȮŏĮƦĬŏĺĸŅȮ24, 48 ŐĸŃ 72 ĝńŗĺőĴĚȮŒĬŏėĶŊŗŀĚȮ
High pressure reactor ľĸńĚěŅĔĽŇŘĬĽŋħĮĢŇĔŇĶŇĵŅŒĬŏĺĸŅĨƞŅĚȮŕȮıĭĺƞŅįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟĴň
ĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺĽňĬŘņĨŅĸȮŐĽħĚħńĚĨŅĶŅĚĪňŗȮ4.3 ŐĸŃĮĢŇĔŇĶŇĵŅĪňŗŏĔŇħĕŉŘĬŐĽħĚŒĬĶŌĮĪňŗȮ4.3 

 

 
ĶŌĮĪňŗȮ4.3ȮŐĽħĚĮĢŇĔŇĶŇĵŅĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) 

 
ĨŅĶŅĚĪňŗȮ4.3ȮŐĽħĚĸńĔļĦŃĪŅĚĔŅĵĳŅıȮĕŀĚȮcarbonated soybean oil ĪňŗįƞŅĬĔŅĶĽńĚŏėĶŅŃľƢŏĮƦĬ
ŏĺĸŅȮ24, 48 ŐĸŃȮ72 ĝńŗĺőĴĚ 

ESBO pure /2.ďA*Ȯ02Ȯfp /2.ȮďA*Ȯ26Ȯfp /2.ȮďA*Ȯ50Ȯfp 

    
 

4.3.1 įĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮcarbonated soybean oilȮ(CSBO) ĪňŗĽńĚŏėĶŅŃľƢ
ħƟĺĵŏĪėĬŇėȮRAMAN spectroscopy 
 ěŅĔĔŅĶĬņȮCSBO ĪňŗĪņĽńĚŏėĶŅŃľƢŏĮƦĬŏĺĸŅȮ72 ĝńŗĺőĴĚȮŐĸŃįƞŅĬĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŀŀĔ
őħĵŒĝƟȮethyl acetate ŐĸŃĬŘņĔĸńŗĬŐĸƟĺȮĬņĴŅĪħĽŀĭħƟĺĵŏĪėĬŇėȮRAMAN spectroscopyȮŏĪňĵĭĔńĭȮ
TBAB ŐĸŃȮESBOȮħńĚĶŌĮĪňŗȮ2.4 ıĭĺƞŅȮRAMAN spectrum ĕŀĚȮCSBO ĪňŗįƞŅĬĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅ
ŀŀĔŐĸƟĺȮıĭıňėȮC=O cyclic carbonate ĪňŗȮ/4..-/6..Ȯcm-/ȮŐĨƞœĴƞıĭȮpeak C-C Aliphatic 
chain ĪňŗȮ265 cm-1 ĞŉŗĚŏĮƦĬȮpeak ŏŀĔĸńĔļĦƢĕŀĚȮTBAB ŐĸŃœĴƞıĭıňėȮC-O ĕŀĚȮepoxide ĪňŗȮ1260 
ŐĸŃȮ1280 cm-1 ĞŉŗĚĽŀħėĸƟŀĚĔńĭĚŅĬĺŇěńĵĕŀĚȮMoritz Bahr ŐĸŃȮRolf Mulhaupt [12] ŐĸŃ
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ĚŅĬĺŇěńĵĕŀĚȮAlbert Lee ŐĸŃȮYulin Deng [13] ħńĚĬńŘĬĽŅĴŅĶĩĵŊĬĵńĬœħƟĺƞŅȮĽŅĴŅĶĩĽńĚŏėĶŅŃľƢȮ
CSBO ŐĸŃĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŀŀĔěŅĔȮCSBO œħƟȮŐĸŃĪņĔŅĶĵŊĬĵńĬŀňĔėĶńŘĚŒĬĔŅĶĪħĽŀĭȮFTIR ŐĸŃȮ
1H-NMR ĨƞŀœĮ 

 
ĶŌĮĪňŗȮ2.4 ŐĽħĚȮRAMAN spectra ĕŀĚȮTBAB, ESBO ŐĸŃȮCSBOȮĪňŗŏĺĸŅŒĬĔŅĶĪņĮĢŇĔŇĶŇĵŅȮ 

72 ĝńŗĺőĴĚ   
 

4.3.2 įĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮcarbonated soybean oilȮ(CSBO) ĪňŗĽńĚŏėĶŅŃľƢ
ħƟĺĵŏĪėĬŇėȮFourier Transform Infrared (FTIR) 
 ěŅĔĔŅĶĪħĽŀĭȮCSBO ħƟĺĵŏĪėĬŇėȮFTIR ŏĴŊŗŀıŇěŅĶĦŅȮFTIR Spectra ĕŀĚȮCSBO  
ŏĮĶňĵĭŏĪňĵĭĔńĭȮESBO ħńĚŐĽħĚŒĬĶŌĮĪňŗȮ4.5 ıĭȮpeak ĕŀĚȮC=O stretching ĪňŗȮ1802 cm-1 ŐĸŃœĴƞ
ıĭȮpeak ĕŀĚȮC-O ĪňŗȮ831 cm-1 ŏĮƦĬȮpeak ŏŀĔĸńĔļĦƢĕŀĚľĴŌƞȮepoxide ŐĽħĚŒľƟŏľŖĬĺƞŅľĴŌƞȮ
epoxide ĕŀĚȮESBO ĽŅĴŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĔńĭŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮħńĚŐĽħĚŒĬĶŌĮĪňŗȮ4.3ȮȮœħƟ
įĸŇĨĳńĦĤƢŏĮƦĬȮcarbonated soybean oilȮĞŉŗĚěŃĵŊĬĵńĬŀňĔėĶńŘĚŒĬĔŅĶĪħĽŀĭħƟĺĵŏĪėĬŇėȮ1H-NMR 

1000 2000 3000 4000
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y
 

Raman shift (cm-1)

TBAB

ESBO

CSBO

265 cm-1 

1260, 1280 cm-1 

1600-1800 cm-1 
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ĶŌĮĪňŗȮ4.5 FTIR Spectra ĕŀĚȮESBO ŐĸŃȮCSBO ĪňŗŏĺĸŅŒĬĔŅĶĪņĮĢŇĔŇĶŇĵŅȮ 

72 ĝńŗĺőĴĚ   
 

4.3.3 įĸĔŅĶĻŉĔļŅőėĶĚĽĶƟŅĚŐĸŃȮ%yield ĕŀĚȮcarbonated soybean oilȮĪňŗ
ĽńĚŏėĶŅŃľƢħƟĺĵŏĪėĬŇėȮNuclear magnetic resonance (NMR) 

 ĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮCSBO ĪňŗĽńĚŏėĶŅŃľƢœħƟħƟĺĵŏĪėĬŇėȮ1H-NMR őħĵŒĬĔŅĶĪħĽŀĭŒĝƟ
ĽŅĶĨńĺŀĵƞŅĚĮĶŇĴŅĦȮ3-5 ĴŇĸĸŇĔĶńĴŐĸŃĽŅĶĸŃĸŅĵĪňŗŒĝƟėŊŀȮdeuterated chloroform (CDCl3) ŏĴŊŗŀ
ıŇěŅĶĦŅȮ1H-NMRȮspectrum ĪňŗœħƟěŅĔĔŅĶĪħĽŀĭȮCSBO ĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬŏĺĸŅĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅ
ĨƞŅĚȮŕȮıĭĺƞŅȮėƞŅȮchemical shift ĪňŗĨņŐľĬƞĚĨƞŅĚȮŕȮŐĽħĚħńĚŒĬĶŌĮĪňŗȮ4.6ȮĞŉŗĚĽŅĴŅĶĩŀīŇĭŅĵĨņŐľĬƞĚ
ĕŀĚȮchemical shift œħƟħńĚĨŅĶŅĚĪňŗȮ4.4Ȯ 
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(a) 

(b) 
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ĶŌĮĪňŗȮ4.6ȮŐĽħĚȮ1H-NMR spectrumȮĕŀĚ ĽŅĶĪňŗœħƟěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮĶŃľĺƞŅĚȮESBO ĔńĭȮCO2ȮĪňŗ

ŀŋĦľĳŌĴŇȮ/2.ďAȮŏĮƦĬŏĺĸŅȮ(a'Ȯ24, (b' 48 ŐĸŃȮ&c'Ȯ72 ĝńŗĺőĴĚȮĨŅĴĸņħńĭ 
 
ĨŅĶŅĚĪňŗȮ4.4ȮŐĽħĚĨņŐľĬƞĚȮchemical shiftȮŐĸŃĨņŐľĬƞĚĕŀĚőĮĶĨŀĬěŅĔĔŅĶĪħĽŀĭȮNMR ĕŀĚȮ
carbonated soybean oilȮ(CSBO) 
ĨņŐľĬƞĚŒĬĶŌĮȮ4.1 ĨņŐľĬƞĚȮchemical shift : ŭȮ

(ppm) 
ĨņŐľĬƞĚĕŀĚőĮĶĨŀĬ 

A 0.85 - 0.95 -CH2-CH3 
B 1.00 - 1.10 -CH2-CH3 
C 1.20 - 1.40 -CH2-CH2- 
E 1.54 - 1.67 -CH2-CH2-CO- 
G 2.15 - 2.45 -CH2-CH2-CO-O- 
I 2.85 - 3.25 -CHOCH- 
J 4.10 - 4.45 -CH2-CH-CH2- 
M 4.45 - 5.10 Cyclic carbonate group 
K 5.25 -CH2-CH-CH2- 
  

 

(c) 
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 ĞŉŗĚěŅĔįĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢȮCSBO ħƟĺĵŏĪėĬŇėȮ1H-NMRȮıĭĺƞŅȮCSBO ĪňŗŒĝƟŏĺĸŅŒĬĔŅĶ
ĽńĚŏėĶŅŃľƢȮ24, 48 ŐĸŃȮ72 ĝńŗĺőĴĚȮıĭĨņŐľĬƞĚĕŀĚȮChemical shift ĪňŗĨņŐľĬƞĚĨƞŅĚȮŕȮŏľĴŊŀĬĔńĬȮ
ħńĚŐĽħĚŒĬĨŅĶŅĚĪňŗȮ4.4ȮĞŉŗĚıĭȮchemical shift ĕŀĚȮcyclic carbonate ĪňŗȮŭM = 4.45-5.10 ppm 
ŐĸŃœĴƞıĭ chemical shift ĕŀĚȮepoxideȮŭI = 2.85-3.25 ppm ŐĽħĚĺƞŅįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟ
őħĵŒĝƟȮTBAB ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮėŊŀȮCSBO  
 ěŅĔįĸĔŅĶĪħĽŀĭħƟĺĵŏĪėĬŇėȮNMR ĽŅĴŅĶĩėņĬĺĬľŅ %yield ĕŀĚȮcyclic carbonate 
ĪňŗŏĔŇħĕŉŘĬŒĬĔŅĶĽńĚŏėĶŅŃľƢĪňŗŏĺĸŅĨƞŅĚȮŕȮěŅĔıŊŘĬĪňŗŒĨƟıňėœħƟȮıĭĺƞŅĮĶŇĴŅĦĕŀĚȮcyclic carbonateȮĪňŗ
ĽńĚŏėĶŅŃľƢœħƟȮėŊŀȮ0.75, 1.86 ŐĸŃȮ2.66 mol ĨŅĴĽĴĔŅĶĪňŗȮ2 ĞŉŗĚĽŅĴŅĶĩėŇħŏĮƦĬȮ% yield œħƟĨŅĴ
ĽĴĔŅĶĪňŗȮ3ȮŏĪƞŅĔńĭȮ17.65, 43.75 ŐĸŃȮ62.59% ĨŅĴŏĺĸŅŒĬĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĪňŗȮ24, 48 ŐĸŃȮ72 
ĝńŗĺőĴĚĨŅĴĸņħńĭȮħńĚĬńŘĬįŌƟĪņĺŇěńĵěŉĚœħƟŏĸŊŀĔŒĝƟȮCSBO ĪňŗĴňȮ% yield ĕŀĚȮcyclic carbonate ĪňŗĴŅĔ
ĪňŗĽŋħȮĬńŗĬėŊŀĔŅĶĽńĚŏėĶŅŃľƢĪňŗŏĺĸŅȮ72 ĝńŗĺőĴĚȮœĮŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇĵŌĶňŏĪĬŒĬĨŀĬĨƞŀœĮȮ 
 
