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CHAPTER IV

RESULTS AND DISCUSSION

4.1. Materials preparation and characterizations

4.1.1. OH-terminated lactic acid oligomer (PLA-glycolysate:GPLA)

PLA-glycolysate (GPLAs) with different MWs were obtained by varying the 

glycolysis conditions (Table 4.1). The biggest GPLA in the series, G44 (Mn 44000 

g/mol), was obtained by using a PLA:EG ratio of 1:0.5 (wtVwt.) at 175°c for 60 min. At 

higher temperatures and with the use of longer reaction times and higher EG 

contents, smaller-sized GPLAs were produced, i.e., G10 (Mn 10000 g/mol) and G2 

Mn 2000 g/mol). This indicates that the depolymerisation efficiency is strongly 

dependent on the EG content, and reaction temperature and time. This is in good 

agreement with those reported for the depolymerisation of its aromatic polyester 

counterpart, polyethylene terephthalate) (PET) [6 3 ],

The proposed-chemical structures of GPLAs examined by 13C-NMR are 

presented in Figure 4 .1 . เท cPLA (Figure 4 .2 ), signals of in-chain methyl -O C H C H 3C = 0  

(Ca), terminal methyl H O C H C H 3C = 0  (C3 ), in-chain methine -O C H C P LC ^O  (C d), and 

terminal methines H 0 C H C H 3C 0 0 Ç H C H 3C = 0  (cd ) and H O C H C H 3C = 0  (cd ) are clearly 

observed at -  16 .6 , 20.5, 68 .9 , 6 9 .4 , and 66.6 ppm, respectively. เท addition, the 

carbonyl ( -C = 0 )  signal is observed at 169 .6  ppm [641. เท contrast, GPLAs show 

additional s igna is  a t - 6 2 .3  a n d  67 .0  o p m .  a s s o c ia te d  with EG terminals, I.e., 

0 = C 0 C H 2£ H 20 H  (c ), 0=CO£MะC H jO H  (c ) (13 ). T h is  im p l ie s  th a t  GPLAs are comprised 

m a in ly  o f  la c ta te  r e p e a t  u n its , e n d - c a p p e d  w it h  h y c r o x y l g ro u p s  (structure 4 .1 c ) . T h e  

s ig n a l a t 6 0 .6  C C " ' is a s s ig n e d  to  m e tn y le n e  o f  in - c h a in  EG u n its  c o n n e c te d  t o  P LA  

s e q u e n c e s  (-OCrpCrpG- i G ). T h e  p re s e n c e  o f  th e s e  g ro u p s  IS a result from t r a n s -  

e s te r i f ic a t io n  O' p o ly e s te r  c h a in s , le a d in g  t o  a f o rm a t io n  cf t h e  structure 4 . I d .  เท 

addition, the s ig n a ls  o f  EG and LA  residues are o b s e rv e d  in G2 products, obtained 

f r o m  th e  use o f  e x c e s s  EG feed contents at 63 .7  p p m , a n d  2 0 .1 , 66 .4 , and 173  p p m ,  

r e s p e c t iv e ly .
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w h e r e  ะ n > m ,p

Figure 4.1 Chemical structures of CPLA (a) and propose chemical structure of GPLAs;

LAa (b), LAb (c), and LAc (d).

Figure 4.2 c NMR spectra of cPLA (a), G44 (b), G10 (c), and G2 (d).

ppm.
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Table 4.1 G ly c o ly s is  c o n d i t io n s  o f  P LA  re s in  a n d  p r o p e r t ie s  o f  GPLA  p r o d u c ts .

G ly c o ly s is  c o n d it io n s G  PC M A LD I-T O F
M n xio 3 
(g/m ol ) 

13c N M R
M a te ria ls PLA:EG T e m p T im e M nx l0  3 M „ x l0  3

PDI
M n x l0  3 S tru c tu re  (%)

(พt/wt) (°C) (m in) (g/m ol ) (g /m o l ) (g/m ol ) (a) (b) (c)

cP LA - - - 140 190 1.35 - - - - -

G44 1 : 0.5 175 60 44 77 1.75 7.9 34 58 9 15

G10 1 : 0.5 195 60 10 18 1.77 2.1 21 71 9 5.1

G2 1 : 1 195 30 2 3 1.37 1.7 40 60 - 0.4

M A LD I-T O F  m ass  s p e c t ra  o f  G PLAs a re  s h o w n  in  F ig u re s  4.3 -4 .5 . G 10  s p e c t r u m  

(F ig u re  4.4) s h o w s  3 m a jo r  p e a k  s e r ie s , w h o s e  m / z  in te r v a ls  e q u a l t o  m o la r  m a s s  of 

la c ta te  re p e a t in g  u n its  (M  = 72). T h e  m o s t  in te n s e  p e a k  se r ie s  (m o re  th a n  7 1 % ) a re  

a s s o c ia te d  w it h  o l ig o m e rs  d o p e d  w it h  Na* io n s  o f  t y p e  H - [L A ]n-CH ;,CH2O H *N a+ ( m / z  = 

7 2 0 + 1 + 6 1 + 2 3 ) . T h is  is d e r iv e d  f r o m  G P LA  s t r u c tu r e  4 .1 b , i.e ., LA  o l ig o m e rs  c o n ta in in g  

-O H  a n d  -C H 2 C H 2 0 H  te rm in a ls .  T w o  o t h e r  in te n s e  m a s s  se r ie s  a re  o b s e rv e d  a t m / z  = 

7 2 n + l + 1 7 + 2 3  a n d  m / z  = 7 2 n + l + 1 7 + 6 0 + 2 3 , w h ic h  c o r r e s p o n d  t o  Na d o p e d  s p e c ie s  

o f  GPLA s t r u c tu re s  4 .1a  (2 1 % ) a n d  4 .1 c  (9 % ), r e s p e c t iv e ly .  T h is  c o n f irm s  th e  p r o p o s e d  

s t r u c tu re s  o f  p r o d u c ts  f r o m  th e  g ly c o ly s is  r e a c t io n  o f  PLA. G44 s p e c t r u m  (F ig u re  4 .5 )  

a -sc  s n o w s  s im ita r  p e a k ' se rie s , b u t  w i t h  h ig h e r r e la t iv e  p e a k  in te n s i ty  o f  s t r u c tu re s  

4 .1 b . T n is  in d ic a te s  r e la t iv e ly  h ig h e r  c o n te n t s  o f  s t r u c tu re s  4 .1 b  a n c  4 . I d ,  w h e n  

b ig g e - '-s iz e c  G % A  a m  p ro d u c e d .  1° c o n t r a s t ,  t h e  c o r r e s p o n d in g  s c e c t r u m  o f  G 2  

w ig  w e  4 .3 ) s n o w s  a m a jo r  c h a ra c te r is t ic  o f  s t r u c tu r e  4 .1 c  (6 0% ), w it h  t h a t  o f  s t r u c tu r e  

4 .1 b  as a n  o n , y  m in o r  c o n s t i t u e n t  (4 0 % ) . T n e  a b s e n c e  o f  th e  p e a k  s e r ie s  a s s o c ia te d  

w it h  s t r u c tu r e  4.1 G in th is  s m a l l- s iz e d  G PLAs a n d  th e  v a r ia t io n  o f  its  r e la t iv e  in te n s i t y  

ท b ig g e r-s iz e d  G PLAs in d ic a te  t h a t  t h e  f o r m a t io n  o f  s t r u c tu r e  4 .1 c  o c c u rs  a t a n  e a r ly  

s ta ge  o f  g ly c o ly s is , o r a t m i ld  g ly c o ly s is  c o n d it io n s ,  p r e s u m a b ly  b y  t r a n s -e s te r i f ic a t io n .  

W ith  an  in c re a s e  o f  g ly c o ly s is  t im e s  o r t e m p e ra tu r e s ,  th e  g e n e ra t io n  o f  th is  s t r u c tu r e
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is retarded. Most importantly, the employment of an excess amount of EG in feed,

i.e., a PLA:EG ratio of 1:1 compared to 1:0.5 (Table 4.2), leads to a formation of low- 

MW GPLAs and a reduction of structure 4.1c content.

iù  1.,: I ' i l l :• .• 'พ '.๙1‘น่^*.^^..!..* 
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Figure 4.3 MALDI-TOF Mass spectrum of G2.
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Figure 4.4 MALDI-TOF mass spectrum of G10.
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Figure 4.5 MALDI-TOF mass spectrum of G44.



43

Interestingly, the calculated Mn values, from MALDI-TOF mass spectra, are 

much lower than those obtained from GPC and '"C-NMR experiments (Table 4.2). It 

was reported that MALDI-TOF MS was not suitable for determination of average 

molecular weight of polymers with a polydispersity of 1.2 or higher, as large-chain 

components are usually underrepresented, compared to lower mass oligomers [60], 

This was caused by several factors, such as, sample preparation, mass-dependent 

desorption/ionization process, and mass-dependent detection efficiency. 

Nevertheless, it is noted that deviations of the results obtained from GPC may also 

observed, as this technique analyzes the samples based on their hydrodynamic 

volume in comparison with those of polystyrene standards [59],

Table 4.2 Glycolysis conditions of PLA resin and properties of GPLA products.

Glycolysis conditions GPC MALDI-TOF M n x io  3
Materials PLA:EG Tem p Time Mnx l0  3 M^xlO 3

PDI
M n x io  3 structure (%) (g/mol )

(พt/wt) c c ) (min) (g/mol ) (g/mol ) (g/mol ) (a) (b) (c) 13c  NMR

cPLA - - - 140 190 1.35 - - - - -

G44 1 : 0.5 175 60 44 77 1.75 7.9 34 58 ร 15

Clio 1 : 0.5 195 60 10 15 บ 7 2.1 21 71 9 5.1

G2 . 1 : ] ๅ 95 ว่น 2 - '.  37 - 7 40 60 - 0.4

ATR -F7IR  s p e c t ra  c £ G DLAs a re  p r e s e n te d  >  r ig c / e  4 .6 . C h a ra c te r is t ic  b a n d  ๙ ' 

in - c h a in  la c ta te  u n its  is o b s e rv e d  a t 1 0 8 0  c m  : (C -O -C  s k e tc h in g ) .  T h e  c=0 s tr e tc h in g  

m o d e s  o f  f re e  c=0 is o b s e rv e d  a t 1 7 70  cm: 7 w h e r e  as th o s e  o f  h y d ro g e n  b o n d e d  

groups a re  lo c a te d  a t 1 7 55  a n d  1750 c m 1.
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Figure 4.6 ATR-FTIR spectra of G44 (a), G10 (b), and G2 (c).

The band frequency indicates the strength of hydrogen bond interaction, in 

which that at lower frequencies is corresponding to stronger interaction. The intensity 

of the 1755 cm ! mode decreases with a decrease in MW of the products, i.e., hiçher 

contents of -OF! groups from EG t e rm in a ls .  เท contrast, the 1750 cm band increases 

in intensity, with a n  increase in the degree o f  glycolysis. This indicates that G?-As 
with lower MW c o n ta in s  h ig h e r  r e la t iv e  content o f  OH  groups, le a d in g  to h ig h e r  

degree o f  h y d ro g e n  b o n d in g ,  - u r t h e r  shift o f  t h e  band is observed in  G2. where t h e  

vibrational mode a t low frequency presents as a shoulder band. The c=0 b a n d -  

normalized spectra show that the intensity of a 1080 cm 1 mode varies with the 

degree of glycolysis. This indicates a conversion of lactate esters t o  free carboxylic 

acid end-groups.
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TGA and DTGA thermograms of cPLA and GPLAs are shown in Figure 4.7. 

