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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Composition o f Crumb Rubber

Table 4.1 shows the chemical composition of original crumb rubber which 
obtained from Thai Union Commercial Development Company Limited. This 
composition was analyzed by X-ray fluorescence spectrometry or XRF. From the 
results, calcium and zinc were found as the additives in the crumb rubber. Moreover, 
the sulfur used in the vulcanization process to improve the physical properties of 
rubber was discovered.

Table 4.1 Chemical composition of crumb rubber before the oxidation analyzed by 

XRF spectrometry

C o m p o s it io n w t.% C o m p o s it io n w t.%

Z n O 2.13 K20 0.06

M gO 0.10 CaO 3.75

a i 2o 3 0.07 T i0 2 0.01

SiC>2 0.81 F e 20 3 0.06

P2O 3 0.13 N iO 0.01

S O 3 3.01 C l 0.01

4.2 The Sulfur Content

The sulfur content was obtained from bomb calorimetry and XRF. From the 
XRF result, the sulfur content of crumb rubber was 1.20 wt.% corresponding to 0.38 
mrnol/g (Appendix A), it was comparable to the sulfur content attained by bomb 
calorimetry which was 1.52 wt.%, corresponding to 0.38 mmol/g (Appendix A). The 
data from both techniques were close proximity. This research chose bomb 
calorimetry to analyze the sulfur content because it spends smaller amount of sample 
and has lower cost. Table 4.2 shows the sulfur content of crumb rubbers before and 
after the oxidation. The oxidation of crumb rubber with only hydrogen peroxide 
resulted in the sulfur loss of 14.7% while using hydrogen peroxide mixed with formic
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acid increase the sulfur loss to 28.8%. เท case of nitric acid, the sulfur loss was the 
highest, 54.0 wt.%

Table 4.2 The sulfur content of the oxidized crumb rubber

S u lf u r  c o n t e n t 1 S u lfu r  lo s s
S a m p le

(w t.% ) (ทาเากo l/g )  (w t.% )

O rig ina l c ru m b  ru b b e r 1.52 0 .38 -

CR -H 2O 2 (30% NoF) 1.26 0.32 14.7

CR -H 2O 2 (30%) 1 .0 0 0.27 28.8

CR -H N O 3 (6 M) 0.63 0.17 54.0

'Sulfur content was analyzed by bomb calorimetry

Figure 4.1 shows photographs of the original crumb rubber and the oxidized 
crumb rubbers. The physical appearance of the original crumb rubber was soft and 
finely powdery rubber. After the oxidation using only hydrogen peroxide, the physical 
appearance was similar to the original crumb rubber (Figure 4.1(b)) but in the case of 
using nitric acid and hydrogen peroxide with formic acid the physical characteristics 
was changed. The crumb rubber oxidized by using hydrogen peroxide with formic acid 
(Figure 4.1(c)) was hard and agglomerate. เท case of using nitric acid as the oxidizing 
agent, the oxidized crumb rubber (Figure 4.1(d)) was attenuated. Moreover, black color 
easily stained on the finger upon touching the oxidized rubber powder.

It is possible that hydrogen peroxide is a weak oxidizing agent. As a result, the 
crumb rubber oxidized by using only hydrogen peroxide had the lowest sulfur loss and 
retained the physical appearance of original rubber. When formic acid was co-added 
with hydrogen peroxide, the oxidation became severe, resulting เท the appearance 
changed and the increase in the sulfur loss. It can presume that formic acid assisted 
hydrogen peroxide in breaking down the sulfidic bonds containing in the crosslinked 
structure of the crumb rubber. เท case of nitric acid, the strong oxidizing nature 
promoted the sulfur loss above 50% and the physical appearance of the oxidized 
rubber was remarkably changed.
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Figure 4.1 Photographs of (a) original crumb rubber (b) CR-H2O2(30%NoF)

(c) CR-H20 2 (30%) and (d) CR-HN03(6M).