4.4 įĸĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮcarbonated soybean oil (CSBO) ĔńĭȮ
amino silane  

 ěŅĔĔŅĶĽńĚŏėĶŅŃľƢ polyurethaneȮőħĵĪņĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮcarbonated soybean oilȮĔńĭȮ
amino silane 2 ĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬȮėŊŀȮ&1-aminopropyl) triethoxysilaneȮ(U1) ĔńĭȮN-(2-
aminoethyl)-3-aminopropyl trimethoxysilane (U2) ŒĬŀńĨĶŅĽƞĺĬĶŃľĺƞŅĚľĴŌƞȮNH2 ĔńĭȮcyclic 
carbonateȮŏĮƦĬȮ1 : 1 mol ŒĬĨńĺĪņĸŃĸŅĵȮ2 ĝĬŇħȮėŊŀȮTHF ŐĸŃȮDMF ĪňŗŀŋĦľĳŌĴŇȮ70ȮďC ŏĮƦĬŏĺĸŅȮ
3 ĝńŗĺőĴĚȮĞŉŗĚľĸńĚěŅĔĪňŗŀĭœĸƞĨńĺĪņĸŃĸŅĵŐĸƟĺȮıĭĺƞŅ U1THF U1DMF U2THF ŐĸŃȮU2DMFȮĴň
ĸńĔļĦŃŏĮƦĬĲƕĸƢĴȮŏĮĶŅŃȮĽňŏľĸŊŀĚŒĽȮŏľĴŊŀĬĔńĬĪńŘĚľĴħȮŐĽħĚħńĚĶŌĮĪňŗȮ2.7 
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ĶŌĮĪňŗȮ2.7 ŐĽħĚĸńĔļĦŃĪŅĚĔŅĵĳŅıĕŀĚȮ(a) U/THF (b) U/DMF (c) U0THF ŐĸŃȮ(d) U0DMF 

 
4.4.1 įĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮpolyurethane ħƟĺĵŏĪėĬŇėȮFourier transform 

infrared (FTIR) 
ěŅĔįĸĔŅĶĪħĽŀĭȮFTIR ĕŀĚĪńŘĚȮ4 ĨńĺŀĵƞŅĚȮėŊŀ U1THF, U1DMF, U2THF ŐĸŃȮU2DMF 

ŏĪňĵĭĔńĭȮCSBO ŐĽħĚħńĚĶŌĮĪňŗȮ2.8Ȯıĭ peak ĪňŗĽņėńĠȮħńĚĬňŘȮpeak ĕŀĚȮC=O stretching ĪňŗȮ1660 -
1700 cm-1, peak ĕŀĚȮC-N stretchingȮĪňŗ 1550-1580 cm-1 ŐĸŃ peak ĕŀĚȮN-H stretching Īňŗ 
3400 cm-1 ĞŉŗĚĪńŘĚľĴħėŊŀȮpeak ŏŀĔĸńĔļĦƢĕŀĚȮurethane linkage ŐĸŃıĭĺƞŅȮpeak C=O 
stretching ĪňŗȮ1800 cm-1 ĞŉŗĚėŊŀȮpeak ŏŀĔĸńĔļĦƢĕŀĚȮcyclic carbonate ĴňȮIntensity ĪňŗĸħĸĚ
ŀĵƞŅĚŏľŖĬœħƟŒĝƟĝńħȮĞŉŗĚŐĽħĚŒľƟŏľŖĬĺƞŅȮľĴŌƞȮNH2 ŏĔŇħĮĢŇĔŇĶŇĵŅĔńĭȮcyclic carbonate ŐĸŃĪņŒľƟŏĔŇħŏĮƦĬȮ
urethane linkageȮőħĵįƞŅĬĮĢŇĔŇĶŇĵŅȮring opening ŀňĔĪńŘĚĵńĚıĭȮpeak Si-O-Si stretching Īňŗ 
1143 cm-1 ŐĸŃȮ1037 cm-1 ŏĬŊŗŀĚěŅĔĴňėĺŅĴĝŊŘĬŒĬĮĢŇĔŇĶŇĵŅĽƞĚįĸŒľƟŏĔŇħĮĢŇĔŇĶŇĵŅȮhydrolysis ĕŀĚȮ 
(3-Aminopropyl) triethoxysilane ŐĸŃ N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 
ĶƞĺĴħƟĺĵěŉĚĪņŒľƟŏĔŇħŏĮĸňŗĵĬľĴŌƞěŅĔȮOCH2 ŐĸŃȮOCH3 ŏĮƦĬȮSi-OH ĞŉŗĚĺƞŀĚœĺĨƞŀĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅ self-
condensation ĶŃľĺƞŅĚȮSi-OH ŏĮƦĬőėĶĚĽĶƟŅĚȮsiloxaneȮĞŉŗĚĽŀħėĸƟŀĚĔńĭĚŅĬĺŇěńĵĕŀĚĚŅĬĺŇěńĵĕŀĚȮ
Albert Lee ŐĸŃȮYulin Deng [13]ȮěŉĚĽƞĚįĸŒľƟĝŇŘĬĚŅĬȮU1THF U1DMF U2THF ŐĸŃȮU2DMF Ĵň
ĸńĔļĦŃŏĮƦĬĲƕĸƢĴœħƟ ĞŉŗĚĔĸœĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅȮŐĽħĚĶŌĮĪňŗ 4.9 

 

(a) 

(c) 

(b) 

(d) 
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ĶŌĮĪňŗȮ2.8 ŐĽħĚȮFTIR spectra ĕŀĚȮCSBO, U1THF, U1DMF, U2THF ŐĸŃȮU2DMF 
 

 
 

ĶŌĮĪňŗ 4.9 ĔĸœĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅȮself-condensation ĶŃľĺƞŅĚȮSi-OH ĕŀĚȮsilane [21] 
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4.4.2 įĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚȮU1THF, U1DMF, U2THF ŐĸŃȮU2DMF 
ĽņľĶńĭĲƕĸƢĴȮcellophane ŐĸŃȮLDPE 

ŏĴŊŗŀĬņȮU1THF, U1DMF, U2THF ŐĸŃȮU2DMFȮĪňŗĽńĚŏėĶŅŃľƢœħƟȮĮĶŇĴŅĦȮ0.1 gȮĪŅĸĚĭĬ
ĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ŐĸƟĺŀĭŒĬĨŌƟŀĭŏıŊŗŀœĸƞĨńĺĪņĸŃĸŅĵȮŏĮƦĬŏĺĸŅȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚȮ
ěŅĔĬńŘĬĬņĴŅĪħĽŀĭȮT-peel test ĨŅĴĴŅĨĶģŅĬȮASTMD 1876 ĞŉŗĚıĭĺƞŅȮU1THF, U1DMF, 
U2THF ŐĸŃȮU2DMF ĔŅĺĪńŘĚȮ4 ĝĬŇħĬňŘĴňĸńĔļĦŃŐľƟĚȮŐĸŃŏĴŊŗŀĬņĮĸŅĵĬŇŘĺĽńĴįńĽœĴƞĴňĔŅĺĨŇħĮĸŅĵĬŇŘĺȮ
ŐĸŃėƞŅȮT-peel force ŐĽħĚħńĚĨŅĶŅĚĪňŗȮ4.5 

 
ĨŅĶŅĚĪňŗȮ2.5 ŐĽħĚįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚ U1THF, U1DMF, U2THF ŐĸŃȮU2DMF 
ĽņľĶńĭĲƕĸƢĴȮcellophane ŐĸŃȮLDPE  

  
ěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮCSBO ŐĸŃȮamino silane ıĭĺƞŅȮĸńĔļĦŃĪŅĚ

ĔŅĵĳŅıĕŀĚĽŅĶœĴƞŏľĴŅŃĔńĭĔŅĶĬņœĮŒĝƟŏĮƦĬĔŅĺȮěĶŇĚœħƟĴňĔŅĶŏĮĸňŗĵĬĽŅĶěŅĔȮamino silaneȮœĮŏĮƦĬȮ
Diethylene triamine ĞŉŗĚěŃĪņĔŅĶĻŉĔļŅŒĬĨŀĬĨƞŀœĮ 
 
 

ĝŇŘĬĚŅĬ Substate 
T-peel force (N) 

1 ĝńŗĺőĴĚ 2 ĝńŗĺőĴĚ 3 ĝńŗĺőĴĚ 

U1THF LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

 Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

U1DMF LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

 Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

U2THF LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

 Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

U2DMF LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

 Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 
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4.5 įĸĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮcarbonated soybean oil (CSBO) Ĕńĭ 
diethylene triamine  

ěŅĔĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane őħĵĪņĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮcarbonated soybean oilȮĔńĭȮ
Diethylene triamine (U3) ŒĬŀńĨĶŅĽƞĺĬĶŃľĺƞŅĚľĴŌƞȮNH2 ĔńĭȮcyclic carbonateȮŏĮƦĬȮ1 : 1 mol 
ŒĬĨńĺĪņĸŃĸŅĵȮ2 ĝĬŇħȮėŊŀȮTHF ŐĸŃȮDMF ĪňŗŀŋĦľĳŌĴŇȮ70ȮďC ŏĮƦĬŏĺĸŅȮ3 ĝńŗĺőĴĚȮĞŉŗĚľĸńĚěŅĔĪňŗŀĭœĸƞ
ĨńĺĪņĸŃĸŅĵŐĸƟĺȮıĭĺƞŅ U3THF ŐĸŃȮU3DMFȮĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħȮĽňŏľĸŊŀĚŏĕƟĴȮŐĽħĚħńĚĶŌĮ
ĪňŗȮ2.10 
 

   
 

ĶŌĮĪňŗȮ2.10 ŐĽħĚĸńĔļĦŃĪŅĚĔŅĵĳŅıĕŀĚȮ(a) U3THF ŐĸŃȮ(b) U3DMF  
 

4.5.1 įĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮPolyurethane ħƟĺĵŏĪėĬŇėȮFourier Transform 
Infrared (FTIR) 

ěŅĔįĸĔŅĶĪħĽŀĭȮFTIR ĕŀĚ U3THF ŐĸŃ U3DMFȮŏĪňĵĭĔńĭȮCSBO ŐĽħĚħńĚĶŌĮĪňŗȮ2.11Ȯ
ıĭ peak ĪňŗĽņėńĠȮħńĚĬňŘȮpeak ĕŀĚȮC=O stretching ĪňŗȮ1660 -1700 cm-1, peak ĕŀĚȮC-N 
stretchingȮĪňŗ 1550 - 1580 cm-1 ŐĸŃ peak ĕŀĚȮN-H stretching Īňŗ 3400 cm-1 ĞŉŗĚĪńŘĚľĴħėŊŀȮ
peak ŏŀĔĸńĔļĦƢĕŀĚȮurethane linkage ŐĸŃıĭĺƞŅȮpeak C=O stretching ĪňŗȮ1800 cm-1 ĞŉŗĚėŊŀȮ
peak ŏŀĔĸńĔļĦƢĕŀĚȮcyclic carbonate ĴňȮIntensity ĪňŗĸħĸĚŀĵƞŅĚŏľŖĬœħƟŒĝƟĝńħȮĞŉŗĚŐĽħĚŒľƟŏľŖĬĺƞŅȮ
ľĴŌƞȮNH2 ŏĔŇħĮĢŇĔŇĶŇĵŅĔńĭȮcyclic carbonate ŐĸŃĪņŒľƟŏĔŇħŏĮƦĬȮurethane linkageȮőħĵįƞŅĬ
ĮĢŇĔŇĶŇĵŅȮring opening  

(a) (b) 
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ĶŌĮĪňŗȮ2.11ȮŐĽħĚȮFTIR spectra ĕŀĚȮCSBO, U3THF ŐĸŃ U3DMF 

 
4.5.2 įĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚȮU3THF ŐĸŃ U3DMF ĽņľĶńĭĲƕĸƢĴȮ

cellophane ŐĸŃȮLDPE 
ĬņȮU3THF ŐĸŃ U3DMFȮĪňŗĽńĚŏėĶŅŃľƢœħƟȮĮĶŇĴŅĦȮ0.1 gȮĪŅĸĚĭĬĲƕĸƢĴȮcellophane ŐĸŃȮ