Thermal degradation of PLA glycolysates main chains invotves a one-step 

degradation. The cPLA resin shows a narrow thermal-degradation profile, whereas 

GPLAs show a broader degradation pattern, due to a relatively higher OPi end-group 

contents of GPLA, compared to commercial PLA. These groups can form hydrogen 

bond with carbonyl groups. G2 shows the lowest degradation temperature (Td) and 

onset temperature (Tonset) (Table 4.3) because of a low crystallinity of its short chain 

structure. เท contrast, longer GPLAs (G10 and G44) show higher Td at 345°c and 360°c, 

respectively.

G 10

Figure 4.7 TGA and DTGA thermograms of commercial PLLA and GPLAs.
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Table 4 .3  T h e rm a l p r o p e r t ie s  o f  c o m m e r c ia l  PLA  a n d  GPLAs.

Materials
DSC TGA

—1 I/o
OJ

Tm AHfb T~onset Td

cP LA 68 - - 320 360

G 44 60 153 45 .6 3 2 0 360

G 10 52 148 45 .6 2 8 0 345

G2 -1 0 92 41 .5 150 30 0

: d a ta  f r o m  2 nd h e a t in g  s can  

: d a ta  f r o m  1st h e a t in g  scan

4.1.2. Analysis of Epoxidized natural rubber (ENR)

E p o x id a t io n  o f  NR la te x  w a s  c a r r ie d  o u t  b y  re a c t in g  w i t h  h y d ro g e n  p e ro x id e  

a n d  f o rm ic  a c id . C h e m ic a l s t r u c tu r e  o f  t h e  re s u lt in g  ENR w a s  a n a ly z e d  b y  ’ h  N M R  

a n d  ATR -FT IR  s p e c t ro s c o p y .  T l-N M R  s p e c t r u m  o f  ENR (F ig u re  4 .8 ) s h o w s  s ig n a ls  a t  

1.67 , 5.1 a n d  2 .1 6  p p m ,  a s s ig n e d  t o  m e th y l  (p |a), m e th in e  (FT ) a n d  m e th y le n e  (p|c) 

p r o to n s  o f  c is - l , 4 - p o ly is o p r e n ic  s t r u c tu re ,  re s p e c t iv e ly .  T h e  s ig n a ls  o f  m e th y l  (p |rl), 

m e th in e  (H e), a n d  m e th y le n e  (p|f) g ro u p s  a d ja c e n t  t o  e p o x id e  u n its  a re  o b s e rv e d  a t  

1 .26 , 2 .7  a n d  1.5 p p m ,  re s p e c t iv e ly  [6 5 ]. T h e  c e g re e  o f  e p o x id a t io n ,  d e te rm in e d  f r o m  

to e  in te g ra t io n  ra t io  o f  t h e  m e th in e  p r o t o n  a d ja c e n t - t o  o x 'o n e  rin g  a t 2 .7  p p m  a n d  

to e  proton a d ja c e n t  t o  C-C of polyiscprene a t ' 5.1 ppm, ร 20%. -"HR s p e c t r u m  o f  

ENR. as s h o w n  in  F ig u re  4 .9 (a ), reflects c h a ra c te r is t ic  S igna ls of e p o x id e  rin g  a t 12 50  

cm ' (symmetric stretching) พ 0 870 พ'" : msywm.etr c ร;-etc-sTg) [7],
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Figure 4.8 !H NMR spectrum and chemical structure of ENR.
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4.2. Preparation of GPLA-cured ENR materials

G P L A -c u re d  EN R  m a te r ia ls  in t h is  w o rk  w e re  p re p a re d  b y  t h re e  d if fe r e n t  

p ro c e d u re s ,  i.e. c h e m ic a l cu r in g  in  s o lu t io n  (a c c o rd in g  t o  3.5.1), r e a c t iv e  c ro s s lin k in g  

in  M D R  (a c c o rd in g  t o  3 .5.2) a n d  in  an  in te r n a l m ix e r  (a c c o rd in g  t o  3.6.5). T h e  r e s u lt s  

f r o m  th e  c h e m ic a l  r e a c t io n s  (in s o lu t io n )  a n d  r e a c t iv e  c ro s s lin k in g  (M D R) m e th o d s  

p r o v id e  in -d e p th  in fo rm a t io n  o n  c u r in g  m e c h a n is m s  a n d  c h e m ic a l  s t r u c tu re s  o f  t h e  

c u r e d  EN R  p ro d u c ts .  เท p a r a l le l ,  t h e  r e a c t iv e  m e lt  b le n d in g  m e th o d  is m o re  p r a c t ic a l 

fo r  in d u s try . D e ta ils  o n  th e s e  cu r in g  a p p r o a c h e s  a re  d e s c r ib e s  in s e c t io n s  4 .2 .1 -4 .2 .4 .

4.2.1. Curing characteristic o f ENR and NR

C ro s s lin k in g  e f f ic ie n c y  o f  EN R  b y  G P L A  (G44) c ro s s lin k e r s  is e x a m in e d ,  in 

c o m p a r is o n  w ith  NR. A  re a c t iv e  c u r in g  p ro c e s s  w a s  c a r r ie d  o n  a M o v in g  D ie  

R h e o m e te r  (M DR) a t 8 0  ° c  fo r  30  m in . F ig u re  4.10 sh o w s  e la s t ic  t o r q u e  v a lu e s  o f  EN R - 

G P L A  a n d  N R -G P LA  m ix tu re s , a s  a f u n c t io n  o f  cu r in g  t im e s , w ith  a v a r ia t io n  in 

ru b b e r :G P L A  w e ig h t  ra t io s . T h e  s a m p le s  a re  d e n o te d  b y  t h e  n a m e  o f  th e  

c o r r e s p o n d in g  G P LA , a n d  ET  fo r  EN R  o r  N T  fo r  NR, r e s p e c t iv e ly .  G 4 4 E T  a n d  G 4 4 N T  a re  

e x a m in e d .  S c o rc h  t im e s  fo r  t h e  cu r in g  o f  b o t h  EN R  a n d  N R  s a m p le s  a re  s h o r te r  th a n  

5 m in , w h ic h  is in t h e  s a m e  range  as t h o s e  o f  t y p ic a l s u lfu r - v u lc a n iz e d  EN R  a n d  N R  (~ 

2 a n d  4 min, respectively) [6 6 ]. W h e n  t h e  G44 le a d in g  c o n te n t  in c re a s e s , t h e  c u r in g  

ra te  of both ENR and NR m ix tu re s  in c re a s e s . T h is  is likely b e c a u s e  t h e  h y d ro x y l e n d  

gro u p s  •ท G44 C la y s  am important role ๐ท toe p ro g re s s  cf t h e  c re s s lin k in g  re a c t io n ,  as 

r e p o r te d  byNakason e t a l. [67]
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Figure 4.10 P lo t s  o f  e la s t ic  t o r q u e ,  a s a  f u n c t io n  o f  cu r in g  t im e ,  o f  G 4 4 /E N R  m ix tu re s  

(a) a n d  G 4 4 /N R  m ix tu re s  (b), p r e p a re d  a t d if fe re n t  r u b b e r /G P L A  ra tio s .

T h e  m in im u m  t o r q u e  (M L) v a lu e s  o f  b o th  E N R -b a se d  a n d  N R -b a se d  m ix tu re s  

in c re a s e  w ith  an  a d d it io n  o f  G P L A , c o m p a r e d  t o  n e a t  EN R  a n d  NR. S in c e  M L is 

re g a rd e d  as s to c k  v is c o s it y ,  th is  im p l ie s  t h a t  t h e  in c o rp o ra t io n  o f  p o ly m e r s  in c re a s e s  

t h e  v is c o s it y  o f  b o th  EN R  a n d  N R  r u b b e r s  [68], A  s im ila r  t re n d  is a ls o  o b s e r v e d  fo r  t h e  

m a x im u m  t o r q u e  (M H), w h e r e  t h e  v a lu e s  in c re a s e  w ith  a n  in c re a s e  in th e  p o ly m e r  

lo a d in g  c o n te n t .  T h is  is b e c a u s e  M H is c o r r e la t e d  t o  m o d u lu s  o f  t h e  m ix tu re s  [67, 69], 

A n  in c o rp o r a t io n  o f  p o ly m e r s  in r u b b e r  m a t r ix  in c re a s e s  t h e  ru b b e r  m o d u lu s ,  a s a 

re s u lt  f r o m  th e  r e s t r ic t io n  o f  its c h a in  f le x ib i l i t y .  T h e  o b s e r v e d  lo w e r  e la s t ic  t o r q u e  

v a lu e  o f  p u re  ENR, c o m p a r e d  to  p u re  NR, is m a in ly  d u e  t o  a n  e x te n s iv e  m a in -c h a in  

m o d if ic a t io n  c a u s e d  b y  t h e  r e d u c t io n  in  m o le c u la r  w e ig h t  o f  NR, a s a re s u lt  f r o m  s id e  

m a c r  o n s  o f  t h e  e p o x id a t io n  p ro c e s s  [70]. iViH v a lu e  o f  G 44E T 11  is s ig n if ic a n t ly  s im ila r  

t o  m a t  o f  G 4 4 N T 1 1 , d u e  t o  a d o m in a t io n  e f fe c t  o f  e x c e s s  G P L A  (50 w t% ). S im ila r ly ,  

iVL v a lu e s  o f  G 4 4 E T 1 4  a n d  G 4 4 N T 1 4  a re  n o t  s ig n if ic a n t ly  d if fe re n t ,  a s th e s e  s a m p le s  

a re  a ls o  d o m in a t e d  b y  ru b b e r  d o m a in s  w ith  lo w  c o n te n t  o f  h y d ro x y l g ro u p s . เท 

c o n t ra s t ,  Mu v a lu e s  o f  G 4 4 E T 1 2  a re  c le a r ly  h ig h e r th a n  th o s e  o f  G 4 4 N T 1 2 . T h is  

in d ic a te s  th a t  a G 44 :E N R  w e ig h t  ra t io  o f  1:2 is an  o p t im u m  c o m p o s it io n  fo r  

c ro s s lin k in g  o f  ENR, w h ic h  is n o t  a p p ro p r ia t e  in t h e  le s s  re a c t iv e  NR m ix tu re .
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T h e  v is c o u s  t o r q u e  o f  r u b b e r  m ix tu r e s  a ls o  in c re a s e s  w ith  a n  in c re a s e  in  G 4 4  

c o m p o s it io n ,  a s s h o w n  in F ig u re  4.1 ใ. T h is  is p r o b a b ly  b e c a u s e  a n  e x c e s s  a m o u n t  o f  

u n r e a c te d  s p e c ie s ,  i.e., a “ s im p le  b l e n d ” f r a c t io n ,  in c re a s e s  t h e  f lo w  c h a ra c te r is t ic  o f  

t h e  m ix tu re , r e f le c t in g  in  a n  in c re a s e  o f  t h e  v is c o u s  t o r q u e  o r  d a m p in g  b e h a v io r s  o f  

p u re  ru b b e rs . T h e s e  re s u lt s  in d ic a te  t h a t  t h e  c o n te n t s  o f  c ro s s l in k e d  d o m a in s  a n d  

“ s im p le  b le n d ” f r a c t io n  p la y  a m a jo r  r o le  in  t h e  v is c o e la s t ic  b e h a v io r s  o f  t h e  b le n d s .