4.3 Functional Groups of the Oxidized Crumb Rubber

Figure 4.2 shows the FTIR spectrum of the original crumb rubber. The starting 
crumb rubber had the characteristic IR bands which indicated the copolymer of CIS 1,4 
poly isoprene, as the main chain of natural rubber, and styrene-butadiene rubber (5BR). 
These IR bands were the c=c stretching of the rubber backbone, =C-H stretching, -CH3 
stretching, -CH3 bending, -CH2 stretching and -CH2 bending. The bands related to the 
rubber backbone (c=c stretching) and =C-H stretching were located at 1630 and 3010 
cm'1, respectively. The characteristic band at 2960 cm 1 corresponded to the -CH3 
stretching. The band at 1380 cm ’ related to the -CH3 bending. The bands at 2915 and 
2850 cm'1 related to the -CH2 asymmetric stretching and -CH2 symmetric stretching,
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respectively. The band owing to the -CH2 bending was observed at 1440 cm4. The -  
CH3 in-plane and -CH3 out-of-plane bending were located at 1050 and 870 cm4, 
respectively. The bands at 710 and 1100 cm '1 were assigned to -CH2 in-plane and -  
CH2 out-of-plane bending. Moreover, the presence of the sulfidic bonds in the crumb 
rubber can be confirmed by the C-S stretching and ร-ร stretching. The corresponding 
IR bands were observed at 570 and 480 cm '1, respectively. The sulfidic bonds were 
present as the sulfur crosslinks generated by the vulcanization. Moreover, the band at 
2510 cm'1 was assigned to the S-H stretching of incomplete sulfur crosslinks. However, 
the presence of -OH group at 3420 cm '1 was related to stearic acid and functional 
group on carbon black as the rubber fillers [44, 45]. The bands derived from styrene- 
butadiene rubber were almost overlapped with the characteristic bands of natural 
rubber. The band at 1630 cm'1 was assigned to the o c  stretching. The bands around 
1440-1380 cm'1 were assigned to the -CH2 and -CH3 bending. The C-H (aromatic) 
bending was observed at 1800 cm'1.

Figure 4.2 FTIR spectrum of the original crumb rubber.

Figure 4.3 shows the FTIR spectra of the crumb rubber oxidized by using only 
hydrogen peroxide as the oxidizing agent. The IR spectra of the oxidized rubbers in 
Figure 4.3(b) and Figure 4.3(c) were similar to that of the original rubber (Figure 4.3(a)). 
All bands related to the natural rubber and styrene-butadiene rubber structure 
remained intact with increasing the concentration of hydrogen peroxide. Furthermore, 
the IR bands found at lower than 570 cm1, which were attributed to the C-S stretching 
and ร-ร stretching, decreased when the concentration of hydrogen peroxide was
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in c re a s e d . T h is  p h e n o m e n a  in d ic a te d  t h a t  t h e  s u lf id ic  b o n d s  in  t h e  ru b b e r  w e re  

o x id iz e d .  H o w e v e r ,  t h e  n e w  IR b a n d s  w e re  n o t  o b s e r v e d  a f te r  t h e  o x id a t io n  b y  u s in g  

h y d ro g e n  p e ro x id e  in  a n y  c o n c e n t r a t io n s .

Figure 4 .3  FTIR s p e c tra  o f  (a) c r u m b  ru b b e r  (b) C R -H 20 2 (20  w t.% N o F )  a n d

(c) C R -H 20 2 (30  พ t.% N oF).

เท c a s e  o f  u s in g  h y d ro g e n  p e ro x id e  w ith  fo rm ic  a c id  a s  o x id iz in g  a g e n t  (F ig u re  