LDPE ŐĸƟĺŀĭŒĬĨŌƟŀĭȮŏıŊŗŀœĸƞĨńĺĪņĸŃĸŅĵȮŏĮƦĬŏĺĸŅȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚȮĪňŗŀŋĦľĳŌĴŇȮ70 ďCȮĽņľĶńĭ
ĝŇŘĬĚŅĬȮU3THF ŐĸŃĪňŗŀŋĦľĳŌĴŇȮ90 ďCȮĽņľĶńĭĝŇŘĬĚŅĬȮU3DMF ěŅĔĬńŘĬĬņĴŅĪħĽŀĭȮT-peel test 
ĨŅĴĴŅĨĶģŅĬȮASTM D1876 ĞŉŗĚıĭĺƞŅȮĲƕĸƢĴĪňŗĪŅħƟĺĵĔŅĺȮU3THF ĴňėƞŅȮT-peel force ĽŌĚĔĺƞŅȮ
U3DMF ĪńŘĚŏĺĸŅŒĬĔŅĶŀĭȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚħńĚĨŅĶŅĚĪňŗȮ2.6 ŏĴŊŗŀıŇěŅĶĦŅŏĮĶňĵĭŏĪňĵĭĔńĭ
įĸĪħĽŀĭȮGPC ħńĚŐĽħĚŒĬĶŌĮĪňŗȮ2.12 ěŃŏľŖĬœħƟĺƞŅȮU3THFȮĴňĬŘņľĬńĔőĴŏĸĔŋĸŏĜĸňŗĵȮ1573 g/mol 
ŐĸŃĴňĭŅĚőĴŏĸĔŋĸĪňŗĴňĬŘņľĬńĔőĴŏĸĔŋĸŏĜĸňŗĵȮ2280 g/molȮĞŉŗĚŐĽħĚŒľƟŏľŖĬĺƞŅȮdiethylenetriamine Īňŗ
ŏĨŇĴĸĚœĮĽŅĴŅĶĩŏĔŇħŏĮƦĬȮurethane linkage œħƟĪńŘĚȮ1 ŐĸŃȮ2 ĨņŐľĬƞĚȮĨĶĚȮNH2 ĪňŗŀĵŌƞĪňŗĮĸŅĵĕŀĚ
őĴŏĸĔŋĸȮĞŉŗĚĽŀħėĸƟŀĚĔńĭįĸĔŅĶĺńħėĺŅĴľĬŊħħƟĺĵȮubbelohde viscometer ĪňŗŐĽħĚħńĚĨŅĶŅĚĪňŗȮ2.7Ȯ
ıĭĺƞŅȮU3THFȮĴňėƞŅȮIntrinsic viscosity ĪňŗĽŌĚĔĺƞŅȮESBO ŐĸŃȮCSBOȮĽƞĺĬȮU3DMF ĴňĬŘņľĬńĔőĴŏĸĔŋĸ
ŏĜĸňŗĵȮ1412 g/mol ŐĸŃıĭĺƞŅ U3DMF ĔŖĴňĭŅĚőĴŏĸĔŋĸĪňŗĴňĬŘņľĬńĔőĴŏĸĔŋĸŏĜĸňŗĵĮĶŃĴŅĦȮ2000 
g/mol ĪňŗŏĔŇħȮurethane linkage ĪńŘĚȮ2 ĨņŐľĬƞĚŏĝƞĬŏħňĵĺĔńĭȮU3THF ŐĨƞĴňěņĬĺĬĬƟŀĵĔĺƞŅȮħńĚĬńŘĬȮ
ĔŅĺȮU3THFȮĪňŗĴňĬŘņľĬńĔőĴŏĸĔŋĸĴŅĔĔĺƞŅěŉĚȮĴňėƞŅȮT-peel force ŒĬĔŅĶĸŀĔĝŇŘĬĚŅĬĴŅĔĔĺƞŅȮ 
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ĨŅĶŅĚĪňŗȮ2.6ȮŐĽħĚįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚ U3THF ŐĸŃ U3DMF ĽņľĶńĭĲƕĸƢĴȮ
cellophane ŐĸŃȮLDPE 

 

 
 

 
Ȯ 

ĝŇŘĬĚŅĬ Substate 
T-peel force (N) 

1 ĝńŗĺőĴĚ 2 ĝńŗĺőĴĚ 3 ĝńŗĺőĴĚ 

U3THF LDPE 0.48 0.69 0.84 

 Cellophane 0.53 0.74 0.91 

U3DMF LDPE 0.22 0.25 0.33 

 Cellophane 0.25 0.28 0.38 

(a) 
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ĶŌĮĪňŗȮ2.12 ĬŘņľĬńĔőĴŏĸĔŋĸĕŀĚȮ(a)U3THF ŐĸŃȮ(b)U3DMF ħƟĺĵŏĪėĬŇėȮGPC  

 
ĨŅĶŅĚĪňŗȮ2.7 ŐĽħĚėƞŅȮintrinsic viscosityȮĪňŗĺńħěŅĔȮUbbelohde viscometer 

sample Conc.(g/dL) reduce viscosity intrinsic viscosity (dL/g) 

ESBO /,.366 .,./35 .,.096 
 0,/./0 .,./67  

 1,/250 .,.042  

    

CSBO /,./06 .,.01/ .,./50 
 0,.7.. .,.055  

 1,//70 .,.124  

    

U3THF .,7371 .,.533 .,.505 
 /,7071 .,/./.  

 1,/6.. .,.750  

(b) 
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4.6 įĸĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane - lignin   
 įŌƟĺŇěńĵœħƟĻŉĔļŅĔŅĶŏĨŇĴȮlignin alkali ŏĬŊŗŀĚěŅĔėŅħĺƞŅĔŅĶŏıŇŗĴĮĶŇĴŅĦ lignin alkali ĽŅĴŅĶĩ
ŏıŇŗĴĮĶŇĴŅĦĺńĽħŋģŅĬĝňĺĳŅıȮŐĸŃŏıŇŗĴĬŘņľĬńĔőĴŏĸĔŋĸŒľƟĔńĭȮpolyurethane - lignin œħƟȮŏĴŊŗŀĪņ
ĮĢŇĔŇĶŇĵŅĪňŗŀŋĦľĳŌĴŇȮ73ďAȮŏĮƦĬŏĺĸŅȮ16 ĝńŗĺőĴĚȮıĭĺƞŅȮU1THF - lignin ŐĸŃȮU2THF - lignin ŏĮƦĬ
ĕŀĚŏľĸĺĽňĬŘņĨŅĸĪňŗĴňĔŅĶŐĵĔŏĮƦĬȮ2 ĝńŘĬȮĝńŘĬĸƞŅĚĴňĽňĬŘņĨŅĸŏĕƟĴĔĺƞŅĝńŘĬĭĬ ěŅĔĬńŘĬĬņœĮŀĭŒĬĨŌƟŀĭĪňŗ
ŀŋĦľĳŌĴŇȮ70ďCȮŏĮƦĬŏĺĸŅȮ3  ĝńŗĺőĴĚŐĸƟĺȮıĭĺƞŅĝŇŘĬĚŅĬȮU1THF - lignin ŐĸŃȮU2THF - lignin Ĵň
ĸńĔļĦŃŐĵĔŏĲĽĔńĬȮĶŃľĺƞŅĚȮlignin ĔńĭȮpolyurethan ĪňŗĴňĽňŏľĸŊŀĚȮŐĽħĚħńĚĶŌĮĪňŗȮ2.13ȮĽƞĺĬŏĴŊŗŀŏĨŇĴȮ
lignin alkaline ĸĚŒĬȮU1DMFȮŐĸŃȮU2DMF ŏĴŊŗŀĪņĮĢŇĔŇĶŇĵŅĪňŗŀŋĦľĳŌĴŇȮ73ďAȮŏĮƦĬŏĺĸŅȮ16 ĝńŗĺőĴĚ Ȯ
ĝŊŘĬĚŅĬȮU1DMF-lignin ŐĸŃȮU2DMF - ligninȮĴňĸńĔļĦŃŏĮƦĬĲƕĸƢĴŐĸŃŏĬŊŘŀŏħňĵĺĔńĬȮĽňĬŘņĨŅĸȮŐĽħĚŒľƟ
ŏľŖĬĺƞŅȮĨńĺĪņĸŃĸŅĵȮDMF ŏĮƦĬĨńĺĪņĸŃĸŅĵĪňŗŏľĴŅŃĽĴĔĺƞŅĨńĺĪņĸŃĸŅĵȮTHF  
 

       
 

       
 

ĶŌĮĪňŗȮ2.13 ŐĽħĚĸńĔļĦŃĪŅĚĔŅĵĳŅıĕŀĚȮ(a)U/THF - lignin  (b)U/DMF - lignin  
(c)U0THF - lignin  ŐĸŃȮ(d)U0DMF - lignin   

 
 įĸĔŅĶĽńĚŏėĶŅŃľƢȮU3THF - lignin ŐĸŃȮU3DMF - lignin ıĭĺƞŅįĸŇĨĳńĦĤƢĪňŗœħƟĴňĸńĔļĦŃ
ŏĮƦĬĕŀĚŏľĸĺľĬŊħȮŏľĴŊŀĬĔńĭȮU3THFȮŐĸŃȮU3DMFȮŐĨƞȮU3THF - lignin ĴňĸńĔļĦŃŐĵĔŏĲĽĔńĬȮ
ĶŃľĺƞŅĚȮlignin ĔńĭȮU3THF ŏĝƞĬŏħňĵĺĔńĭȮU1THF - lignin ŐĸŃȮU2THF - ligninȮħńĚĶŌĮĪňŗȮ2.14 ĞŉŗĚ
ŐĽħĚŒľƟŏľŖĬĺƞŅȮĨńĺĪņĸŃĸŅĵȮDMF ĔŖĵńĚėĚŏľĴŅŃĽĴĔńĭȮlignin alkali ĴŅĔĔĺƞŅȮĨńĺĪņĸŃĸŅĵȮTHF 

(a) 

(c) 

(b) 

(d) 
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ĶŌĮĪňŗȮ2.14 ŐĽħĚĸńĔļĦŃĪŅĚĔŅĵĳŅıĕŀĚȮ(a) U3THF-lignin  ŐĸŃȮ (b) U-DMF-lignin  
 

4.6.1 įĸĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚȮpolyurethane - ligninȮħƟĺĵŏĪėĬŇėȮFourier 
Transform Infrared (FTIR) 

ěŅĔįĸĔŅĶĪħĽŀĭȮFTIR ĕŀĚȮpolyurethane - ligninȮĪńŘĚȮ3 ĨńĺŀĵƞŅĚȮėŊŀ U1DMF ů 
lignin, U2DMF - lignin ŐĸŃȮU3DMF - lignin ŐĽħĚħńĚĶŌĮĪňŗȮ2.15,ȮĶŌĮĪňŗȮ2.16ȮŐĸŃȮĶŌĮĪňŗȮ2.17
ĨŅĴĸņħńĭȮıĭĺƞŅȮU1DMF - lignin, U2DMF - lignin ŐĸŃȮU3DMF - lignin ıĭȮpeak ĪňŗĽŀħėĸƟŀĚ
ĔńĭȮU1DMF U2DMF ŐĸŃ U3DMFȮėŊŀ peak ĕŀĚȮC=O stretching ĪňŗȮ1660 - 1700 cm-1, peak 
ĕŀĚȮC-N stretchingȮĪňŗ 1550 - 1580 cm-1 ŐĸŃ peak ĕŀĚȮN-H stretching Īňŗ 3400 cm-1 ĞŉŗĚ
ĪńŘĚľĴħėŊŀȮpeak ŏŀĔĸńĔļĦƢĕŀĚȮurethane linkage ŐĸŃıĭĺƞŅȮpeakȮ1700 cm-1 ĪňŗıĭŒĬȮU1DMF 
ŐĸŃ U2DMF ŏĔŇħĔŅĶ shift ĴŅĪňŗĨņŐľĬƞĚȮ1665 cm-1 ŏĬŊŗŀĚěŅĔŏĔŇħĔŅĶĶĺĴıňėĔńĭȮpeak ĕŀĚȮ 
C=C aromatic lignin ĪňŗĮĶŃĴŅĦȮ1600Ȯcm-1 

 

(a) (b) 
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ĶŌĮĪňŗȮ2.15 FTIR spectra ĕŀĚȮlignin alkali, U1DMF ŐĸŃȮU1DMF - lignin  