T h e  e f f ic ie n c y  o f  c ro s s lin k in g  r e a c t io n  is r e f le c t e d  b y  t h e  t im e - d e p e n d e n t  lo s s  

ta n g e n t  (tan  5 )  v a lu e s  o f  t h e  b le n d s ,  a s  s h o w n  in F ig u re  4 .12. T h is  is c a lc u la t e d  f ro m  

a ra t io  o f  v is c o u s  t o r q u e  t o  e la s t ic  t o r q u e ,  w h e r e  t h e  lo w  v a lu e s  in d ic a te  h igh  

e la s t ic ity .  C o n v e r s e ly ,  la rg e  ta n  5  v a lu e s  in d ic a te  h igh  d e g re e  o f  v is c o u s  b e h a v io r s .  

T h e  lo s s  ta n g e n t  v a lu e s  o f  EN R  m ix tu r e s  a re  lo w e r  th a n  n e a t  ENR, in d ic a t in g  th a t  t h e  

in c o rp o r a t io n  o f  G 4 4  in c re a s e s  t h e  e la s t ic i t y  o f  ENR, a s  a  re s u lt  o f  t h e  c ro s s l in k e d  

n e tw o rk  s t r u c tu re  fo rm a t io n .  O n  t h e  o th e r  h a n d , a l l  N R /G 4 4  m ix tu re s  s h o w  h ig h e r  ta n  

8  v a lu e s  th a n  p u re  NR. T h is  c o n f irm s  a v e r y  lo w  c ro s s lin k in g  c o n te n t  in t h e  e p o x id e -  

d e f ic it  ru b b e r  s a m p le s .  T h e  h ig h e r  t a n  5  v a lu e s  o f  G 44E T 11  a n d  G 4 4 N T 1 1 , c o m p a r e d  

t o  t h e  c o r r e s p o n d in g  s a m p le s  a t a ra t io  o f  1:2, m ig th  b e  d u e  t o  a d o m in a t io n  o f  

e x c e s s  G P L A  c h a ra c te r is t ic s .

(a)

G44ET11

,G4-!ET;2

i3ii4£X.i.4'w.
ENR

(b)

G.NINTH

- 1 !

o I
G-H ผ ' ' 2

NR

Time (mai) Time (min)

F ig u re  4 .11  P lo t s  o f  v is c o u s  t o r q u e ,  a s a  f u n c t io n  o f  c u r in g  t im e ,  o f  G 4 4 /E N R  m ix tu re  

(a) a n d  G 4 4 /N R  m ix tu re s  (b), p r e p a re d  a t d if fe r e n t  r u b b e r /G P L A  ra tio s .
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(aï (b)

0O
c  0.3

.V Jàââttai
iâàâüTM

'G44NT12

Time (min) Time (min)

F ig u re  4 .1 2  Plots of Tan 6 ,  as a function of curing time, of G44/ENR mixture (a) and 

G44/NR mixtures (b), prepared at different rubber/GPLA ratios.

T a b le  4 .4  Weight percentage of extracted fractions obtained from sequential solvent 

fractionation, degree of swelling, and gel contents of G44ET14 and G44NT14 blends.

S a m p l e

C o m p o s i t i o n  in  

f e e d  ( w t % )
W e i g h t  f r a c t i o n  ( % )

G e t

c o n t e n t

(% )

S w e l l i n g

r a t i o

( % )G 4 4 E N R N R S t h = F t o I Pol

G 4 4 E T 1 4 20 80 - 4 1  ±2 21 ±2 3 9 ± 4 6 5 ± 2 1 6 4 8 ± 1 0

G 4 4 N T 1 4 20 - 80 7 6 ± 2 17± 1 17 + 2 5 0 ± 3 8 5 0 ± 9

Table 4.4 summarizes weight percentage of extracted prccucts of ENR and NR 

cured samples. The content o f  Sam of G44ET14 is 41%, while รT;: and lTo! are about 

21 and 39 wt%, respectively. As Tee GPLA end neat ENR car: comc-.etely dissolve in 

THF and toluene, the content ๐f (-01 fraction confirms the presence of chemically- 

modified structures, i.e., a cured network which is non-soluble. The percentage of 

soluble fractions (both STHF and รๅ-01) of G44NT14 are about 83 wt%, compared to 

80% NR feed content. The difference is likely a result of the relative difference in 

their solubility parameters (§x). As THE soluble G44 IS accounted for 20 % of the 

value, this indicates that NR (Ômp = 8.2 (ca l/cm V ' d can dissolve in both THF (8THF =

9.1 (cal/cmT^) and toluene (§1-01 = 8.9 (cal/cm3)1̂ )-
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Degree of crosslinking of the cured products is determined from toluene 

extraction of the remaining THF-insoluble fraction, at room temperature for 7 days. 

Table 4.4 show a gel content of cured ENR sample is 65%, while that of the 

corresponding NR sample is 50%. However, the 1101 weight fraction of G44NT14 is only 

half of that of G44ET14 (17% and 38%). This confirms the crosslinking reaction of ENR 

by G44, whereas conventional crosslinking also slightly occurs in the NR mixture.

The crosslinking density of the 1101 samples are recorded in term of a swelling 

percentage of the sample in toluene, as also summarized in Table 4.4. The swelling 

ratio of the cured fraction of G44NT14 is about 850%, which is in the same range as 

those of typical sulfur-vulcanized NR ( -  800%) [9]. This reflects that crosslinking by 

other mechanisms may slightly occur during the MDR experiment, due to high 

temperature and the applied shear force. เก contrast, the corresponding sample of 

G44ET14 exhibits very high swelling ability (higher than 10 times of their original 

dimensions), and about 2 folds higher than that of the NR counterpart. This strongly 

supports our proposed crosslinking mechanisms, as stated earlier, in which G44 

chains act as long-chain bridges, providing higher flexibility for the cured rubber 

network swelling.

NR

(a) <b) ■ G44NT14(It,„)

G44ET14(I-c)

G44ET 14(lTcl)-ENR

200 300 400 500 600

.. G44NT14(lTo1)-NR

200 300 400 500

F ig u re  4 .1 3  DTGA thermograms of toluene-insoluble fraction obtained from G44ET14 

(a) and G44NT14 (b) cured products.
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D T G A  th e rm o g ra m s  o f  lTol f r a c t io n  o f  G 4 4 E T 1 4  a n d  G 4 4 N T 1 4  c u r e d  s a m p le s  

a re  c o m p a re d  t o  t h o s e  o f  th e ir  c o r r e s p o n d in g  n e a t  EN R  a n d  N R  in  F ig u re  4 .13 . P u re  

EN R  a n d  NR s h o w  a s in g le  D T G A  p e a k  a t  a ro u n d  40 0 °c , in d ic a t in g  th a t  t h e rm a l 

d e g ra d a t io n  o f  t h e s e  ra w  m a te r ia ls  is m o s t ly  a o n e -s ta g e  p ro c e s s  d u e  t o  th e ir  

h o m o g e n e o u s  n a tu re . T h e  d e g r a d a t io n  c h a r a c te r is t ic  o f  G 4 4 E T 1 4  a n d  th a t  a fte r  

s u b t ra c t io n  o f  n e a t  E N R  (G 44 E T 14 -E N R ) a re  s h o w n  in F ig u re  4.13(a). T h e  s u b t r a c t e d  

th e rm o g ra m  e x h ib it s  3 s te p s  o f  d e g ra d a t io n .  A  lo w  t e m p e ra t u r e  p e a k  o b s e r v e d  a t 

a p p r o x im a te ly  3 0 0 °c , is a t t r ib u te d  t o  t h e  d e g ra d a t io n  o f  g ra fte d  la c t a t e  u n it s  o n  EN R  

d o m a in .  A  s e c o n d  s te p , o b s e r v e d  b e tw e e n  3 5 0 °c  t o  4 0 0 °c , is t h e  d e g ra d a t io n  o f  

la c t a t e  b lo c k  s e q u e n c e s  th a t  a c t  a s  c r o s s l in k e d  c h a in s  o n  E N R  b a c k b o n e s ,  w h e re a s  

t h e  m a s s  lo s s  s t e p  o b s e r v e d  a t 4 5 0 ° c  is l ik e ly  d u e  t o  t h e  lo s s  o f  b y -p ro d u c ts ,  i.e., 

c ro s s l in k e d  a n d  c y c l iz e d  n e tw o rk s  o f  r u b b e r  d o m a in s  [71], เท c o n t ra s t ,  t h e  s u b t ra c t io n  

re s u lt  f r o m  G 4 4 N T 1 4 -N R , as s h o w n  in  F ig u re  4 .13(b), e x h ib it s  o n ly  o n e  d e g ra d a t io n  

p e a k  a t a p p r o x im a te ly  3 0 0 °c  a t t r ib u te d  t o  s m a l l  a m o u n t s  o f  la c t a te  b lo c k  

s e q u e n c e s ,  w h ic h  a re  c ro s s l in k e d  t o  r u b b e r  d o m a in s  u n d e r  d y n a m ic  c ro s s lin k in g  

c o n d it io n s .  T h is  is b e c a u s e  f re e  r a d ic a ls  a re  p r o d u c e d  o n  c a rb o n  a to m s  a t t h e  

a l ly l i c  p o s it io n s  o f  NR, t o  in it ia te  t h e  c r o s s l in k  r e a c t io n  [72],
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4 .2 .2 . G P L A - c u r e d  E N R  v ia  c h e m ic a l  c r o s s l in k in g  r e a c t io n  (G ER )

4.2.2.1. Chemical structure o f GER products

C h e m ic a l s t r u c tu re s  o f  G P L A -c u re d  EN R  p r o d u c t s  o b t a in e d  f ro m  c h e m ic a l  

r e a c t io n s  o f  EN R  a n d  G P L A  in  a c le a n  r e a c to r  a n d  p u r i f ie d - s o lv e n t  a re  p r o p o s e d  in 

F ig u re  4.14-4.15Figure a.15. T h re e  p r o p o s e d  s t r u c tu re s  o f  G P L A -c u re d  EN R  p ro d u c t s ,  i.e., 

“ c r o s s l in k e d ” , “ g ra f t e d ” , a n d  “ s im p le  b le n d ” , w e re  s e q u e n t ia l ly  f r a c t io n a te d  b y  

s o lv e n t  e x t r a c t io n  a n d  th e ir  p ro p e r t ie s  w e re  c h a ra c te r iz e d .