4.4b)). T h e  c h a r a c te r is t ic  b a n d s  o f  n a tu r a l r u b b e r  (1630 , 3 0 1 0  c m '1) w e re  d e c r e a s e d  in  

t h e  in te n s ity  c o n c o m it a n t ly  w ith  a d is a p p e a r a n c e  o f  t h e  b a n d s  r e la t e d  t o  t h e  t h io l  

g ro u p  (2 510  c m 1). W h e n  H N 0 3 w a s  u s e d  a s  t h e  o x id a n t  (F ig u re  4.4(c)), t h e  b a n d  o f  

s u lf id ic  b o n d s  (4 80  c m "1) w a s  n o t  o b s e r v e d  a n y m o re ,  b u t  it s t i l l  r e m a in e d  in  t h e  c a s e  

o f  C R -H 20 2(30  w t.% ). T h e  s u lf o n ic  a c id  g ro u p  in  t h e  o x id iz e d  c r u m b  ru b b e r  w a s  

e v id e n c e d  b y  t h e  b a n d s  a t 1360  c m ' 1 c o r r e s p o n d in g  t o  t h e  s=0 a s y m m e t r ic  s t re tc h in g , 

a t  1160  a n d  1 0 30  c m '1, r e la t e d  t o  t h e  s=0 s y m m e t r ic  s t re tc h in g , a n d  a t 3 4 2 0  c m ’ 1 t h a t  

c a n  b e  a s c r ib e d  t o  -O H  g ro u p . H o w e v e r ,  t h e  o b s e r v e d  s=0 s t re tc h in g  m ig h t  b e  r e la t e d  

t o  o th e r  s u lfu r  o x id e  g ro u p s , s u ch  a s  s u lf o n e  ( - S 0 2-) a n d  s u lf o x id e  (-SO -) a l l  o f  w h ic h  

gave  th e  iR b a n d s  in  t h e  s im ila r  w a v e  n u m b e r s  t o  s u lf o n ic  a c id  g ro u p  [1, 43 , 46] . 

M o re o v e r ,  t h e  o x id a t io n  r e s u lt e d  in  t h e  fo rm a t io n  o f  c a r b o x y l ic  g ro u p  (-C O O H ) s in c e  

t h e  b a n d s  o w in g  t o  t h e  O -H , 0 0  a n d  C - 0  s t re tc h in g  a p p e a r e d  a t 3 4 00 , 1716 , 1 2 70  

a n d  1230 c m '1, r e s p e c t iv e ly .  เท t h e  c a s e  o f  H 20 2 a s  th e  o x id iz in g  a g e n t, t h e  b a n d s  a t 

1730  a n d  2 7 1 0  c m ' 1 w e re  a t t r ib u te d  r e s p e c t iv e ly  t o  t h e  0 0  a n d  C -H  s t re tc h in g  o f  

a ld e h y d e  (R -CH O ). T h e  b a n d s  r e la t e d  t o  t h e  C - H  b o n d s  (2 960 , 2 9 1 5  a n d  2 8 5 0  c m '1)
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w e re  in te n s if ie d  b y  a n  in c re a s e  in  t h e  a m o u n t  o f  t h e  C - H  g ro u p  w h ic h  w a s  e x p la in e d  

in  F ig u re  4.5.

4 0 0 0  3 8 0 0  3 6 0 0  3 4 0 0  3 2 0 0  3 0 0 0  2 8 0 0  2 6 0 0  2 4 0 0  2 2 0 0  2 0 0 0  1 8 0 0  1 6 0 0  1 4 0 0  1 2 0 0  1 0 0 0  8 0 0  6 0 0  4 0 0

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

F ig u re  4 .4  FTIR s p e c tra  o f  (a) c r u m b  ru b b e r  (b) C R -H 2O 2 (30 w t.% ) a n d

(c) C R -H N O 3 (6 M).

T h e s e  r e s u lt s  in d ic a te d  t h a t  h y d ro g e n  p e ro x id e  is r e la t iv e ly  m i ld  o x id iz in g  a g e n t  

b e c a u s e  t h e  ru b b e r  s t ru c tu re  w a s  n o t  c h a n g e d  a fte r  t h e  o x id a t io n  (F ig u re  4.3). เท 

c o n t r a s t ,  t h e  s t r u c tu re  o f  r u b b e r  w a s  c h a n g e d  b y  th e  p r e s e n c e  o f  b o th  h y d ro g e n  

p e ro x id e  a n d  fo rm ic  a c id . W h e n  fo rm ic  a c id  a s s is te d  h y d ro g e n  p e ro x id e  in  t h e  o x id a t io n  