 
 ĶŌĮĪňŗȮ2.16 FTIR spectra ĕŀĚȮlignin alkali, U2DMF ŐĸŃȮU2DMF - lignin 
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ĶŌĮĪňŗȮ2.17 FTIR spectra ĕŀĚȮlignin alkali, U3DMF ŐĸŃȮU3DMF - lignin 

 
ĽƞĺĬįĸĔŅĶĪħĽŀĭȮFTIR ĕŀĚȮpolyurethane - ligninȮĪńŘĚȮ2 ĨńĺŀĵƞŅĚȮU1DMF - lignin 

ŐĸŃ U2DMF - ligninȮĵńĚıĭĺƞŅȮpeak Īňŗ 1000 - 1200 cm-1 ĴňȮIntensity ĪňŗŏıŇŗĴĕŉŘĬȮŏĬŊŗŀĚěŅĔĴňĬŘņ
ŒĬĮĢŇĔŇĶŇĵŅĽƞĚįĸŒľƟŏĔŇħĮĢŇĔŇĶŇĵŅȮhydrolysis ĕŀĚȮ(3-Aminopropyl)triethoxysilane ŐĸŃ N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane  ĪņŒľƟŏĔŇħŏĮĸňŗĵĬľĴŌƞěŅĔȮOCH2 ŐĸŃȮOCH3 ŏĮƦĬȮ
Si-OH ěŅĔĬńŘĬŏĔŇħȮH-bonding ŐĸŃŏĔŇħıńĬīŃȮcovalent ĔńĭȮligninȮalkali ĔĸœĔĔŅĶĮĢŇĔŇĶŇĵŅŐĽħĚ
ĶŌĮĪňŗȮ4.18ȮŐĽħĚĺƞŅȮamino silane ĪńŘĚȮ2 ĪņľĬƟŅĪňŗŏĮƦĬȮcoupling agent ĶŃľĺƞŅĚȮpolyurethane 
ĔńĭȮlignin œħƟȮĞŉŗĚěŃĵŊĬĵńĬŀňĔėĶńŘĚŒĬįĸĔŅĶĪħĽŀĭȮTGA 
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ĶŌĮĪňŗȮ4.18 ĔĸœĔĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĶŃľĺƞŅĚȮsilane ĔńĭȮlignin alkaline (a) ĮĢŇĔŇĶŇĵŅȮhydrolysis 

(b) ŏĔŇħıńĬīŃȮhydrogen (c) ŏĔŇħıńĬīŃ covalent [22] 
 

4.6.2 įĸĔŅĶĪħĽŀĭĔŅĶĽĸŅĵĨńĺĪŅĚėĺŅĴĶƟŀĬĕŀĚȮpolyurethane - ligninȮħƟĺĵ
ŏĪėĬŇėȮThermogravimetric analysis (TGA) 
 ěŅĔįĸĔŅĶĪħĽŀĭȮTGA ħńĚĶŌĮĪňŗȮ2.19 ŐĸŃĶŌĮĪňŗȮ4.20 ıĭĺƞŅ ĔŅĶĽĸŅĵĨńĺĪŅĚėĺŅĴĶƟŀĬĕŀĚ 
U1DMF - lignin ŐĸŃȮU2DMF - lignin ıĭĔŅĶĽĸŅĵĨńĺȮ3 ĕńŘĬŏĝƞĬŏħňĵĺĔńĭȮĔŅĶĽĸŅĵĨńĺĕŀĚȮ
U1DMF ŐĸŃȮU2DMF ĨŅĴĸņħńĭȮŐĨƞŒĬĕńŘĬĪňŗȮ2 U1DMF - lignin ŐĸŃ U2DMF - lignin ěŃŏĶŇŗĴŏĔŇħ
ĔŅĶĽĸŅĵĨńĺĪňŗŀŋĦľĳŌĴŇĽŌĚĔĺƞŅȮU1DMF ŐĸŃ U2DMFȮĨŅĴĸņħńĭȮȮŐĽħĚŒľƟŏľŖĬĺƞŅȮŀŅěĴňȮlignin 
ĭŅĚĽƞĺĬŏĕƟŅĪņĮĢŇĔŇĶŇĵŅĨĶĚĨņŐľĬƞĚȮSi-O ĕŀĚȮ(3-aminopropyl) triethoxysilane ŐĸŃȮN-(0-
aminoethyl)-1-aminopropyltrimethoxysilane ěŉĚĽƞĚįĸŒľƟŒĬĔŅĶĽĸŅĵĨńĺĕńŘĬĪňŗȮ2 ŏĶŇŗĴŏĔŇħĔŅĶ
ĽĸŅĵĨńĺĪňŗŀŋĦľĳŌĴŇĽŌĚĔĺƞŅȮU1DMF ŐĸŃ U2DMFȮŐĽħĚĺƞŅȮlignin alkali ĪňŗŏĨŇĴœĮŀŅěŏıŇŗĴĬŘņľĬńĔ
őĴŏĸĔŋĸŒľƟĔńĭȮpolyurethane - ligninȮœħƟȮ 
 

(b) 

(c) 
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ĶŌĮĪňŗȮ2.19 DTG Thermogram ĕŀĚȮU1DMF ŐĸŃȮU1DMF-lignin 

 

 
 

ĶŌĮĪňŗȮ4.20 DTG Thermogram ĕŀĚȮlignin alkali, U2DMF ŐĸŃȮU2DMF-lignin 
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4.6.3 įĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚȮpolyurethane-ligninȮĽņľĶńĭĲƕĸƢĴȮ
cellophane ŐĸŃȮLDPE 

Ĭņ U1DMF-lignin, U2DMF-lignin ŐĸŃ U3DMF-ligninȮĪňŗĽńĚŏėĶŅŃľƢœħƟĮĶŇĴŅĦȮ0.1 g ĪŅ
ĸĚĭĬĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ŐĸƟĺŀĭŒĬĨŌƟŀĭŏıŊŗŀœĸƞĨńĺĪņĸŃĸŅĵȮŏĮƦĬŏĺĸŅȮ1, 2 ŐĸŃȮ3 ĝńŗĺőĴĚȮ
ěŅĔĬńŘĬĬņĴŅĪħĽŀĭȮT-peel test ĨŅĴĴŅĨĶģŅĬȮASTM D 1876 ĴňėƞŅȮT-peel force ŐĽħĚħńĚ
ĨŅĶŅĚĪňŗȮ2.8ȮĞŉŗĚıĭĺƞŅȮU1DMF-lignin ŐĸŃ U2DMF-lignin ěŃĴňĸńĔļĦŃŐľƟĚȮœĴƞľĬŉĭĪňŗįŇĺŏľĴŊŀĬĔńĭȮ
U1DMF ŐĸŃ U2DMF ěŉĚœĴƞĽŅĴŅĶĩĬņĴŅŏĮƦĬĔŅĺœħƟȮĽƞĺĬȮU3THF-lignin ĴňėƞŅ T-peel force Ĩŗņ
ĔĺƞŅȮU3THF ĽņľĶńĭĪŋĔŏĺĸŅŒĬĔŅĶŀĭœĸƞĨńĺĪņĸŃĸŅĵȮŐĸŃĴňėƞŅȮT-peel force ĽŌĚĽŋħĪňŗȮ0.45 NȮŐĸŃ 
0.37 N ĭĬĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ĨŅĴĸņħńĭȮŏĬŊŗŀĚěŅĔŒĬĶŃľĺƞŅĚĔŅĶĪħĽŀĭěŃĴňĪńŘĚĭĶŇŏĺĦ
ĪňŗĲƕĸƢĴĽńĴįńĽĔńĭȮlignin ŐĸŃĽńĴįńĽĔńĭȮpolyurethaneȮŐĨƞĭĶŇŏĺĦĪňŗĽńĴįńĽĔńĭȮlignin alkali ěŃœĴƞĴňĔŅĶ
ĵŉħĔńĬĶŃľĺƞŅĚĲƕĸƢĴȮěŉĚĽƞĚįĸŒľƟėƞŅȮT-peel force ĴňėƞŅĸħĸĚȮŐĸŃȮU3DMF-ligninȮĴňėƞŅ T-peel force 
ĨŗņĔĺƞŅȮU3DMF ĽņľĶńĭĪŋĔŏĺĸŅŒĬĔŅĶŀĭœĸƞĨńĺĪņĸŃĸŅĵȮŐĸŃĴňėƞŅȮT-peel force ĽŌĚĽŋħĪňŗȮ0.22 NȮ
ŐĸŃ 0.18 N ĭĬĲƕĸƢĴȮLDPE ŐĸŃȮCellophane ĨŅĴĸņħńĭȮ 

 
ĨŅĶŅĚĪňŗȮ2.8 ŐĽħĚįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚ U1DMF - lignin, U2DMF - lignin ŐĸŃȮ
U1DMF - lignin ĽņľĶńĭĲƕĸƢĴȮLDPE ŐĸŃȮcellophane  
 

PU Substate 
T-peel force (N) 

1 ĝńŗĺőĴĚ 2 ĝńŗĺőĴĚ 3 ĝńŗĺőĴĚ 

U1DMF-lignin 
LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

U2DMF-lignin 
LDPE œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

Cellophane œĴƞĨŇħ œĴƞĨŇħ œĴƞĨŇħ 

U3THF-lignin 
LDPE 0.22 0.27 0.37 

Cellophane 0.28 0.32 0.45 

U3DMF-lignin 
LDPE 0.15 0.15 0.18 

Cellophane 0.19 0.19 0.22 
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ĨŅĶŅĚĪňŗȮ2.9 ŐĽħĚįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚ U3THF, U3DMF ŐĸŃȮU1DMF - lignin 
ĽņľĶńĭĲƕĸƢĴȮLDPE ŐĸŃȮcellophane  

 

PU Substate 
T-peel force (N) 

1 ĝńŗĺőĴĚ 2 ĝńŗĺőĴĚ 3 ĝńŗĺőĴĚ 

U3THF 
LDPE 0.48 0.69 0.84 

Cellophane 0.53 0.74 0.91 

U3DMF 
LDPE 0.22 0.25 0.33 

Cellophane 0.25 0.28 0.38 

U3THF-lignin 
LDPE 0.22 0.27 0.37 

Cellophane 0.28 0.32 0.45 

U3DMF-lignin 
LDPE 0.15 0.15 0.18 

Cellophane 0.19 0.19 0.22 

 
ěŉĚĽĶŋĮœħƟĺƞŅȮpolyurethane ĪňŗĽńĚŏėĶŅŃľƢœħƟěŅĔ carbonated soybean oilȮĔńĭȮamino 

silane 2 ĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬȮėŊŀȮ&1-aminopropyl)triethoxysilaneȮĔńĭȮN-(2-aminoethyl)-3-
aminopropyltrimethoxy-silane ĪńŘĚĪňŗŏĨŇĴŐĸŃœĴƞœħƟŏĨŇĴȮlignin alkali ĴňĸńĔļĦŃŏĮƦĬĲƕĸƢĴȮŐĸŃŏĴŊŗŀ
ĬņĬŇŘĺĽńĴįńĽıĭĺƞŅœĴƞĴňĔŅĺĨŇħĬŇŘĺĕŉŘĬĴŅȮŐĸŃěŅĔįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħıĭĺƞŅȮœĴƞĽŅĴŅĶĩ
ĬņĴŅŒĝƟŏĮƦĬĔŅĺœħƟȮĽƞĺĬ polyurethane ĪňŗĽńĚŏėĶŅŃľƢœħƟěŅĔ carbonated soybean oilȮĔńĭȮ
diethylenetriamine ĪńŘĚĪňŗŏĨŇĴŐĸŃœĴƞœħƟŏĨŇĴȮligninȮ alkali ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħ ŐĸŃěŅĔįĸ
ĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħŐĽħĚħńĚĨŅĶŅĚĪňŗȮ2.9ȮıĭĺƞŅĔŅĺĽŌĨĶĪňŗĴňėƞŅȮT-peel force ĪňŗĽŌĚĪňŗĽŋħȮĬńŗĬ
ėŊŀȮU3THF ĪňŗĪħĽŀĭĔńĭĲƕĸƢĴȮLDPE ŐĸŃȮcellophane ĴňėƞŅȮT-peel force ŏĪƞŅĔńĭȮ0.91 ŐĸŃȮ0.84 
ĨŅĴĸņħńĭȮŐĸŃœħƟĬņœĮŏĮĶňĵĭŏĪňĵĭĔńĭŏĪĮŒĽĪňŗĴňĕŅĵĨŅĴĪƟŀĚĨĸŅħȮĪńŘĚľĴħȮ3 ĵňŗľƟŀȮŐĸŃĔĶŃħŅļ
őĬƟĨ (Sticky note) 1 ĵňŗľƟŀȮőħĵĬņŏĪĮŒĽŐĸŃĔĶŃħŅļőĬƟĨĴŅŐĮŃĸĚĭĬȮĲƕĸƢĴ cellophaneȮŐĸŃȮ
LDPE ŐĸƟĺĬņœĮĪħĽŀĭȮT-peel ıĭĺƞŅȮėƞŅȮT-peel force ĕŀĚȮU3THFȮĴňėƞŅĽŌĚĔĺƞŅȮT-peel force 
ĕŀĚȮĔĶŃħŅļőĬƟĨ (Sticky note)ȮŐĸŃŏĪĮŒĽȮ2 ĵňŗľƟŀĪňŗĨŇħĭĬĲƕĸƢĴȮLDPE ŐĸŃȮcellophane ŐĨƞėƞŅȮT-
peel force ĕŀĚȮU3THFȮĴňėƞŅĬƟŀĵĔĺƞŅȮŏĪĮŒĽȮ1 ĵňŗľƟŀȮŐĽħĚħńĚĶŌĮĪňŗȮ4.21ȮěŉĚĽĶŋĮœħƟĺƞŅȮU3THFȮĪňŗ
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ĽńĚŏėĶŅŃľƢœħƟĴňĮĶŃĽŇĪīŇĳŅıŏĪňĵĭœħƟĔńĭĔŅĺŏĪĮŒĽĪňŗĴňĕŅĵĨŅĴĪƟŀĚĨĸŅħĪńŗĺœĮȮěŅĔĬńŘĬœħƟĬņȮU3THFȮ
œĮĪħĽŀĭėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬȮŒĬĨŀĬĨƞŀœĮ 