F ig u re  4 .1 4  C ro s s lin k in g  r e a c t io n  o f  ENR  b y  G P L A  ทาa c r o m o le c u la r  c ro s s lin k e r .

A  A A  ?

V i T > a  i f
A  v  A  A  V  ะ:-

ENR G44 รท(Oct)2

"S im ple b lend”

A
จ

A A 

จ V

THF so lub le (รTHF)

"G rafted" "Crosslinked"

Toluene so luble (ร10,) Toluene inso lub le (lToj)

F ig u re  4 .1 5  Possible structures of GPLA-cured ENR products and their solvent

solubility.
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4400 4600 4800 5000 5200 5400 5600 5800 m/z

F ig u re  4 .1 6  M A L D I-T O F  m a s s  s p e c t r a  o f  G 1 0 E R 1 1 (S THF) (a), G 10E R 1  l( S Toi) (b), a n d  EN R

(c) in a ra n g e  o f  4 3 0 0  - 5 9 00  m /z .

M A L D I-T O F  m a s s  s p e c tra  o f  G 1 0 - c u re d  EN R  p r o d u c t s  a re  c o m p a re d  w ith  p u re  

ENR, a s s h o w n  in  F ig u re  4 .16. T h e  s p e c t r a  w e r e  o b t a in e d  u s in g  d it r a n o l a s a m a tr ix  

a n d  S i lv e r  t r i f lu o r o a c e ta t e  (AgTFA) d o p in g  a g e n t. C h e m ic a l  s t r u c tu re s  o f  t h e  “ s im p le  

b le n d ” f r a c t io n  o f  G 10E R 11  (F ig u re  4 .16a ) e x h ib it s  b o th  f re e  G P L A  ( s t ru c tu re  L A a, L A b, 

a n d  L A C) a n d  u n r e a c te d  ENR, i.e., is o p r e n e  u n its  (i) a n d  e p o x id e  u n its  (e). M a s s  o f  

e p o x id e  u n it  (e) is h ig h e r  th a n  th a t  o f  is o p r e n e  u n it  (i) a b o u t  16 Da, d u e  t o  its  o x y g e n  

a to m . T h e  p a t te rn  o f  l A  u n it s  in  “ s im p le  b ie n d "  f r a c t io n , i.e. Sthf, is a ls o  c le a r ly  

o b s e r v e d .  N o n e t h e le s s  t h e  re s u lt s  c o n f irm  th a t  t h e  d is s o lv e d  p r o d u c t  a f te r  s o x h le t  

e x t r a c t io n  b y  T H F  s o lv e n t  is f re e  EN R  a n d  u n r e a c te d  G PLA .

S im ila r  t o  t h e  “ s im p le  b le n d ” f r a c t io n ,  t h e  “ g ra f te d ” f r a c t io n , w h ic h  is s o lu b le  

in t o lu e n e ,  e x h ib it s  5 m a s s  p e a k  se r ie s  (F ig u re  4 .16b). T h e  m a s s  v a lu e s  o f  L A  u n its  in 

t h e  “ g r a fe d ” f r a c t io n  is 1 Da ro w e r  t h a n  tn o s e  in t h e  f re e  L A  f ra c t io n , l ik e ly  d u e  t o  an  

a b s e n c e  o f  a h y d ro g e n  a to m  f r o m  GPlA c h a in  e n d  as a r e s u lt  fro m  t h e  gra fing  

re a c t io n .  T h is , in  tu rn s , le a d s  t o  a m a s s  in c re a s e  o f  e p o x id e  g ro u p  f ro m  an  a d d it io n  o f
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a h y d ro g e n  a t o m  a fte r  r in g -o p e n in g  r e a c t io n , as s h o w n  in F ig u re  4.17. S ig n a ls  o f  L A b 

a n d  LAC s h o w  d if fe r e n t  re la t iv e  in te n s ity  t o  th a t  o f  t h e  S Toi f ra c t io n . T h e  d e c r e a s e  in 

t h e  LAb s ig n a l r e f le c t  th a t  g ra ft in g  o f  GPLA o n  EN R  is m o re  l ik e ly  d u e  t o  E G ’ s h y d ro x y l 

e n d  g ro u p s  th a n  la c t a t e  h y d ro x y l t e rm in a l.

(a)

(b)

ENR

r -
csl
CNJ

นา
เ^
ÇVJ
CNJ

LA(a)

! LA(c) 

LA(b)

VO
CO
CO
c\i

นา
นา
CNJ

CO
นา
นา
CNJ

2400 2600 m /z

Figure 4.17 MALDI-TOF Mass s p e c t ra  of G10ER11(STHF) (a), G10ER1 l(STol) (b) in  a  range

of 2200 - 2700 m/z.

Figure 4.18 shews the corresponding mass spectra in full scale, where the

c e a k  se^e^ \A '■ท '^ 0   ̂ o n g iry  a re ig b ^ le o  m-mp ct''.: :r~t-;cp C,h0 \_\/c; 0 Û

highest maximum mass values, compared to free ENR and the “simple b lend” 

fraction. This implies that grafting and crosslinking reaction (which low crosslinking 

efficiency) take place ana generate products with higher mass.
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(b)
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F ig u re  4 .18  .V A l DI-“ O F  m ass sp e c tra  (fu ll s ca le ) o f  G10ER1 K S thf) (a). G lO E R ll( S ro i)  (b), £ r a

ENR (c).

C h e m ic a l  s t ru c tu re s  o f  t h e  “ s im p le  b le n d ” a n d  “ g ra f te d "  s o lu b le  f r a c t io n s  

a re  c h a r a c te r iz e d  b y  'h i-N M R  s p e c t r o s c o p y ,  a s  s h o w n  in F igure 4.19. T h e  c h a ra c te r is t ic  

s ig n a ls  o f  EN R  a n d  G 10  a re  c le a r ly  o b s e r v e d  in  t h e  2 e x t r a c te d  p r o d u c t s .  T h is  

in d ic a te s  t h a t t h e  G 10  “ g ra f t e d ” EN R  fra c t io n , w ith  lo w  g ra ft in g  e f f ic ie n c y ,  c a n  b e

s l ig h t ly  d is s o v le d  in  TH F  s o lv e n t .
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F ig u re  4 .19  !H -N M R  sp e c tra  o f  G 10  (a), ENR  (b), G10ER1 1(Sjhf) (c ), a n c  G10ER11 (d).

M e c h a n is m  o f  t h e  c h e m ic a l  c ro s s lin k in g  r e a c t io n  o f  EN R  b y  G P L A  c ro s s l in k e r s  

(u s ing  a G P LA :E N R  ra t io  o f  4:1) is e x a m in e d  b y  FTIR s p e c t r o s c o p y .  FTIR s p e c t r a  o f  t h e  

s a m p le s  a re  n o r m a l iz e d  aga in s t t h e  c h a ra c te r is t ic  b a n d  o f  r u b b e r  u n its  at 1655  c m  1 

( c = c  s t re tc h in g )  [7, 69], C h a n g e s  in in te n s ity  o f  th e  1750  c m  ! m o d e  ( c = 0  s t re tc h in g  

o f  la c ta te )  a re  t h e n  q u a n t i t a t iv e ly  a n a ly z e d  [73], as s h o w n  in F ig u re  4 .20 -4 .2 2
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T h e  n o rm a l iz e d  s p e c t r a  o f  a G 1 0 E R 1 4  m ix tu re  a t 8 0 ° c  a re  r e c o rd e d  as a fu n c t io n  

o f  t im e .  T h e  c h a ra c te r is t ic  b a n d  o f  la c t a te  u n its  in c re a s e s  in  in te n s ity  w ith  t im e , as 

s h o w n  in  F igu re  4 .20. A s  t h e  s p e c tra  a re  r e c o rd e d  เท A T R  m o d e ,  t h e  s p e c t r a  o n ly  

re p re s e n t  c h a ra c te r is t ic  o f  su r fa c e  of t h e  f i lm ,  w ith  a p e n e t r a t io n  d e p th  of a b o u t  2 0 0  

p m . เท an  e a r ly  s ta g e  o f  r e a c t io n , i.e., t im e  o f  0 h o u r , an  im m is c ib le  m ix tu re  o f  t h e  2 

c o m p o n e n t s  is m e a s u re d . G P L A  fo rm s  d r o p le t s  a n d  s lo w ly  d is p e r s e s  in to  EN R  m a t r ix  

a s  a fu n c t io n  o f  r e a c t io n  t im e . C o n s e q u e n t ly ,  “ c r o s s l in k e d ” a n d  “ g r a f t e d ” f r a c t io n s  

a re  g e n e ra te d  a n d  a c t  a s s ta b i l iz e r  o r c o m p a t ib i l iz e r ,  le a d in g  t o  f o rm a t io n  o f  f in e  

d r o p le t s  o f  u n re a c te d  G P L A . F in a lly , G P L A  d o m a in s  h o m o g e n e o u s ly  d isp e rse d  in ENR 

m atrix , re su lt ing  an  in c re a se  in in te n s ity  o f  th e  1750 cm  1 m o d e , as a fu n c t io n  o f  t im e .

F o r  G44ER14, the intensity of the 1750 cm ! mode seems to increase during 

the first two hours of the crosslinking reaction, as higher hydrophobicity of longer 

GPLA chain in non-polar rubber domains promotes better dispersion. After mat, the 

cA signal decreases in intensity with an increase เท the reaction time (Figure 4.21).
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E n ta n g le m e n t  o f  h igh  m o le c u la r  w e ig th  p o ly m e r  c h a in s  a n d  a p h a s e  s e p a r a t io n  o f  

G 4 4  f r o m  EN R  o c c u r  w ith  t h e  p ro g re s s  o f  t h e  c ro s s lin k in g  re a c t io n .

8 h wavenumber (cm1)

F ig u re  4 .2 1  N o rm a liz e d  A TR -FT IR  s p e c t r a  o f  G 4 4E R 14 , a s a fu n c t io n  o f  c u r in g  t im e .

F ig u re  4 .22  s h o w  FTIR s p e c t ra  o f  G 2ER 14 . T w o  s e o a ra te  c = 0  s ig n a ls  a re  

o b s e r v e d  at 1 750  a n d  1755  c m  d u e  t o  h y d ro g e n  b o n d e d  c a r b o n y l w ith  t h e  

r e la t iv e ly  h igh  c o n te n t  O H  g ro u o s  o f  t h e  lo w  M W  G2. T h e  in te n s ity  o f  t h e  L A  s ig n a ls  is 

d e c r e a s e d  w ith  a n d  in c re a s in g  o* r e a c t io n  t im e . T h is  '•ร c a u s e d  b y  a h ig h  c h a in  

m o b i l i t y  o f  G 2, w h ic h  le a d s  to  ra p id  d is p e r s io n  a n d  c ro s s lin k in g  w itn  e p o x id e  g ro u p s , 

w h e r e  as u n r e a c te d  G 2  is t r a p p e d  in  EN R  m a tr ix .
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F ig u re  4 .2 2  N o rm a liz e d  ATR -FT IR  s p e c t ra  o f  G 2E R 1 4 , a s a f u n c t io n  o f  c u r in g  t im e

4 .2 .2 .2 . Crosslinking effic iency o f  GER products

R e s u lts  o n  s e q u e n c ia l  e x t r a c t io n s  o f  G P L A - c u re d  EN R  s a m p le s  b y  

c h e m ic a l  c ro s s lin k in g  r e a c t io n s  (GER) a re  s u m m a r iz e d  in  F ig u re  4 .23

Figure 4.23 a n d  T a b le  4.5. T h e  w e ig h t  c o n te n t s  o f  lTo 1 is rang in g  f r o m  14 -50  %, w h i le  t h e  

c o r r e s p o n d in g  v a lu e s ' fo r  ร 101 a n d  STHf a re  a b o u t  1 -39 w t%  a n d  2 1 -8 6  w t% , 

r e s p e c t iv e ly .  T h e  c o n te n t  o f  t h e  “ g ra f te d ” f r a c t io n  o f  G 2 - c u re d  EN R  is lo w e r th a n  

t h o s e  o f  G 1 0  a n c  G44. le a c in g  to  H igher çei. c o n te n t  (93 -98% ). T h is  r e f le c t s  t n e ir 

h ig h e r  c ro s s lin k in g  e f f ic ie n c y ,  w h ic h  is c o r r e s p o n d in g  t o  p r o b a b i l i t y  o f  t h e  tw o  

h y d ro x y l g ro u p s  t o  re a c t  w ith  e p o x id e  a n d  fo rm  c ro s s l in k e d  ju n c t io n s .  T h e  s m a ll-  

s iz e d  G 2 m o le c u le s  p re fe r  t o  g e n e ra te  c r o s s l in k e d  s t ru c tu re , b e c a u s e  o f  th e ir  h igh  

c h a in  m o b il i t y  (T , is -10  °c), c o m p a re d  t o  t h e  b igge r s iz e d  c o u n te rp a r t s .  A t  t h e  s a m e  

s iz e  o f  G 1 0 E R  a n d  G 2 E R  s a m p le s ,  t h e  “ c r o s s l in k e d ” s t r u c tu re  is in c re a s e d  w ith  a n d  

in c re a s in g  o f  G P L A  fe e d  c o n te n t ,  d u e  t o  a r e la t iv e ly  h ig h e r  c o n te n t  o f  OF! g ro up .
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H o w e v e r ,  G 44E R 11  s h o w s  le s s  “ c r o s s l in k e d ” s t ru c tu re  th a n  th o s e  o f  G 4 4 E R 1 2  a n d  

G 4 4E R 11 . T h is  r e s u lt  c a u s e s  b y  c h a in  e n t a n g le m e n t  o f  G 44 , le a d  t o  p h a s e  s e p a ra t io n  

o f  G P L A  in  EN R  m a tr ix .

T h e  t o lu e n e - in s o lu b le  s a m p le s  o b t a in e d  f ro m  c u re d  p r o d u c t s  o f  G P L A  w ith  

m o d e r a te  c h a in  le n g th s  (G10) p o s s e s s  t h e  h ig h e s t  d e g re e  o f  s w e ll in g  (2 000 -4000% ). 

T h e s e  re s u lts  s u p p o r t  o u r  p r o p o s e d  c ro s s l in k in g  m e c h a n is m s  th a t  G 10 c h a in s  a c t  a s 

lo n g -c h a in  b r id g e s , w h ic h  p r o v id e  h ig h e r  f le x ib i l i t y  fo r  th e  ru b b e r  n e tw o rk  s w e ll in g .  

H o w e v e r ,  G 4 4 - c u re d  s a m p le s  s h o w  m u c h  lo w e r  d e g re e  o f  s w e ll in g  (—10 fo ld s ) ,  

c o m p a re d  t o  G 1 0 - c u re d  s a m p le s .  T h is  is l ik e ly  d u e  to  c h a in  e n t a n g le m e n t  o f  t h e  

lo n g e r  p o ly m e r  b r id g e s , a n d  p a r t ly  t h e  p o o r  s o lu b i l i t y  o f  P L A  s e q u e n c e s  in  t o lu e n e  

s o lv e n t  a s  a r e s u lt  f r o m  t h e  m is m a tc h  in  t h e ir  s o lu b i l i t y  p a ra m e te r s .

G2ER11 G2ER12 G2ER14 G10ER11 G10ER12 G10ER14 G44ER11 G44ER12 G44ER14

F ig u re  4 .2 3  W e ig h t  c o n te n t  o f  e a c h  e x t r a c t e d  f ra c t io n s  o b t a in e d  f ro m  s e q u e n t ia l  

s o lv e n t  f r a c t io n a t io n  o f  G 2E R  (a), G 1 0 E R  (b), a n d  G 4 4 E R  (c) c u r e d  s a m p le s .



T a b le  4 .5  W e ig h t  c o n te n t s  o f  e a c h  e x t r a c t e d  f r a c t io n  o b t a in e d  f ro m  s e q u e n t ia l  

s o lv e n t  f r a c t io n a t io n ,  d e g re e  o f  s w e ll in g ,  a n d  g e l c o n te n t s  o f  G P L A -c u re d  EN R  

p r o d u c t s  f ro m  c h e m ic a l  c ro s s lin k in g  r e a c t io n .
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Sam p les

W eight fraction (%)

Sw elling (%)
Gel c o n te n t  

(%)
TH F so lu b le  

[5thf]

T o lu e n e

so lu b le

[Sroi]

T o lu e n e

in so lu b le

[ น

G2ER11 49±4 3+4 48+2 426±8 93±6

G2ER12 72±5 2±2 26±3 387±7 93+5

G2ER14 83±2 0±0 17+3 492+11 100±2

G10ER11 44±4 7±1 48±3 2090±9 87±1

G10ER12 31+5 33±1 36±6 4283±8 52±5

G10ER14 41+6 23±4 37±2 3593±12 62±4

G44ER11 61 ±2 16±3 23±5 356+6 59±3

G44ER12 38±4 16±3 49±7 372±8 75+4

G44ER14 22+4 38±2 41 ±6 201+10 52+

4 .2 .3 . G P L A - c u r e d  E N R  v ia  r e a c t iv e  c r o s s l in k in g  (G E T )

4.2.3.1. Chem ica l structures o f  GET products

FTIR spectra of G44ET14 mixtures before and after crossünking in iViDR, are 

compared with their starting materials (ENR ar+d G44) m Ejgure 4.24. Characteristic 

signals ๐f G44 are observed at 1750 (C=G stretching of lactate), 1185-1090 (C-0 

stretching of lactate), and 1045 cm 1 (C-0 bending of hydroxyl end group) [73], The 

characteristic bands of ENR are observed at 3030 (C-H stretching of epoxide), 1655 

(c=c stretching), 1375 (G-H symmetric deformation of -Crij). 1255 (C-0 stretching of 

epoxide), 875 (asymmetric stretching of epoxice ring), and 840 cm : (C-H asymmetric 

stretching of CHR=CGR) [7, 69], A mixture of ENR and GPlAs before crosslinking
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e x h ib it s  t h e  b a n d  c h a ra c te r is t ic s  o f  t h e  2 c o m p o n e n t s ,  w h o s e  b a n d  in te n s ity  f o l lo w s  

l in e a r  a d d it io n .  T h e  s p e c t r u m  o f  c u re d  G 4 4 E T 1 4 , o b ta in e d  f r o m  a re a c t iv e  b le n d in g  

p ro c e s s  a n d  a d if fe r e n t  s p e c t r u m  o f  c u r e d  G 4 4 E T 1 4  a n d  G 4 4 E T 1 4  m ix tu re  s h o w s  a 

n e g a t iv e  in te n s ity  a t 1 3 7 5 -1 4 4 5  c m  in d ic a t in g  a r e d u c t io n  o f  C -C  s t re tc h in g  s ig n a l o f  

ru b b e r .  In c re a s in g  o f  C -O -C  s ig n a l is a ls o  s h o w n  at 1085 c m  as a r e s u lt  o f  t h e  r in g 

o p e n in g  r e a c t io n  o f  e p o x id e  g ro u p s  w ith  h y d ro x y l g ro u p s  o f  G 44 , a c h ie v e d  b y  

c a ta ly s t ,  m e c h a n ic a l fo r c e  a n d  te m p e ra tu r e .

3000 2500 1500 1000

w avenum ber (crrG )

F ig u re  4 .2 4  FTIR spectra of G44 (a), ENR (b), G44ET14 mixture (c), cured-G44ET14 (d),

and different curve of cured-G44ET14 and G44ET14 mixture (e).
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T h e  r e la t iv e  in te n s ity  ra t io  o f  c u r e d  EN R  s a m p le s  g e n e ra te d  f r o m  d if fe r e n t  

E N R /G 4 4  c o n te n t s ,  a re  e x a m in e d  f r o m  n o r m a l iz e d  FTIR s p e c tra ,  a s s h o w n  in F ig u re  

4 .25 . C h a n g e s  in  r e la t iv e  in te n s it ie s  o f  r u b b e r / la c t a t e  u n its , i.e., t h e  ra t io  o f  t h e  

1 3 7 5 /1 3 6 0 , a n d  1655  /  1750  c m  1 b a n d s ,  a re  o b s e rv e d .  เก t h e  s a m p le s  w ith  h ig h  G P L A  

c o n te n t s ,  t h e  r e la t iv e  in te n s ity  o f  r u b b e r  u n it s  (1375  a n d  1655  c m  ') d e c re a s e s ,  w h i le  

t h o s e  o f  la c t a t e  u n it s  (1 360  a n d  1 7 50  c m  ')  in c re a s e s . T h is  r e s u lt  is a g re e d  w ith  t h e  

E N R /G 4 4  c o m p o s it io n s  in  fe e d .

1800 1600 1400 1200 1000 800

w a v e n u m b e r  ( c m '1)

F ig u re  4 .2 5  N o rm a liz e d  FTIR s p e c t ra  o f  G 4 4 E T  c u re d  s a m p le s  o b ta in e d  a t v a r io u s  

c o m p o s it io n s :  G 44E T 11  (a), G 4 4 E T 1 2  (b), a n d  G 4 4 E T 1 4 -cu re d  s a m p le s  (c).

FTIR s p e c t ra  o f  s o lv e n t - e x t r a c t e d  p r o d u c t s  f ro m  a l l  c u re d  s a m p le s  o b t a in e d  

f-om d if fe re n t  f e e c  compositions, as s h o w n  in  F ig u re  4.26, r e f le c t  lo w  in te n s ity  o f  t h e  

epoxide b a n d  at 1255  cm ’ . This confirms t h e  occurrence o f  t h e  r in g -o p e n in g  r e a c t io n  

in  ร - 0: a n d  lT-, f ra c t io n s . O n  th e  o t h e r h a n d , t h e  c o r r e s p o n d in g  s p e c t r u m  o f  ST'_F 

s h o w s  in te n s e  b a n d s  o f  C -O  s t re tc h in g  m o d e  o f  la c t a te  (1 0 9 0 -1 1 8 5  c m 1), C -O  

b e n d in g  o f  h y d ro x y l e n d  g ro u p s  at 1 2 0 2 -1 0 4 5  c m  a n d  a v e ry  sh a rp  b a n d  o f  f r e e  

e p o x id e  ring at 1255 cm :. T h is  in d ic a te s  t h a t  t h e  2 b le n d  c o m p o n e n t s  a re  la rg e ly  

mixed w ith o u t  c h e m ic a l re a c t io n .