 

 
 
ĶŌĮĪňŗȮ4.21 ŐĽħĚįĸĔŅĶĪħĽŀĭȮT-peel ĕŀĚȮU3THF ĪňŗĪŅĸĚĭĬĲƕĸƢĴȮLDPE ŐĸŃȮĲƕĸƢĴcellophane 

ŏĪňĵĭĔńĭŏĪĮŒĽȮŐĸŃĔĶŃħŅļőĬƟĨĪňŗĴňĕŅĵĪńŗĺœĮŒĬĪƟŀĚĨĸŅħ 
 
4.7 įĸĔŅĶĪħĽŀĭĔŅĶĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬ 

ĬņĔŅĺĽŌĨĶĪňŗħňĪňŗĽŋħĴŅĪŅĸĚĭĬĲƕĸƢĴȮcellophane ŐĸŃ LDPE ĞŉŗĚŏĮƦĬĨńĺŐĪĬĕŀĚıĸŅĽĨŇĔĴň
ĕńŘĺŐĸŃœĴƞĴňĕńŘĺȮĨŅĴĸņħńĭȮĪňŗĴňĕĬŅħŏĪƞŅĔńĭĝŇŘĬĚŅĬĪňŗŒĝƟĽņľĶńĭĪħĽŀĭȮT-peel  ěņĬĺĬĲƕĸƢĴĝĬŇħĸŃȮ
10 ĝŇŘĬĚŅĬ ěŅĔĬńŘĬĬņŏĕƟŅŏėĶŊŗŀĚȮaccelerated weathering ĨŅĴĴŅĨĶģŅĬȮASTM G/32ȮőħĵŒĬȮ/Ȯ
cycle ěŃĪņĔŅĶĜŅĵȮUVAȮŏĮƦĬŏĺĸŅȮ6ȮĝńŗĺőĴĚȮŐĸŃŀĵŌƞĳŅĵŒĨƟȮcondensation condition ŏĮƦĬŏĺĸŅȮ
2ȮĝńŗĺőĴĚȮĞŉŗĚĪņĔŅĶĪħĽŀĭĪńŘĚľĴħŏĮƦĬŏĺĸŅȮ240 ĝńŗĺőĴĚȮőħĵįŌƟĺŇěńĵĪņĔŅĶŏĔŖĭĝŇŘĬĚŅĬĪŋĔȮ24 ĝńŗĺőĴĚȮ
ŐĸƟĺĬņĴŅĪħĽŀĭȮT-peel ĞŉŗĚœħƟįĸĔŅĶĪħĽŀĭħńĚĶŌĮĪňŗȮ4.22 
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ĶŌĮĪňŗȮ4.22 ėƞŅȮT-peel force -ĕŀĚȮU3THF ĪňŗĪħĽŀĭĭĬĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ĔƞŀĬŐĸŃ
ľĸńĚĪħĽŀĭŏĽĩňĵĶĳŅıĕŀĚĔŅĺħƟĺĵŏėĶŊŗŀĚ accelerated weathering  

 
 ěŅĔįĸĔŅĶĪħĽŀĭȮŏĴŊŗŀıŇěŅĶĦŅȮĲƕĸƢĴȮcellophane ĪňŗĪŅħƟĺĵĔŅĺȮU3THF ėƞŅȮT-peel 
force ĴňėƞŅĽŌĚĕŉŘĬŏĶŊŗŀĵȮŕȮěĬĩŉĚĺńĬĪňŗȮ5 ĴňėƞŅȮT-peel force ĽŌĚĪňŗĽŋħȮŏĪƞŅĔńĭȮ4.44 N ŐĸŃŏĔŇħĔŅĶĕŅħĪňŗ
ĲƕĸƢĴȮŒĬĶŃľĺƞŅĚĪħĽŀĭĽĴĭńĨŇĵŉħĨŇħȮŐĽħĚŒľƟŏľŖĬĺƞŅȮĔŅĺȮU3THF ĴňėĺŅĴŐĕŖĚŐĶĚĪňŗĴŅĔĔĺƞŅȮĲƕĸƢĴȮ
cellophane ŐĸŃŒĬĺńĬĪňŗȮ6ȮėƞŅȮT-peel force ĸħĸĚĴŅŀĵŌƞĪňŗȮ4.02 N ŐĸŃĸħĸĚěĬĩŉĚĺńĬĪňŗȮ10 ėƞŅȮ 
T-peel force ĴňėƞŅŏĪƞŅĔńĭȮ3.78 N ĽƞĺĬĲƕĸƢĴȮLDPE ĪŅħƟĺĵĔŅĺȮU3THF ėƞŅȮT-peel force ĴňėƞŅ
ĽŌĚĕŉŘĬŏĶŊŗŀĵȮŕȮěĬĩŉĚĺńĬĪňŗȮ3 ĴňėƞŅȮT-peel force ĽŌĚĪňŗĽŋħŏĪƞŅĔńĭȮ2.99 N ěŅĔĬńŘĬȮėƞŅȮT-peel force Ĵň
ėƞŅĸħĸĚŏĶŊŗŀĵȮŕȮěĬĩŉĚĺńĬĪňŗȮ10 ėƞŅȮT-peel force ĴňėƞŅŏĪƞŅĔńĭȮ0.83 N  

ŒĬĝƞĺĚŐĶĔĪňŗėƞŅȮT-peel force ĴňėƞŅĽŌĚĕŉŘĬȮŏĬŊŗŀĚěŅĔĽĳŅĺŃĪňŗŒĝƟŒĬĔŅĶĪħĽŀĭėĺŅĴŏĽĩňĵĶ
ĕŀĚĔŅĺĴňŀŋĦľĳŌĴŇ 4.ďAȮĞŉŗĚŏĮƦĬŀŋĦľĳŌĴŇŏħňĵĺĔńĭĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŉĚĪņŒľƟŒĬ
ĶŃľĺƞŅĚĔŅĶĪħĽŀĭŀŅěŏĔŇħĮĢŇĔŇĶŇĵŅœħƟŏĮƦĬȮurethane linkage ŏıŇŗĴĕŉŘĬȮěŉĚĽƞĚįĸĨƞŀėĺŅĴŐĕŖĚŐĶĚ
ĕŀĚĔŅĺĪňŗŏıŇŗĴĕŉŘĬŐĸŃĽƞĚįĸĨƞŀėƞŅȮT-peel force ĪňŗĽŌĚĕŉŘĬĬńŗĬŏŀĚ ŐĸŃĽƞĚįĸŒľƟŏĴŊŗŀėĶĭŏĺĸŅŒĬĔŅĶ
ĪħĽŀĭȮ10 ĺńĬȮėƞŅȮT-peel force ĔŖĵńĚėĚĽŌĚĔĺƞŅĔƞŀĬĪņĔŅĶĪħĽŀĭėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺĪňŗĽńĚŏėĶŅŃľƢ 

ŐĨƞľĸńĚěŅĔĺńĬĪňŗĴňėƞŅȮT-peel force ĴňėƞŅĽŌĚĽŋħıĭĺƞŅȮėƞŅȮT-peel force ĪňŗœħƟěŅĔĔŅĶĪħĽŀĭ
ĭĬĲƕĸƢĴĪńŘĚȮ2 ĝĬŇħȮ ĴňėƞŅĸħĸĚȮ ŀŅěŏĔŇħěŅĔŒĬĶŃľĺƞŅĚĔŅĶĪħĽŀĭĴňĔŅĶĽŏĮĶĵƢĬŘņŏĕƟŅœĮŏıŊŗŀĪņŒľƟ
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ĝŇŘĬĚŅĬŀĵŌƞŒĬĽĳŅĺŃȮcondensationȮĞŉŗĚĬŘņěŃœĮĪņĔŅĶĝŃĸƟŅĚĔŅĺŀŀĔěŅĔĲƕĸƢĴ cellophaneȮŐĸŃȮ
LDPE ŏĴŊŗŀıŇěŅĶĦŅėƞŅȮT-peel force ĪňŗĪħĽŀĭĭĬĲƕĸƢĴȮLDPE ěŃŏľŖĬĺƞŅĴňėƞŅĸħĸĚĴŅĔĔĺƞŅȮėƞŅȮT-
peel force ĪňŗĪħĽŀĭĭĬĲƕĸƢĴȮcellophane ŏĬŊŗŀĚěŅĔĔŅĺĩŌĔĝŃŀŀĔœĮěŅĔĲƕĸƢĴȮLDPE ĴŅĔĔĺƞŅȮ
ĲƕĸƢĴȮcellophane ĽńĚŏĔĨœħƟěŅĔĝŇŘĬĚŅĬĲƕĸƢĴȮLDPE ĴňĽňŏľĸŊŀĚĕŀĚĔŅĺĪňŗĬƟŀĵĸĚœĮĴŅĔ ŏĴŊŗŀŏĪňĵĭĔńĭĽň
ĲƕĸƢĴȮcellophaneȮĪňŗĵńĚėĚĴňĽňŏľĸŊŀĚŒĔĸƟŏėňĵĚĔńĭĔƞŀĬĬņŏĕƟŅŏėĶŊŗŀĚȮaccelerated weatheringȮěŃ
ŏľŖĬœħƟĺƞŅĔŅĺĽŅĴŅĶĩĵŉħĨŇħĲƕĸƢĴȮcellophane œħƟħňĔĺƞŅȮ ĲƕĸƢĴȮLDPEȮŏĬŊŗŀĚěŅĔĔŅĺŏĮƖĵĔįŇĺĲƕĸƢĴȮ
cellophane œħƟĔňĔĺƞŅȮŀňĔĪńŘĚĔŅĶĪňŗėƞŅȮT-peel force ĴňėƞŅĸħĸĚȮŀŅěĴňĽŅŏľĨŋĴŅěŅĔėĺŅĴĝŊŘĬěŃĽƞĚįĸ
ŒľƟȮurethane linkage ŏĔŇħĮĢŇĔŇĶŇĵŅȮhydrolysis ĔńĭĬŘņȮœħƟŏĮƦĬȮŐŀĸĔŀŁŀĸƢȮŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ
ŐĸŃŏŀĴňĬȮŐĽħĚŒĬĶŌĮĪňŗȮ4.23ȮĞŉŗĚĽŀħėĸƟŀĚĔńĭĔŅĶĚŅĬĺŇěńĵĕŀĚȮP.Y. Le Gac ŐĸŃėĦŃȮ[23]ȮěŉĚĽƞĚįĸ
ŒľƟėĺŅĴŐĕŖĚŐĶĚĕŀĚĔŅĺĴňėƞŅĸħĸĚ  
 