66

1500 1400 1300 1200 1100 1000

wavenumber (cm 1)

F ig u re  4 .2 6  FTIR s p e c tra  o f  S thf (a), S lot (b), a n d  lTol f r a c t io n s  (c) o f  G P L A -c u re d  ENR  

p r o d u c t s  g e n e ra te d  f r o m  d if fe re n t  fe e d  c o n te n ts .

F ig u re  4 .27  s h o w s  A T R -F T iR  s p e c t ra  o f  T H F - s o lu b te  f r a c t io n  o f  a l l  G P L A -c u re d  

s a m p le s .  T h e  s p e c tra  e x h ib it  a d o m in a t io n  o f  G P L A  c h a ra c te r is t ic s ,  r e f le c t in g  a lo w  

c o n te n t  o f  u n re a c te d  ENR, a s t h e  m a jo r ity  o f  e p o x id e s  a re  r e a c te d  b y  O H - c a p p e d  G 2 

t o  fo rm  “ c r o s s l in k e d "  a n d  “ g r a f t e d ” s t ru c tu re s . เท c o n tra s t ,  ENR  b a n d  c h a ra c te r is t ic s  

a re  o b s e r v e d  in  t h o s e  o f  G 1 0 E T 1 1 , G 4 4 E T 1 4 . a n d  G 4 4 E T 1 1 . T h is  c c r r e s o o n o s  to  

e x c e s s  a n c  s l ig h t ly -g ra f te d  EN R  c h a in s ,  as t h e  'd e c ' O H /e p o x id e  m o la r  r a t io s  o f  b ig- 

s iz e d  G P l A  a m  lo w e r . A ls o , lo w e r  c h a in  m o b i l i t y  o f  t h e  la rg e  G P L A  m o le c u le s  m a y  

re ta rd  th e ir  r e a c t io n  e f f ic ie n c y . I n fo rm a t io n  o n  c h e m ic a l s t ru c tu re s  a n d  in te ra c t io n s  o f  

th e  c u r e d  p r o d u c t s  a re  a ls o  d e r iv e d  f r o m  c h a n g e s  in b a n d  f r e q u e n c y  o f  t h e  c=0 
s t re tc h in g  m o d e .  A  t y p ic a l f r e q u e n c y  o f  t h e  b a n d  fo r  la c t a te  o f  G P L A  g ly c o ly s a te s  is 

o b s e r v e d  a t 1750  c m  \  A f te r  a r e a c t io n  w ith  ENR, a n e w  b a n d  a p p e a r s  a t 1755  c m  ', 

a s  a re s u lt  f r o m  t h e  c o n v e r s io n  o f  -O H  e n d  g ro u p s , le a d in g  t o  lo w e r  d e g re e  o f
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h y d ro g e n  b o n d in g  o f  t h e  c a r b o n y l  g ro u p s . T h e  in te n s ity  o f  th e  1755  c m '  b a n d  is 

d e p e n d e n t  o n  t h e  G P L A Æ N R  ra t io s , in w h ic h  t h e  h ig h e r  ra t io  le a d s  t o  a m o r e  in te n s e  

b a n d , a n d  h e n c e  a h ig h e r  d e g re e  o f  r in g -o p e n in g  r e a c t io n  o f  t h e  e p o x id e  g ro u p s . 

A ls o ,  t h e  m o re  in te n s e  b a n d  is o b s e r v e d  w ith  t h e  e m p lo y m e n t  o f  s m a l l - s iz e d  G P LA s . 

T h is  is in  g o o d  a g re e m e n t  w ith  t h o s e  o b s e r v e d  in o th e r  e x p e r im e n ts .

LO
LO
CD

า 800 1750 1700 1650 1600

wavenumber ( c m 1)

Figure 4.27 ATR-FJIR spectra ๐: pure-ENR (a), cPLA (b), T-r-soLb-.e ''action of G44 

(c), G4 4 FT1 1  (d), G44ET12 (e), G44ET14 (f), G10 (g), G10ET11 (ทุ), G10ET12 (i), G10E~14 

(j), G2 (k), G2ET11 (l), G2ET12 (กา), and G2ET14 (ท).

The “crosslinked” structure is confirmed by tine presence of lactate 

characteristics in FTIR spectra of toluene-insoluble fraction (lToi). Figure 4.28 shows 

normalized FTIR spectra with respect to the intensity of the c=c stretching mode.
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T h e  n o rm a l iz e d  b a n d  in te n s ity  o f  t h e  c= 0  s t re tc h in g  m o d e  o f  la c t a t e  v a r ie s  w ith  

G P L A  s iz e s  a n d  G P L A /E N R  ra tio s . T h e  s a m p le s  p re p a re d  f r o m  h igh  G P L A  fe e d  

c o n t e n t s  e x h ib it  m o re  in te n s e  b a n d  in te n s ity ,  r e f le c t in g  h ig h e r c o n t e n t s  o f  G P L A  

c ro s s lin k e rs .  O n  th e  e f fe c t  o f  s iz e  o f  G P L A s , it is o b s e r v e d  th a t  t h e  c u r e d  EN R  

p r o d u c t s  o b ta in e d  f r o m  G 1 0  s h o w  r e la t iv e ly  h ig h e r  b a n d  in te n s ity  w h e n  t h e  s a m e  

fe e d  ra t io  is e m p lo y e d .  T h is  in d ic a te s  a n  o p t im u m  cu r in g  e f f ic ie n c y , w h ic h  is in  g o o d  

a g re e m e n t  w ith  re s u lt s  f ro m  o th e r  t e c h n iq u e s .

1800 1700

wavenumber (cm" !

F ig u re  4 .2 8  N o rm a liz e d  ATR-FTIR s p e c t r a  o f  t o lu e n e - in s o lu b le  ' 'a c t io n  o f  G 44E T 11  

(a). G 4 4 E T 1 2  (b), G 4 4 E T 1 4  (c), G 1 0 E T 1 1  (d), G 1 0 E T 1 2  (e), G 1 0 E T 1 4  (0, G 2E T 1 1  (g),

G 2 E T 1 2  (h), a n d  G 2 E T 1 4  (i).
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4.2.3.2. Reaction efficiency o f GET products

R e su lts  f r o m  s e q u e n c ia l  e x t r a c t io n  o f  G P L A -c u re d  EN R  s a m p le s  g e n e ra te d  

f ro m  a r e a c t iv e  c ro s s lin k in g  p ro c e s s  a re  s u m m a r iz e d  in F ig u re  4 .29  a n d  T a b le  4 .6 . T h e  

w e ig h t  c o n te n t  o f  lTol is rang ing  f r o m  16 -3 9  %, w h i le  t h e  v a lu e s  fo r  ร 101 a n d  STHF a re  

10 -42  a n d  41 -71  % , r e s p e c t iv e ly .  T h e  c ro s s l in k in g  o f  EN R  b y  th is  r e a c t iv e  b le n d in g  in  

M D R  fo r  30  m in  a ls o  p r o d u c e s  c u r e d  p r o d u c t s  w ith  3 f r a c t io n s , i.e., “ c r o s s l in k e d ” , 

“ g ra f te d ” , a n d  “ s im p le  b le n d ” . T h e  g e l c o n te n t s  o f  t h e s e  p r o d u c t s  a re  s ig n if ic a n t ly  

lo w e r  th a n  t h o s e  f r o m  c h e m ic a l c u r in g  r e a c t io n  m e th o d ,  d u e  t o  s h o r te r  r e a c t io n  t im e  

a n d  l im it a t io n  o f  c h a in  m o v e m e n t  a n d  f le x ib i l i t y  in m e lt  s ta te  c o m p a re d  t o  s o lu t io n .  

เท c o n tra s t , a n  in c re a s e  in t h e  c o n te n t  o f  “ g ra f te d ” f r a c t io n  is o b s e r v e d  in  G 2  a n d  

G 10 c u re d  E N R  s a m p le s .  T h is  is p r o b a b ly  b e c a u s e  s m a ll- s iz e d  G P L A s  c o n ta in  a h igh  

n u m b e r  o f  -O H  e n d  g ro u p s , le a d in g  t o  h ig h e r  p r o b a b il i t y  o f  s in g le  e n d -g r o u p  r e a c t io n  

w ith  ENR  in  e a r ly  s ta g e  o f  c ro s s lin k in g  ( le s s  th a n  30  m in ). F o r  t h e  c u re d  p r o d u c t s  

p re p a re d  f r o m  t h e  s a m e  fe e d  c o m p o s it io n s ,  a c o n te n t  o f  “ c r o s s l in k e d ” f r a c t io n  (lT01) 

in c re a s e s  w ith  G P L A  c h a in  le n g th s . W h e n  t h e  s a m e  G P L A  is e m p lo y e d ,  a h ig h  c o n te n t  

o f  “ c r o s s l in k e d ” s t r u c tu re  is o b ta in e d  f r o m  t h e  a p p lic a t io n  o f  1:4 a n d  1:2 G P L A Æ N R  

w e ig h t  ra t io s , w h ic h  d e te rm in e s  a n  o p t im u m  re la t iv e  O H / e p o x id e  ra t io s  o f  t h e  c u r in g  

re a c t io n . T h e s e  re s u lt s  s t ro n g ly  in d ic a te  th a t  t h e  re a c t iv e  b le n d in g  m e th o d  is 

e f fe c t iv e  fo r  p o ly m e r ic - c r o s s lin k in g  o f  ENR.

(a) (b) (c)

ion 100 *90

F ig u re  4 .2 9  W e ig h t  c o n te n t  o f  e a c h  e x t r a c t e d  f ra c t io n s  o b t a in e d  f r o m  s e q u e n t ia l  

s o lv e n t  f r a c t io n a t io n  o f  G2ET (a), G 1 0 E T  (b), a n d  G44ET (c) c u re d  s a m p le s .
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T a b le  4 .6  W e ig h t  c o n t e n t s  o f  e x t r a c t e d  p r o d u c t  o b t a in e d  f ro m  s e q u e n t ia l  s o lv e n t  

f r a c t io n a t io n s ,  d e g re e  o f  s w e ll in g ,  a n d  g e l c o n te n t s  o f  t h e  c u re d  EN R  m a te r ia ls  

p re p a re d  f ro m  a r e a c t iv e  c ro s s lin k in g  m e th o d .

S a m p le s

W e ig h t  f r a c t io n  (%)

S w e ll in g  (%)
G e l c o n te n t  

(%)
T H F

s o lu b le

[Sthf]

T o lu e n e

s o lu b le

[ S t o ( ]

T o lu e n e

in s o lu b le

DtoJ

G 2ET11 55± 2 29± 3 16± 3 24 84± 7 35± 3

G 2 E T 1 2 60± 3 17± 3 23± 4 4 0 22± 10 58± 4

G 2E T 1 4 42± 4 34± 2 23± 3 1834± 8 40± 5

G 10ET 11 38± 3 42±1 21± 3 20 63± 7 33± 2

G 1 0 E T 1 2 49± 5 22± 2 29± 5 3438± 6 57± 4

G 1 0 E T 1 4 45± 4 27± 2 29± 2 37 39± 10 52± 5

G 44ET11 71 ±3 10± 3 20± 3 1273± 9 67± 3

G 4 4 E T 1 2 56± 2 12+ 3 32± 5 1594+ 12 73± 3

G 44E T 14 41± 2 21 ±2 39± 4 1648± 10 65± 2
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4.2.4. Effects of GPLA content and GPLA molecular weight on crosslinking 

behaviors

C u r in g  b e h a v io r s  o f  c o m p o u n d in g  G P L A /E N R  m a te r ia ls  a re  in v e s t ig a te d  b y  

M D R , w h e r e  t h e  p lo t s  o f  t o r q u e s  r e q u ir e d  t o  o s c i l la te  t h e  s a m p le s  as a fu n c t io n  o f  

c u r in g  t im e s  a re  e x a m in e d ,  as s h o w n  in F ig u re  4.30. T h e  e la s t ic  t o rq u e ,  w h ic h  

re p re s e n t s  t h e  d e g re e  o f  c ro s s lin k in g  is p r o p o r t io n a l  t o  t h e  s t if fn e s s  o r  sh e a r  m o d u lu s  

o f  t h e  ru b b e r  s p e c im e n s .  เท t h e  c u r in g  r e a c t io n  o f  n e a t  ENR, t h e  e la s t ic  t o r q u e  

r e a c h e s  a c o n s ta n t  v a lu e  a t 125 N /m . T h e  c o r r e s p o n d in g  d a ta  fo r  a lt  G P L A s /E N R  

m ix tu re s  s h o w  a s u d d e n  in c re a s e  in t h e  v a lu e s  d u r in g  th e  firs t 5 m in  o f  c u r in g  t im e , 

b e c a u s e  o f  t h e  in c re a s e  in t h e  d e g re e  o f  c ro s s t in k in g . T h is  in d ic a te s  th a t  s c o r c h  t im e s  

fo r  th is  cu r in g  m e c h a n is m  is s h o r te r  t h a n  5  m in , w h ic h  is s im ila r  t o  t h o s e  o f  t y p ic a l 

s u lfu r - v u lc a n iz e d  ru b b e r  m a te r ia ls  (~2 m in )  [69], T h e  c ro s s lin k in g  e f f ic ie n c y  is 

d e te rm in e d  f ro m  t h e  s a m p le  e la s t ic it y ,  w h e r e  t h e  c u re d -E N R  n e tw o rk  o b t a in e d  f ro m  

a h ig h -M W  c ro s s l in k e r  (G44) s h o w s  a n  in c re a s e  in e la s t ic ity  w ith  a n  in c re a s e  o f  th e  

G 4 4  lo a d in g  c o n te n t .  It is n o te d  th a t  t h e  in c re a s e  in e la s t ic  t o r q u e  o f  t h e  s a m p le s  is 

p a r t ly  d u e  t o  t h e  h ig h e r  v a lu e s  o f  t h e  G P L A  p la s t ic  d o m a in . เท c o n tra s t ,  w h e n  s m a lle r  

G P L A  c ro s s lin k e r s  (G 10  a n d  G2) a re  u s e d ,  t h e  s a m p le s  w ith  lo w e r  G P L A  fe e d  c o n te n t s  

s h o w  h ig he r e la s t ic ity ,  d u e  t o  a h ig h e r  p r o b a b i l i t y  0 £ re a c t io n  b e tw e e n  -OEi g ro u p s  

a n d  e p o x id e s . A ls o ,  t h e  c o n t r ib u t io n  o r' e la s t ic  t o r q u e  fro m  รททล!.1.e r - s iz e c  G P l A s is

lo w e r .
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F ig u re  4 .3 0  Elastic t o r q u e  vs. time curves of G2ET11 (a), 62ET12 (b), and G 2 E T 1 4  (c) 

G10ET11 (ช). G10ET12 (e), G10ET14 (f). G44ET11 (§), G44E'12 (h), G44ET14 (i), and

pure-ENR (j)
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F ig u re  4 .31  C ro s s lin k in g  c h a ra c te r is t ic s ,  in  t e rm s  o f  e la s t ic / v is c o u s  t o r q u e  a n d  ta n  5 ,  

o f  G 2 /E N R  (a), G 1 0 /E N R  (b), a n d  G 4 4 /E N R  m ix tu r e s  (c), as a f u n c t io n  o f  G P L A  c o n te n ts .
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T h e  e x c e s s  (u n re a c te d )  EN R  a n d  G P L A  c h a in s  a f fe c t  t h e  f lo w  b e h a v io r s  o f  t h e  

s a m p le s ,  a s r e f le c t e d  in  t h e  s a m p le  v is c o u s  to rq u e s .  T h e  c u r in g  r e a c t io n  o f  EN R  b y  

G 44  s h o w s  a g ra d u a l in c re a s e  in  v is c o u s  t o r q u e  (F ig u re  4 .31), d u e  t o  h igh  c o n te n t  o f  

e x c e s s  G P L A  a n d  ENR. เท c o n t ra s t ,  a n  e m p lo y m e n t  o f  G 2  a n d  G 1 0  c ro s s lin k e r s  le a d s  

t o  a s lig h t in c re a s e  in  t h e  v a lu e ,  a s  th e ir  h igh  - O H  c o n te n t s  le a d s  t o  h ig h e r  

c ro s s lin k in g  a n d  g ra ft in g  e f f ic ie n c ie s .  T h e  ra t io  o f  d a m p in g  t o  e la s t ic i t y  b e h a v io r s  o f  

t h e  s a m p le s  is r e p o r te d  in te rm s  o f  a  lo s s  t a n g e n t  (tan  5 ) . F ig u re  4.31 s h o w s  th a t  a l l  

G P L A Æ N R  m ix tu re s  h a v e  lo w e r  ta n  5  v a lu e s  th a n  n e a t  ENR. A s  t h e  lo w  v a lu e s  

re p re s e n t  h igh  c ro s s lin k in g  a b i l it y ,  th is  c o n f irm s  th a t  G 44 , G 10 , a n d  G 2  a re  

s u c c e s s fu l ly  u s e d  as c ro s s lin k e r s  fo r  ENR. T h e  lo w e s t  ta n  §  v a lu e s ,  in  a l l  G P L A s  

s y s te m s  is o b s e r v e d  w h e n  a 33  w t%  o f  G P L A s  is e m p lo y e d .  T h is  r e f le c t s  a la rg e r 

c o n t r ib u t io n  o f  c ro s s lin k in g  c h a ra c te r is t ic s  th a n  th e  “ s im p le  m ix t u r e ” b e h a v io r s ,  

w h ic h  in d ic a te s  th a t  t h e s e  a re  o p t im u m  fe e d  c o m p o s it io n s .

4 .2 .5 . T e n s i le  p r o p e r t ie s  o f  G P L A - c u r e d  E N R  m a t e r ia ls .

A c c o rd in g  t o  t h e  re s u lt s  f ro m  c u r e d  EN R  p r o d u c t s  o b ta in e d  f ro m  a re a c t iv e  

b le n d  in  M D R , a s u it a b le  G P L A Æ N R  w e ig h t  r a t io  o f  1:2 is o b s e r v e d  fo r  c u r in g  in  3 m e lt  

s ta te . T h e re fo re , m e c h a n ic a l o r o p e r t ie s  o f  t h e  s a m p le s  p re p a re d  f ro m  th e s e  

c o n d it io n s  a re  e x a m in e d .  H o w e v e r ,  s a m p le s  o b ta in e d  f r o m  M D R  e x p e r im e n t s  a re  n o t  

s u it a b le  fo r  t h e  te s ts . T n e r e fc r e .  f i lm s  fo r  t e n s i le  te s ts  w e re  p r e p a re o  b y  h o t  p re s s in g  

th e  G P L A Æ N R  b ie n d s ,  w h ic h  w e re  c o m p o u n d e d  in  a n  in te rn a l m ix e r  (a c c o rd in g  to

3.6.5).



75

T a b le  4 .7 a n d  F ig u re  4 .32  s h o w  t e n s i le  p r o p e r t ie s  o f  G P L A -c u re d  EN R  

p ro d u c t s ,  g e n e ra te d  f r o m  G P L A  w ith  d if f e r e n t  m o le c u la r  w e ig h t . A  G P L A iE N R  r a t io  o f  

1:2 is e m p lo y e d .  A fte r  t h e  cu r in g  r e a c t io n  in  a n  in te rn a l m ix e r  a t  8 0 ° c , a n  in c re a s e  in  

t e n s i le  s tre n g th , m o d u lu s ,  e lo n g a t io n  a t b re a k  a n d  b re a k in g  e n e rg y  o f  G P L A - c u re d  

EN R  m a te r ia ls  is o b s e rv e d .  T e n s i le  s t re n g th  a n d  b re a k in g  e n e rg y  in c re a s e  w ith  

in c re a s in g  o f  G P L A  m o le c u la r  w e ig h t , a s  t h e  c ro s s l in k e d  n e tw o rk  is fo rm e d . E x c e l le n t  

e lo n g a t io n  a t b re a k  is o b ta in e d  in G 2 E T 1 2  a n d  G 4 4 E T 1 2  s a m p le s .  O n  th e  o th e r  h a n d , 

G 1 0 E T 1 2  e x h ib it s  t h e  h ig h e s t  m o d u lu s .  T h is  in d ic a te s  th a t  t h e  h igh  c o n t e n t  o f  

“ s im p le  b le n d ” f r a c t io n  in  G 2 E T 1 2  E N R  (60% ) a n d  G 4 4 E T 1 2  (56% ) is a m a jo r  c a u s e  fo r  

c o m p a t ib i l i t y  e n h a n c e m e n t  o f  t h e  c r o s s l in k e d  ru b b e r  d o m a in s ,  w h e re a s  P L A  m a t r ix  

a n d  “ g ra f te d ” a n d  " c r o s s l in k e d ” f r a c t io n s  a c t  a s h a rd  p h a s e  fo r  m o d u lu s  

im p ro v e m e n t ,  a s  i l lu s t r a t e d  in F ig u re  4 .33 .

T a b le  4 .7  T e n s i le  p r o p e r t ie s  o f  G P L A - c u re d  EN R  w ith  G P L A  a t v a r io u s  m o le c u la r  

w e ig h ts .

S a m p le s

T e n s i le

s t re n g th

(M Pa)

E lo n g a t io n  

a t b re a k  

(%)

M o d u lu s

(M Pa)

B reak

E n e rg y

( l O 'V m 2)

u n c u re d  ENR 0.26± 0.01 1 17±34 0 .79+ 0 .00 1 1±40

G 2E~ 12 0 .59± 0 .26 3 4 7 ± 1 19 0 .44= 0 .12 62 r. 3 °  1

G 1 0 E T 1 2 0 .78± 0 .02 306+ 16 9.51 + 1.41 88+ 19

G 44E T 12 1.47±0.21 41 9± 7 9 3 .09± 0 .97 170± 30
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1 .8

Figure 4 .3 2  S tre s s -s tra in  c u rv e s  o f  G P L A - c u re d  E N R  p r o d u c t s  o b ta in e d  f r o m  G P L A s

w ith  d if fe re n t  m o le c u la r  w e ig h ts .