 
ĶŌĮĪňŗȮ4.23 ĮĢŇĔŇĶŇĵŅȮhydrolysis ĕŀĚȮurethane linkage [23] 
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ĭĪĪňŗȮ5 
ĽĶŋĮįĸĔŅĶĪħĸŀĚ 

5.1 ĽĶŋĮįĸĚŅĬĺŇěńĵ 
ĚŅĬĺŇěńĵĬňŘŏĮƦĬĔŅĶĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬȮ(Polyurethane adhesive) ŐĭĭȮ

non-isocyanate ĽņľĶńĭĲƕĸƢĴĴňĕńŘĺŐĸŃœĴƞĴňĕńŘĺȮőħĵĴňĺńĨĩŋĮĶŃĽĚėƢŏıŊŗŀĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢĔŅĺ 
ıŀĸŇĵŌĶňŏĪĬŐĭĭȮnon-isocyanate ěŅĔȮlignin ŐĸŃȮepoxidized soybean oil ĻŉĔļŅĽĴĭńĨŇĪŅĚ
ĔŅĵĳŅı ĽĴĭńĨŇĔŅĶĵŉħĨŇħȮĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟȮĻŉĔļŅŀŇĪīŇıĸĕŀĚȮSilane additive Īňŗ
ĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅı, ĽĴĭńĨŇĔŅĶĵŉħĨŇħĽņľĶńĭıĸŅĽĨŇĔĴňĕńŘĺĔńĭœĴƞĴňĕńŘĺĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗ
ĽńĚŏėĶŅŃľƢœħƟŐĸŃĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶĬņœĮŒĝƟĚŅĬĪňŗ
ĽƞĚįĸĨƞŀĽĴĭńĨŇĪŅĚĔŅĵĳŅıŐĸŃĔŅĶĵŉħĨŇħĕŀĚĔŅĺȮěŅĔĬńŘĬœħƟĻŉĔļŅĔŅĶŏĨŇĴ lignin alkali ŏıŊŗŀŏĮƦĬ
ĔŅĶŏıŇŗĴĺńĽħŋĝňĺģŅĬŒľƟĔńĭĔŅĺıŀĸŇĵŌĶňŏĪĬ ĪņĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟȮŐĸƟĺ
ĻŉĔļŅŐĸŃŏĮĶňĵĭŏĪňĵĭĽĴĭńĨŇȮĪŅĚĔŅĵĳŅıȮĽĴĭńĨŇĔŅĶĵŉħĨŇħȮŐĸŃĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĕŀĚĔŅĺıŀĸŇ 
ĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟ őħĵŒĬĔŅĶĻŉĔļŅĽŅĴŅĶĩŐĭƞĚĔŅĶĪħĸŀĚŀŀĔœħƟŏĮƦĬȮ5 ĽƞĺĬȮħńĚĬňŘ 

ĽƞĺĬĪňŗȮ1ȮĻŉĔļŅĮĶŇĴŅĦľĴŌƞȮepoxide ĕŀĚȮepoxidized soybean oil (ESBO) ħƟĺĵŏĪėĬŇėȮ
NMR ĽŅĴŅĶĩėņĬĺĦľĴŌƞȮepoxideȮĕŀĚȮESBO ĪňŗŒĝƟŏĮƦĬĽŅĶĨńŘĚĨƟĬěŅĔıŊŘĬĪňŗŒĨƟȮpeak EpoxideȮĪňŗ
ĨņŐľĬƞĚȮŭI = 2.85-3.25 ppmȮŐĸŃĨņŐľĬƞĚȮŭK = 5.25 ppmıĭĺƞŅȮŒĬȮ1 mol ESBOȮĴňĮĶŇĴŅĦľĴŌƞȮ
EpoxideȮŏĪƞŅĔńĭȮ4.26Ȯmol ĞŉŗĚĬņœĮŒĝƟŒĬĔŅĶėņĬĺĦĽŅĶĪňŗŒĝƟŒĬĔŅĶĽńĚŏėĶŅŃľƢŒĬĨŀĬĨƞŀœĮ 

ĽƞĺĬĪňŗȮ2 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oil (CSBO) ěŅĔȮESBOȮŐĸŃȮCO2 
őħĵŒĝƟĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮ2 ĝĬŇħĪňŗŐĨĔĨƞŅĚĔńĬȮ ėŊŀȮZinc glutarate (ZnGA) ŐĸŃȮTetrabutyl-
ammonium bromide (TBAB) ĪňŗŀŋĦľĳŌĴŇȮ/2.ȮďAȮėĺŅĴħńĬĕŀĚŐĔƠĽėŅĶƢĭŀĬœħŀŀĔœĞħƢȮ5.ȮĭŅĶƢȮ
ŏĮƦĬŏĺĸŅȮ02, 26ȮŐĸŃȮ50ȮĝńŗĺőĴĚȮŒĬŏėĶŊŗŀĚȮHigh pressure reactorȮıĭĺƞŅįĸŇĨĳńĦĤƢĪňŗœħƟěŅĔĔŅĶ
ĽńĚŏėĶŅŃľƢőħĵŒĝƟȮZnGA ŏĮƦĬĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅȮ ĽŅĶĪňŗœħƟĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺĴňĽňŏľĸŊŀĚŒĽŏıŇŗĴĕŉŘĬ
ŏĸŖĔĬƟŀĵ ŏĴŊŗŀŏĪňĵĭĔńĭȮESBO ŐĸŃěŅĔįĸȮNMR œĴƞıĭȮchemical shift ĕŀĚȮcyclic carbonate ĪňŗȮ
ŭM = 4.20-5.10 ppm ŐĨƞĵńĚıĭȮchemical shiftȮĕŀĚȮepoxideȮŭI = 2.85-3.25 ppmȮŐĽħĚĺƞŅȮœĴƞ
ĽŅĴŅĶĩŒĝƟȮZnGA ŒĬĔŅĶĽńĚŏėĶŅŃľƢȮCarbonated soybean oil (CSBO)ȮœħƟȮĽƞĺĬĔŅĶĽńĚŏėĶŅŃľƢȮ
CSBO őħĵŒĝƟȮTBAB ıĭĺƞŅĽŅĶĪňŗœħƟĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺĽňĬŘņĨŅĸ ěŅĔįĸĔŅĶĪħĽŀĭȮRAMAN 
spectrum ĕŀĚȮCSBO ĪňŗįƞŅĬĔŅĶĽĔńħĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŀŀĔŐĸƟĺȮıĭıňėȮC = O cyclic carbonate ĪňŗȮ
/4..Ȯ-Ȯ/6..Ȯcm-/ȮŐĨƞœĴƞıĭȮpeak C-C Aliphatic chain ĪňŗȮ265 cm-1 ĞŉŗĚŏĮƦĬȮpeak ŏŀĔĸńĔļĦƢ
ĕŀĚȮTBAB ŐĸŃœĴƞıĭıňėȮC-O ĕŀĚȮepoxide ĪňŗȮ1260 ŐĸŃȮ1280 cm-1 ěŉĚĵŊĬĵńĬœħƟĺƞŅĽŅĴŅĶĩĽĔńħ
ĨńĺŏĶƞĚĮĢŇĔŇĶŇĵŅŀŀĔěŅĔȮCSBO œħƟ ĶĺĴĩŉĚŐĽħĚŒľƟŏľŖĬĺƞŅȮįĸŇĨĳńĦĤƢĪňŗĽńĚŏėĶŅŃľƢœħƟȮėŊŀȮCSBO ĞŉŗĚ
ĽŀħėĸƟŀĚĔńĭįĸȮFTIR ŐĸŃȮNMR őħĵȮFTIR Spectrum ĕŀĚȮCSBO ıĭȮpeak ĕŀĚȮC=O 
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stretching ĪňŗȮ/6.0Ȯcm-/ȮĕŀĚȮcarbonated soybean oilȮŐĸŃœĴƞıĭȮpeak ĕŀĚȮC-O ĪňŗȮ61/Ȯcm-/Ȯ
ĞŉŗĚŏĮƦĬȮpeak ŏŀĔĸńĔļĦƢĕŀĚľĴŌƞȮepoxide c]tįĸȮNMR ıĭĺƞŅȮĴňȮchemical shift ĕŀĚȮcyclic 
carbonate ĪňŗȮŭM = 4.20-5.10 ppm ŐĨƞœĴƞĴňȮchemical shiftȮĕŀĚȮepoxide ŭI = 2.85-3.25 
ppmȮħńĚĬńŘĬȮěŉĚĽĶŋĮĺƞŅĽŅĴŅĶĩĽńĚŏėĶŅŃľƢ CSBOȮěŅĔȮESBOȮŐĸŃȮCO2 őħĵŒĝƟȮTBAB ŏĮƦĬĨńĺŏĶƞĚ
ĮĢŇĔŇĶŇĵŅœħƟȮŐĸŃĽŅĴŅĶĩėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮcyclic carbonate œħƟŏĪƞŅĔńĭ  0.75, 1.86 ŐĸŃȮ2.66 
mol ĞŉŗĚėŇħŏĮƦĬȮ%yield ĕŀĚĔŅĶĽńĚŏėĶŅŃľƢȮcarbonated soybean oilȮŏĪƞŅĔńĭȮ17.65, 43.75 ŐĸŃȮ
62.59% ĨŅĴŏĺĸŅŒĬĔŅĶŏĔŇħĮĢŇĔŇĶŇĵŅĪňŗȮ24, 48 ŐĸŃȮ72 ĝńŗĺőĴĚ 

ĽƞĺĬĪňŗȮ3 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane ěŅĔȮcarbonated soybean oil (CSBO) 
ĔńĭȮamine ĪňŗŐĨĔĨƞŅĚĔńĬȮ3 ĝĬŇħȮėŊŀȮ3-aminopropyltriethoxysilane(U1) ŐĸŃ N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (U2) ŐĸŃȮDiethylene triamine (U3)Ȯ őħĵŒĝƟ
ĨńĺĪņĸŃĸŅĵȮ2 ĝĬŇħȮėŊŀȮTHF ŐĸŃȮDMF ĞŉŗĚěŅĔįĸĔŅĶĪħĽŀĭȮFTIR ıĭıňėĕŀĚȮUrethane 
linkage ħńĚĬňŘȮpeak ĕŀĚȮC=O stretching ĪňŗȮ1660 -1700 cm-1, peak ĕŀĚȮC-N stretchingȮĪňŗ 
1550 - 1580 cm-1 ŐĸŃpeak ĕŀĚȮN-H stretching Īňŗ 3400 cm-1ȮŐĸŃȮpeak C=O stretching ĪňŗȮ
1800 cm-1 ĞŉŗĚėŊŀȮpeak ŏŀĔĸńĔļĦƢĕŀĚȮcyclic carbonate ĴňȮIntensity ĪňŗĸħĸĚŀĵƞŅĚŏľŖĬœħƟŒĝƟĝńħȮ
ěŉĚĽŅĴŅĶĩĽĶŋĮœħƟĺƞŅȮįĸŇĨĳńĦĤƢĪňŗœħƟěŅĔĔŅĶĽńĚŏėĶŅŃľƢŏĮƦĬȮpolyurethane ĞŉŗĚĸńĔļĦŃĪŅĚĔŅĵĳŅı
ĕŀĚȮU1THF, U1DMF, U2THF ŐĸŃȮU2DMFȮŏĮƦĬĲƕĸƢĴĽňŏľĸŊŀĚŒĽȮŐĸŃŏĴŊŗŀĬņœĮĪħĽŀĭĽĴĭńĨŇĵŉħ
ĨŇħĕŀĚĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ıĭĺƞŅȮU1THF, U1DMF, U2THF ŐĸŃȮU2DMFȮœĴƞĽŅĴŅĶĩ
ŏĮƦĬĔŅĺœħƟȮĽƞĺĬȮU3THFȮŐĸŃȮU3DMF ĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħȮĽŅĴŅĶĩŏĮƦĬĔŅĺœħƟȮŏĴŊŗŀĬņĴŅ
ĪħĽŀĭĽĴĭńĨŇĔŅĶĵŉħĨŇħȮıĭĺƞŅĔŅĺȮU3THFȮĪňŗĪħĽŀĭĭĬĲƕĸƢĴȮcellophaneȮĴňėƞŅȮT-peel force Īňŗ
ĽŌĚĪňŗĽŋħȮėŊŀȮ0.91 ĬŇĺĨńĬȮĽƞĺĬĪňŗĪħĽŀĭĭĬĲƕĸƢĴȮLDPE ĴňėƞŅȮT-peel force 0.84 NȮĨŅĴĸņħńĭȮĞŉŗĚ
ĽŀħėĸƟŀĚĔńĭįĸėĺŅĴľĬŊħŐĸŃĬŘņľĬńĔőĴŏĸĔŋĸȮĪňŗĴňėƞŅĽŌĚĪňŗĽŋħȮŐĸŃĴňĮĶŃĽŇĪīŇĳŅıŏĪňĵĭœħƟĔńĭĔŅĺŏĪĮ
ŒĽĪňŗĴňĕŅĵĨŅĴĪƟŀĚĨĸŅħĪńŗĺœĮ 

ĽƞĺĬĪňŗȮ4 ĻŉĔļŅĔŅĶĽńĚŏėĶŅŃľƢȮpolyurethane - lignin ıĭĺƞŅȮU1THF-lignin ŐĸŃȮU2THF-
lignin ĴňĸńĔļĦŃŏĮƦĬĲƕĸƢĴȮŐĸŃȮU3THF-ligninȮĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħŐĨƞŏĔŇħĔŅĶŐĵĔŏĲĽĔńĬ
ĶŃľĺƞŅĚȮlignin alkali ĔńĭȮpolyurethane ĽƞĺĬȮU1DMF-lignin ŐĸŃ U2DMF-lignin ĴňĸńĔļĦŃŏĮƦĬ
ĲƕĸƢĴŐĸŃȮU3DMF-ligninȮĴňĸńĔļĦŃŏĮƦĬĕŀĚŏľĸĺľĬŊħĪňŗŏĮƦĬŏĬŊŘŀŏħňĵĺĔńĬȮĞŉŗĚěŅĔįĸȮFTIR ĕŀĚȮ
U1DMF-lignin, U2DMF-ligninȮıĭĺƞŅȮpeakȮ1700 cm-1 ŏĔŇħĔŅĶ shift ĴŅĪňŗĨņŐľĬƞĚȮ1665 cm-1 
ŐĸŃıĭĺƞŅȮpeak Īňŗ 1000-1200 cm-1 ĴňȮIntensity ĪňŗŏıŇŗĴĕŉŘĬȮŐĸŃįĸĔŅĶĪħĽŀĭȮTGA ıĭĺƞŅĔŅĶ
ĽĸŅĵĨńĺĪŅĚėĺŅĴĶƟŀĬŒĬĕńŘĬĪňŗȮ0ȮĕŀĚȮU/DMF-lignin ŐĸŃȮU0DMF-lignin ŏĶŇŗĴŏĔŇħĔŅĶĽĸŅĵĨńĺĪňŗ
ŀŋĦľĳŌĴŇĽŌĚĔĺƞŅȮU/DMF ŐĸŃȮU0DMF ĨŅĴĸņħńĭȮěŉĚĽĶŋĮœħƟĺƞŅŀŅěĴňȮlignin ĭŅĚĽƞĺĬŏĕƟŅĪņĮĢŇĔŇĶŇĵŅ
ĪňŗĨņŐľĬƞĚȮSi-OH őħĵŏĔŇħȮH-bonding ŐĸŃŏĔŇħıńĬīŃȮcovalent ĔńĭȮligninȮalkali  ŐĽħĚĺƞŅȮlignin 
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alkali ĪňŗŏĨŇĴœĮĽŅĴŅĶĩŏıŇŗĴĮĶŇĴŅĦĺńĽħŋģŅĬĝňĺĳŅıŒľƟĔńĭȮpolyurethane œħƟ ĽƞĺĬȮU3THF-lignin 
ŐĸŃȮU3DMF-lignin ĴňėƞŅȮT-peel force ĨŗņĔĺƞŅȮU3THF ŐĸŃȮU3DMFȮĨŅĴĸņħńĭ 

ĽƞĺĬĪňŗȮ5 ĻŉĔļŅėĺŅĴŏĽĩňĵĶĕŀĚĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢœħƟŒĬĶŃľĺƞŅĚĔŅĶŒĝƟĚŅĬħƟĺĵ
ŏėĶŊŗŀĚȮaccelerated weathering ĨŅĴĴŅĨĶģŅĬȮASTM G/32ȮŏĮƦĬŏĺĸŅȮ10 ĺńĬȮĬņĴŅĪħĽŀĭ
ĽĴĭńĨŇĔŅĶĵŉħĨŇħħƟĺĵŏĪėĬŇėȮT-peel test ıĭĺƞŅ ŒĬĝƞĺĚŐĶĔėƞŅȮT-peel force ĽŌĚĕŉŘĬȮŐĸŃĸħĸĚěĬ
ėĚĪňŗĪńŘĚĲƕĸƢĴȮcellophane ŐĸŃȮLDPE ŐĸŃĔŅĺıŀĸŇĵŌĶňŏĪĬĪňŗĽńĚŏėĶŅŃľƢĽŅĴŅĶĩŒĝƟĚŅĬœħƟĔńĭĪńŘĚĲƕĸƢĴȮ
cellophane ŐĸŃȮLDPEȮŐĨƞĽŅĴŅĶĩĵŉħĨŇħĭĬĲƕĸƢĴȮcellophane œħƟħňĔĺƞŅĲƕĸƢĴȮLDPE 
 
5.2 ĕƟŀŏĽĬŀŐĬŃ 
 5.2.1 ėĺĶĻŉĔļŅĽĳŅĺŃŒĬĔŅĶĽńĚŏėĶŅŃľƢȮCSBO ŏıŇŗĴŏĨŇĴȮ ŏıŊŗŀŒľƟœħƟĮĶŇĴŅĦȮcyclic 
carbonate ĪňŗĴŅĔĕŉŘĬĞŉŗĚěŃĽƞĚįĸŒľƟĔŅĺıŀĸŇĵŌĶňŏĪĬĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĕŉŘĬœħƟ 
 5.2.2 ȮȮėĺĶĻŉĔļŅĽĳŅĺŃŒĬĔŅĶĽńĚŏėĶŅŃľƢĔŅĺıŀĸŇĵŌĶňŏĪĬěŅĔȮTriamine ŏıŇŗĴŏĨŇĴȮŏĬŊŗŀĚěŅĔȮ
Triamine ěŃĪņľĬƟŅĪňŗŏĮƦĬȮcrosslinker ĔńĭȮcarbonated soybean oil ěŃĽƞĚįĸŒľƟĔŅĺıŀĸŇ 
ĵŌĶňŏĪĬĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĕŉŘĬœħƟ 
 5.2.3  ėĺĶĻŉĔļŅĽĴĭńĨŇĔŅĶĵŉħĨŇħĕŀĚĔŅĺĔńĭıŊŘĬįŇĺĺńĽħŋŀŊŗĬȮŕȮŏıŇŗĴŏĨŇĴȮŏĝƞĬȮœĴƟȮĔĶŃěĔȮ
ĶŀĚŏĪƟŅȮŏĮƦĬĨƟĬȮŏıŊŗŀĪňŗěŃœħƟĪĶŅĭĩŉĚĮĶŃĽŇĪīŇĳŅıĕŀĚĔŅĺœħƟėĶŀĭėĸŋĴĴŅĔĵŇŗĚĕŉŘĬ 
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ĳŅėįĬĺĔ 
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ĳŅėįĬĺĔ Ĕ 
ĕƟŀĴŌĸŐĸŃįĸĔŅĶĪħĽŀĭĽĴĭńĨŇĨƞŅĚȮŕ 
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Ĕ-1 įĸĔŅĶĪħĽŀĭėĺŅĴľĬŊħħƟĺĵ Ubbelohde viscometer 
ĨŅĶŅĚĳŅėįĬĺĔȮĔ,1 įĸĔŅĶĪħĽŀĭėĺŅĴľĬŊħĕŀĚȮESBO, CSBO ŐĸŃȮU3THF ħƟĺĵ Ubbelohde 
viscometer  

sample ėĶńŘĚĪňŗ Conc.(g/dL) Time (s) 
Relative 
viscosity 

(́ r) 

specific 
viscosity 

(́ sp) 

reduce viscosity 

(́ red) 

ESBO 1 1.0588 13.25 1.0177 0.0177 0.0167 
2 1.0588 13.29 1.0207 0.0207 0.0196 
3 1.0588 13.17 1.0115 0.0115 0.0109 

average ± S.D. 0.0157 ± 0.0044 
ESBO 1 2.1012 13.51 1.0376 0.0376 0.0179 

2 2.1012 13.57 1.0422 0.0422 0.0201 
3 2.1012 13.53 1.0392 0.0392 0.0186 

average ± S.D. 0.0189 ± 0.0011 
ESBO 1 3.1472 14.05 1.0791 0.0791 0.0251 

2 3.1472 14.11 1.0837 0.0837 0.0266 
3 3.1472 14.15 1.0868 0.0868 0.0276 

average ± S.D. 0.0264 ± 0.0012 
CSBO 1 1.0128 19.44 1.0278 0.0278 0.0275 

2 1.0128 19.31 1.0210 0.0210 0.0207 
3 1.0128 19.32 1.0215 0.0215 0.0212 

average ± S.D. 0.0231 ± 0.0038 
CSBO 1 2.0900 20 1.0575 0.0575 0.0275 

2 2.0900 20.02 1.0585 0.0585 0.0280 
3 2.0900 20.01 1.0580 0.0580 0.0277 

average ± S.D. 0.0277 ± 0.0003 
CSBO 1 3.1192 20.96 1.1082 0.1082 0.0347 

2 3.1192 20.95 1.1077 0.1077 0.0345 
3 3.1192 20.95 1.1077 0.1077 0.0345 

average ± S.D. 0.0346 ± 0.0001 
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ĨŅĶŅĚĳŅėįĬĺĔȮĔ,1 įĸĔŅĶĪħĽŀĭėĺŅĴľĬŊħĕŀĚȮESBO, CSBO ŐĸŃȮU3THF ħƟĺĵ Ubbelohde 
viscometer (Ĩƞŀ' 
 

sample ėĶńŘĚĪňŗ Conc.(g/dL) Time (s) 
Relative 
viscosity 

(ɖr) 

specific 
viscosity 

(ɖsp) 

reduce viscosity 

(ɖred) 

U3THF 1 0.9593 20.23 1.0696 0.0696 0.0726 
2 0.9593 20.31 1.0738 0.0738 0.0770 
3 0.9593 20.31 1.0738 0.0738 0.0770 

average ± S.D. 0.0755 ± 0.0025 
U3THF 1 1.9293 22.6 1.1949 0.1949 0.1010 

2 1.9293 22.6 1.1949 0.1949 0.1010 
3 1.9293 22.6 1.1949 0.1949 0.1010 

average ± S.D. 0.1010 ± 0.0000 
U3THF 1 3.1800 24.73 1.3075 0.3075 0.0967 

2 3.1800 24.77 1.3097 0.3097 0.0974 
3 3.1800 24.77 1.3097 0.3097 0.0974 

average ± S.D. 0.0972 ± 0.0004 
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Ĕ-2 įĸĔŅĶĪħĽŀĭĔŅĶľŅĬŘņľĬńĔőĴŏĸĔŋĸĕŀĚȮU3THF ŐĸŃȮU3DMF 

 

 
ĶŌĮĳŅėįĬĺĔȮĔ.1 ĬŘņľĬńĔőĴŏĸĔŋĸŏĜĸňŗĵŐĸŃĔŅĶĔĶŃěŅĵĨńĺĕŀĚĬŘņľĬńĔőĴŏĸĔŋĸȮĕŀĚȮU3THF 

 

  
ĶŌĮĳŅėįĬĺĔȮĔ.2 ĬŘņľĬńĔőĴŏĸĔŋĸŏĜĸňŗĵŐĸŃĔŅĶĔĶŃěŅĵĨńĺĕŀĚĬŘņľĬńĔőĴŏĸĔŋĸȮĕŀĚȮU3DMF 
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Ĕ-3 įĸĔŅĶĪħĽŀĭĽĩňĵĶĳŅıĪŅĚėĺŅĴĶƟŀĬĕŀĚȮU1DMF, U1DMF-lignin, U2DMF ŐĸŃ 
U2DMF-lignin ħƟĺĵŏĪėĬŇė Thermogravimetric analysis (TGA) 