F ig u re  4 .3 3  P ro p o s e d  m o r p h o lo g y  o f  G P L A -c u re d  EN R  m a te r ia ls .
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4 .2 .6 . T h e r m a l  p r o p e r t ie s  a n d  w e ig h t  c o m p o s i t io n s  o f  G P L A - c u r e d  E N R  p r o d u c t s

T G A  a n d  D T G A  th e rm o g ra m s  o f  G P L A - c u re d  EN R  p r o d u c t s  p r o d u c e d  f r o m  a 

r e a c t iv e  c ro s s lin k in g  p ro c e s s  a re  s h o w n  in  F ig u re  4 .34 -4 .36 . T h e r m a l d e c o m p o s it io n  o f  

p u re  G P L A  a n d  EN R  in v o lv e s  a o n e - s te p  d e g ra d a t io n  m e c h a n is m . It is n o t e d  th a t  n e a t  

EN R  (20 m o l%  e p o x id e  c o n te n t )  e x h ib it s  a s l ig h t  w e ig h t  lo s s  m e c h a n is m  in  t h e  90 - 

2 5 0  °c t e m p e ra tu r e  ra n g e  [74], w h ic h  a re  l ik e ly  d u e  t o  a r e m o v a l o f  r e s id u a l s o lv e n t s  

(w a te r  a n d  T H F ) a n d  p r o b a b ly  a n  e p o x id e  r in g -o p e n in g  r e a c t io n ,  w h ic h  ta k e s  p la c e  

d u r in g  t h e  a n a ly s is .

F ig u re  4.34 TGA and DTGA curves of neat ENR (a), cured G2ET 14 (b). cured G2ET12 

(c), cured G2ET11 (d), and pure G2 (e).

All 3 cured ENR samples show decompositions of lactate sequences in the 

200-400 °c range, whereas that of neat ENR is observed at 400-500 °c. The content of 

lactate and ENR components are determined from the corresponding percentage 

weight loss. As lactate sequences in free GPLA chains are degraded at 180-300 °c, 
whereas that of the “crosslinked’Tactate units IS observed at 350 °G, the contents of 

crosslinked GPLA in the samples are calculated, where the values of 14-48 % are
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o b s e r v e d  (T a b le  4.8). T h e  h ig h e s t  c ro s s lin k in g  e f f ic ie n c y  is o b s e r v e d  in  G 4 4 E T 1 2 , 

w h e re a s  t h e  lo w e s t  is f o u n d  in G 2 E T 1 1 . T h is  is in  g o o d  a g re e m e n t  w ith  re s u lt s  o n  ta n  

ร  v a lu e s ,  a s d is c u s s e d  e a r lie r . T h is  r e f le c t s  th a t  c h a in  m o b i l i t y  o f  G P L A  p la y s  an  

im p o r ta n t  r o le  in t h e  c ro s s lin k in g  r e a c t io n .  A s  G 2  h a s  t h e  s m a lle s t  s iz e  w ith  t h e  

h ig h e s t  m o b il i t y  (Tg -1 0  °c), s o  th a t  th is  p r o d u c e s  “ g ra f t e d ” a n d  “ u n r e a c t e d ” 

f r a c t io n s  m o re  th a n  t h e  “ c r o s s l in k e d ” s t r u c tu re .  เท c o n t ra s t ,  -O H  g ro u p s  o f  t h e  m o re  

rig id  G P L A s , i.e., G 1 0  (Tg 52  °c) a n d  G 4 4  (Tg 6 0  °c) a re  m o r e  r e a c t iv e  w ith  e p o x id e  

g ro u p s , le a d in g  t o  h ig h e r c o n te n t s  o f  p o ly m e r ic  b r id g e s  b e tw e e n  E N R  ch a in s .

F ig u re  4 .3 5  T G A  a n d  D T G A  c u rv e s  o f  n e a t  EN R  (ล), c . u e c  G 1 0 E T 1 4  (b), c u r e d  G 1 0 E T 1 2  

(c), c u r e d  G 10E T 11  (d), a n d  p u re  G 1 0  (e).
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F ig u re  4 .3 6  T G A  a n d  D T G A  c u r v e s  o f  n e a t  E N R  (a), c u r e d  G 4 4 E T 1 4  (b), c u r e d  G 4 4 E T 1 2  

(c), c u re d  G 44E T 11  (d), a n d  p u re  G 4 4  (e).



Table 4.8 Thermal degradability of cured ENR samples prepared from various 

GPLA/ENR compositions and GPLA molecular weights.
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S a m p le s L A  d o m a in s
L A - c ro s s lin k e d

ju n c t io n
EN R  d o m a in s

G2ET11
Temp (°c) 180 280 350 400 450

wt. % 1 2 34 14 36 4

G2ET12
Temp CO 180 275 350 400 430

wt. % 9 35 16 43 5

G2ET14
Temp (°c) 180 300 350 410 425

wt. % 9 13 35 38 5

G10ET11
Temp CO 180 250 350 400 450

wt. % 11 5 34 45 3

G10ET12
Temp CO 180 250 350 400 430

wt. % 2 18 29 44 7

G10ET14
Temp CO 180 250 350 400 425

wt. % 2 9 29 53 6

G44ET11
Temp CO 2 0 0 300 350 400 450

wt. % 2 49 17 25 7

G44FT12
Temp CO 2 0 0

ๆทท •; rn
2 VÜ i 3ts0 

_ 1

/โ nr\ Hub 430

wt. % Î 14 48 27 1 0

Ç£C-~'C
- f*r) 2 0 0 29C 35C c ' 0 425

wt. % 2 2 2 < 1 33 1 2
_______
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4 .3 . G P L A - c u r e d  E N R  p r o d u c t s  a s  a  t o u g h e n in g  a g e n t  f o r  P L L A  r e s in s

4 .3 .1  T e n s i l e  p r o p e r t ie s  o f  G P L A - c u r e d  E N R / P L L A  b le n d s

GPLA-cured ENR products possess excellent characteristics as a toughening agent 

for commercial PLLA* resin, since the materials contain flexible cured-rubber domains 

and lactate sequences, which are compatible with PLLA resin. The materials are, 

therefore, blended with PLLA resin at various compositions. Tensile properties of the 

blends are shown in Figure 4.37-4.40. Figure 4.37 show that tensile strength of pure 

PLLA is 36.2 MPa. An incorporation of uncured ENR and G2-cured ENR leads to a 

decrease in the value.

50
45

5 10 15
Rubber GCt'ient (%Vvt)

Figure 4.37 Tensile strength of GPLA-cured ENR/PLLA blended samoles at various

bieno compositions.

The reduction is also deoendent on an increase of the rubber contents, from 5 

to 15 %wt due to the rubbers low strength. เท contrast, an application of G44-cured ENR 

and G10-cured ENR results in higher tensile strength, compared to those of G2-cured and 

uncured ENR blends at the same compositions. เท fact, at 5 %wt content the blend 

containing G10-cured ENR and G44-cured ENR exhibit slightly improvements in tensile
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strength. This is likely because of the relatively higher contents of “crosslinked” structure 

imposes strong effect ๐ท tensile strength of the blend materials.

For typical rubber/polymer blends, modulus of the blends decreases with an 

increase in the rubber contents. Figure 4.38 shows that modulus of all cured ENR/PLLA 

blend with 5%wt of rubber content is comparable to that of pure PLLA resin, due to the 

low content of rubber phase. Upon increasing of the rubber content a decreasing trend 

of the modulus is observed. Flowever, the use of 10-15 %wt of G10 and G2-cured ENR 

products leads to an increase of the modulus, because of their higher contents of the 

“grafted” fraction, compared to that of the G44-cured ENR counterpart.

2,500 

2,000 

I  1,500
าว๐
£ 1,000
๐

500

0

HI uncured ENR/PLLA 
ÜI G44-cured ENR/PLLA 
 ̂GlO-cured ENR/PLLA 

HI G2-cured ENR/PLLA 
X PLLA resin

rubber content (%'A-t)

Figure 4.38 Young’s modulus of G?'_A-cu-ed ENR/PLLA blended samples at different

blend compositions.
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F ig u re  4 .3 9  Elongation at break of GPLA-cured ENR/PLLA blended samples at

different blend compositions.

With an incorporation of uncured ENR and G2-cured ENR products, the 

elongation at break of the blend samples decreases, whereas those consisting of G 1 0 - 

cured ENR and G44-cured ENR slightly increase, as shown in Figure 4.39. It is believed 

that the difference in elongation at break is dominated by the plastic deformation 

behaviors of the materials. This explanation is confirmed from this experiment, in which 

blends of G10-cured ENR and G44-cured ENR samples show larger plastic deformation 

zones near the fracture flank, compared to those containing uncured ENR and G2-cured 

ENR. This agrees well with a repcd from other study [41. and is also in good agreement 

with the results on breaking energy of the blends, as summarized in Figure 4.40.
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rubber content (%wt)

Figure 4.40 Breaking energy of GPLA-cured ENR/PLLA blended samples at various

blend compositions.

4.3.2. Impact strength o f GPLA-cured ENR/PLLA b lends

Results on the Izod impact strength of all blend samples are shown in Figure 

4.41. Only G44-cured ENR/PLA blend shows higher impact strength than pure PLLA film 

at all bend compositions. Morphology of the fracture samples are examined by SEM 

micrographs, as shown in Table 4.9. It was reported that an improvement ip Impact 

strength was most likely attributed to smaller rubber particle size in PLLA matr'x [4], เท 

this study, G44-cwed ENR/PLLA blend exhibits the รทลLest rubber particle ร:ze (2-3 ร;ท}, 

and also shows fibrillation of PLLA matrix during breaking. It is concluded that G44-cured 

ENR material has high efficiency in toughening of PLLA resin due to its grafted structure 

which consists of effective long GPLA branch. However, an incorporation of uncured ENR 

and G2-cured ENR (15%wt) products leads to an apparent decrease in impact strength, 

due to formation of large voids in the matrix. Flocculated morphology of rubber is also 

observed and large voids thereby are created (15 pm for 15%wt G2-cured ENR). This
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suggests that the fracture crack run along the interface between the PLLA matrix and the 

rubber particles. The contents of voids observed in the samples clearly increases with 

the rubber contents for all blend samples, leading to their lower impact strength.

3500 .

3000 j

I  2500 I
T 2000 !
ร
 ̂ 1S00

บ<TJ
Q .

-  1000 

500 '

0 1
10

Rubber content (% wt)

§g uncured ENR/PLLA 
m G44-ENR/PLLA
m gio-enr/plla

e G2-ENR/PLLA 
X PLLA resin

Figure 4.41 Impact strength of GPLA-cured ENR/PLA blended samples 

at various blend compositions.
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Table 4.9 SEM micrographs of GPLA-cured ENR PLLA blends using different GPLA at 

various blend compositions.

T o u g h e n in g

a g e n t

U n c u r e d  E N R

G 2 E T 1 2

G 1 0 E T 1 2

G 4 4 E T 1 2
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