 
ĶŌĮĳŅėįĬĺĔȮĔ.3 TGAȮthermogram ĕŀĚȮU1DMF 

 
ĶŌĮĳŅėįĬĺĔȮĔ.4 TGAȮthermogram ĕŀĚȮU1DMF-lignin 
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ĶŌĮĳŅėįĬĺĔȮĔ.5 TGAȮthermogram ĕŀĚȮU2DMF 

 
 

ĶŌĮĳŅėįĬĺĔȮĔ.6 TGAȮthermogram ĕŀĚȮU2DMF-lignin 
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ĳŅėįĬĺĔ ĕ 
ĔŅĶėņĬĺĬ 
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ĕ-1 ĔŅĶėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮEpoxide  

 ěŅĔįĸĔŅĶĪħĽŀĭȮ1H-NMR ĽŅĴŅĶĩėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮEpoxide ĪňŗĴňŀĵŌƞŒĬȮ

epoxidized soybean oil ıŊŘĬĪňŗŒĨƟıňėȮħńĚĬňŘȮ 

ĨŅĶŅĚĳŅėįĬĺĔĕ-1 ŐĽħĚĨņŐľĬƞĚȮChemical shiftȮŐĸŃĨņŐľĬƞĚĕŀĚőĮĶĨŀĬěŅĔĔŅĶĪħĽŀĭ 
1H-NMR ĕŀĚȮEpoxidized soybean oil (ESBO) 

ĨņŐľĬƞĚȮchemical shift 
: ŭȮ(ppm) 

ĨņŐľĬƞĚĕŀĚőĮĶĨŀĬ 
IntegralsȮof 

chemical shift 
I (2.85 - 3.25) -CHOCH- 2.72 
J (4.10 - 4.45) -CH2-CH-CH2- 1.34 
M (4.45 - 5.10) Cyclic carbonate group 0 
K (5.25) -CH2-CH-CH2- 0.32 

 

CkȮ;Ȯ
G

0I
   ĽĴĔŅĶĪňŗȮĕ-1 

 őħĵȮ Em ėŊŀȮĮĶŇĴŅĦľĴŌƞȮEpoxied ŒĬȮepoxidized soybean oil 1Ȯmol 
I  ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮepoxide  
K ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮepoxidized soybean oil  
 

ĨńĺŀĵƞŅĚȮĔŅĶėņĬĺĦĮĶŇĴŅĦľĴŌƞȮEpoxied ŒĬȮepoxidized soybean oil 1Ȯmol ěŅĔįĸ1H-NMR 
ĕŀĚȮEpoxidized soybean oil (ESBO)ȮŒĬĨŅĶŅĚĳŅėįĬĺĔĕ-1 ěŃıĭĺƞŅȮ 
 

          CkȮ;Ȯ
0,50

0&.,10'
   

      = 4.25 mol 

ħńĚĬńŘĬȮepoxidized soybean oil 1ȮmolȮĴňĮĶŇĴŅĦľĴŌƞȮepoxide 4.25 mol 
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ĕ-2 ĔŅĶėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮcyclic carbonate 

 ěŅĔįĸĔŅĶĪħĽŀĭȮ1H-NMR ĽŅĴŅĶĩėņĬĺĦľŅĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮ
carbonate soybean oil 1Ȯmol œħƟěŅĔȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shift ĨƞŅĚȮŕȮȮħńĚĬňŘ 

 

AkȮ;Ȯ
K

0Ia
Ȯ)Ȯ&
HA
0Ia

-
HC
0IC
'   ĽĴĔŅĶĪňŗȮĕ-2  

 
 őħĵȮ Cm ėŊŀȮĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮcarbonated soybean oil 1Ȯmol 

I  ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮepoxide  
JC ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮ-CH2-CH-CH2- ŒĬȮ   

     carbonated soybean oil 
JE ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚľĴŌƞȮ-CH2-CH-CH2- ŒĬȮ   

     epoxidized soybean oil 
KC ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮCarbonated soybean oil  
KE ėŊŀȮIntegral ĕŀĚȮĨņŐľĬƞĚȮchemical shiftȮĕŀĚȮCH ĪňŗŀĵŌƞĨĶĚĔĸŅĚĕŀĚȮȮȮȮ 

ȮȮȮȮȮ ȮȮȮȮȮȮȮ ȮȮȮȮȮepoxidized soybean oil 
  

ŐĸŃĽŅĴŅĶĩėņĬĺĦȮľŅȮ%yield œħƟěŅĔȮ 

                       #WȮ;ȮAk
Ck
ȮvȮ/.. Ȯ ȮȮȮȮȮ ȮȮȮȮȮĽĴĔŅĶĪňŗȮĕ-3 

 őħĵȮ %Y ėŊŀȮ%yield ĕŀĚȮcyclic carbonate ĪňŗĽńĚŏėĶŅŃľƢœħƟ 
Cm ėŊŀȮĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮcarbonate soybean oil 1Ȯmol 
Em ėŊŀȮĮĶŇĴŅĦľĴŌƞȮEpoxied ŒĬȮepoxidized soybean oil 1Ȯmol 
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ĨŅĶŅĚĳŅėįĬĺĔĕ-2 ŐĽħĚĨņŐľĬƞĚȮChemical shiftȮŐĸŃĨņŐľĬƞĚĕŀĚőĮĶĨŀĬěŅĔĔŅĶĪħĽŀĭ 
1H-NMR ĕŀĚȮCarbonate soybean oil (CSBO) ĪňŗŏĺĸŅŒĬĔŅĶĪņĮĢŇĔŇĶŇĵŅȮ72 ĝńŗĺőĴĚ 

ĨņŐľĬƞĚȮchemical shift 
: ŭȮ(ppm) 

ĨņŐľĬƞĚĕŀĚőĮĶĨŀĬ 
IntegralsȮof 

chemical shift 
I (2.85 - 3.25) -CHOCH- 0 
J (4.10 - 4.45) -CH2-CH-CH2- 2.28 
M (4.45 - 5.10) Cyclic carbonate group 0.76 
K (5.25) -CH2-CH-CH2- 0.32 

 
ĨńĺŀĵƞŅĚȮĔŅĶėņĬĺĦĮĶŇĴŅĦľĴŌƞȮcyclic carbonate ŒĬȮcarbonate soybean oil 1ȮmolȮŐĸŃȮ
%yield ĕŀĚȮcyclic carbonate ĪňŗĽńĚŏėĶŅŃľƢœħƟȮěŅĔįĸ 1H-NMR ĕŀĚȮEpoxidized soybean oil 
(ESBO)ȮŒĬĨŅĶŅĚĳŅėįĬĺĔĕ-1 ŐĸŃȮĕ-2 ěŃıĭĺƞŅȮ 
 

AkȮ;Ȯ
K

0I
Ȯ)Ȯ&
HA
0I

HC
0I
' 

Ak;Ȯ
.,54

0&.,10'
Ȯ)Ȯ&
0,06

0&.,10'
+
/,12

0&.,10'
' 

AkȮ;  0,44  mol 

ħńĚĬńŘĬȮepoxidized soybean oil 1ȮmolȮĴňĮĶŇĴŅĦľĴŌƞȮepoxide 2.66 mol 

 
ěŅĔĬńŘĬĽŅĴŅĶĩėņĬĺĦľŅȮ%Yield ĕŀĚȮcyclic carbonate ĪňŗĽńĚŏėĶŅŃľƢœħƟ 
 

#WȮ;Ȯ
Ak
Ck
ȮvȮ/.. Ȯ ȮȮȮȮȮȮ 

#WȮ;Ȯ
0,44

2,03
ȮvȮ/.. 

   #WȮ;Ȯ40,37Ȯ# 

 ħńĚĬńŘĬȮ%Yield ĕŀĚȮcyclic carbonateȮŏĪƞŅĔńĭȮ62.59%  
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ĕ-3 ĔŅĶėņĬĺĦľŅ Relative viscosity (ɖr), specific viscosity (ɖsp), reduce viscosity 

(ɖred) ŐĸŃȮIntrinsic viscosity  

1) ėņĬĺĦȮRelative viscosity (ɖr)  

ěŅĔ     Ȯɖ
r
 = 
t0

 

ȮŏĴŊŗŀȮ ɖr  ėŊŀȮėĺŅĴľĬŊħĽńĴıńĪīƢȮRelative viscosityȮ 

 t ėŊŀȮŏĺĸŅĕŀĚĔŅĶœľĸĕŀĚĽŅĶĸŃĸŅĵȮ&ĺŇĬŅĪň' 

 t0 ėŊŀȮŏĺĸŅĕŀĚĔŅĶœľĸĕŀĚĨńĺĪņĸŃĸŅĵŏĜĸňŗĵȮŏĪƞŅĔńĭȮ18.91 ĺŇĬŅĪň 

 

2) ėņĬĺĦȮSpecific viscosity (ɖsp)  

ěŅĔ     Ȯɖ
sp
 = ɖ

r
 -Ȯ/  

ȮŏĴŊŗŀȮ ɖsp  ėŊŀȮėĺŅĴľĬŊħĽńĴıńĪīƢȮSpecific viscosity 

 ɖr  ėŊŀȮėĺŅĴľĬŊħĽńĴıńĪīƢȮRelative viscosity 

3) ėņĬĺĦȮreduce viscosity (ɖred)Ȯ 

ěŅĔ     ɖ
red
 = 
ɖsp

C
 

ŏĴŊŗŀȮ ɖred  ėŊŀȮėĺŅĴľĬŊħĽńĴıńĪīƢȮReduce viscosity  

ɖsp  ėŊŀȮėĺŅĴľĬŊħĽńĴıńĪīƢȮSpecific viscosity 

 C ėŊŀȮėĺŅĴŏĕƟĴĕƟĬĕŀĚĽŅĶĸŃĸŅĵȮ(g/dL) 

4) Intrinsic viscosity ĽŅĴŅĶĩľŅœħƟěŅĔěŋħĨńħŐĔĬȮY ĕŀĚĔĶŅĲȮReduce viscosity (ŕed) 

 

ĨńĺŀĵƞŅĚȮĔŅĶėņĬĺĦȮRelative viscosity (ɖr) ĕŀĚȮCSBO ĕƟŀĴŌĸŐĽħĚħńĚĨŅĶŅĚĳŅėįĬĺĔĔ-1  

ěŅĔ     Ȯɖ
r
 = 
t

t0
 

ṕȮ;Ȯ
/7,22

/6,7/
 

ɖ
r
 = /,.056Ȯ 
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ĨńĺŀĵƞŅĚȮĔŅĶėņĬĺĦȮSpecific viscosity (ɖsp)  

ěŅĔ     ɖ
sp
 = ɖ

r
 -Ȯ/  

ɖ
sp
 = /,.056ȮůȮ/ 

ɖ
sp
 = .,.056 

 

ĨńĺŀĵƞŅĚȮĔŅĶėņĬĺĦȮreduce viscosity (ɖred)Ȯ 

ěŅĔ     ɖ
red
 = 
ɖsp

C
 

ṕcbȮ;Ȯ
.,.056

/,./06
 

     ɖ
red
 = .,.053 dL/g 

 

4) Intrinsic viscosity ĽŅĴŅĶĩľŅœħƟěŅĔěŋħĨńħŐĔĬȮY ĕŀĚĔĶŅĲȮReduce viscosity (ŕed) 

ěŅĔȮreduce viscosity (ɖred)ȮĕŀĚȮCSBO ĪňŗėĺĺŅĴŏĕƟĴĕƟĬĨƞŅĚȮŕȮĽŅĴŅĶĩĬņĴŅĽĶƟŅĚŏĮƦĬ

ĔĶŅĲŏĽƟĬĨĶĚŐĽħĚħńĚĶŌĮĳŅėįĬĺĔȮĕ.1  ŐĸŃœħƟĽĴĔŅĶŏĽƟĬĨĶĚŏĮƦĬȮY= 0.0054 + 0.0172 ėƞŅȮR2 = 

0.9843 ěŃœħƟĺƞŅȮIntrinsic viscosityȮĴňėƞŅŏĪƞŅĔńĭȮ0.0172ȮdL/g 
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ĶŌĮĳŅėįĬĺĔȮĕ.1 reduce viscosity (ŕed)ȮĕŀĚȮCSBO 

 

 

 

 

 

 

 

 

 

 

y = 0.0054x + 0.0172
P²Ȯ;Ȯ.,7621

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0 0.5 1 1.5 2 2.5 3 3.5

re
d

u
ce

 v
is

co
si

ty
 (

ŕe
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ĳŅėįĬĺĔ ė 
ĬņŏĽĬŀįĸĚŅĬĺŇěńĵ 
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