p ro c e s s , t h e  q u a n t it y  o f  th e  c r o s s l in k e d  s t r u c tu re  in  a s t h e  C -S  a n d  ร - ร  b o n d s  w a s  

d e c re a s e d .  M o re o v e r ,  n e w  fu n c t io n a l  g ro u p s , s u ch  as s u lf o n ic  a c id  ( -S O 3H), c a rb o x y l ic  

a c id  (-CO O FI) a n d  a ld e h y d e  (-CH O ), w e r e  fo u n d . F ig u re  4.5 s h o w s  t h e  m e c h a n is m  fo r  

t h e  o x id a t io n  o f  t h e  ru b b e r  s t r u c tu r e  b y  u s in g  h y d ro g e n  p e ro x id e  m ix e d  w ith  o rg a n ic  

a c id  [8 ], G e n e r a l ly ,  a n  o rg a n ic  a c id  (R CO O FI) re a c ts  w ith  h y d ro g e n  p e ro x id e  t o  fo rm  t h e  

c o r r e s p o n d in g  p e ro x y  a c id  (R C O O O H ) w h ic h  is a b le  t o  a c t  a s a c a ta ly s t  fo r  e p o x id a t io n .  

T h e n , s o m e  e p o x y  g ro u p s  w e re  h y d r o ly z e d ,  c a u s in g  th e  r ing o p e n in g  t o  g e n e ra te  a lp h a -  

h y d ro x y l h y d ro -p e ro x id e .  F in a l ly ,  t h e  h y d r o ly z e d  ru b b e r  w a s  re a r ra n g e d  a n d  c le a v e d  

to  s h o r te r  p o ly m e r  c h a in s  th a t  w e r e  t e rm in a te d  w ith  a ld e h y d e  a n d  k e to n e  g ro u p s .
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(Peroxy acid)
H2a

(Organic acid)

พ  = 0  •---■■^- พ - O H  '

(Alpha-hydroxyl hydroperoxide)

F ig u re  4 .5  M e c h a n is m  fo r  o x id a t io n  o f  n a tu ra l ru b b e r  b y  u s ing  

h y d ro g e n  p e ro x id e  w ith  o rg a n ic  a c id  [8 ],

เท c a s e  o f  u s in g  n it r ic  a c id ,  t h e  p h y s ic a l a p p e a r a n c e  a n d  c h e m ic a l  s t r u c tu re  o f  

t h e  r e s u lt in g  r u b b e r  w e r e  r e m a r k a b ly  c h a n g e d . T h e  IR b a n d s  o f  t h e  C -S  s t re tc h in g  a n d  

ร - ร  s t re tc h in g  w e re  c o n s id e r a b ly  d e c r e a s e d  c o n c o m it a n t ly  w ith  t h e  s u lfu r  lo s s  o f  5 4  

w t.%  (T a b le  4.2). A f te r  t h e  o x id a t io n ,  t h e  n e w  IR b a n d s  a p p e a r e d  w h ic h  w e re  a t t r ib u te d  

t o  c a r b o x y l ic  a c id  (-C O O H ) a n d  s u lf o n ic  g ro u p  ( - S 0 3H). M o re o v e r ,  t h e  s tro n g  a b s o rp t io n  

b a n d  a t  1 550  c m 1 w a s  c le a r ly  o b s e r v e d  in  C R -H N O 3 (6 M ) It w a s  r e la t e d  t o  n it ro  g ro u p  

( -N 0 2) f o rm e d  b y  t h e  n it r a t io n  o f  a r o m a t ic  r ing s p re s e n t in g  in  F ig u re  4 .6  [1], T h e  

m e c h a n is m s  fo r  t h e  fo rm a t io n  o f  t h e s e  f u n c t io n a l  g ro u p s  w e re  d e s c r ib e d  b e lo w .

Polymer-Ph “ “— - ■ > Polymer-Ph-NQZ

F ig u re  4 .6  T h e  n it r a t io n  o f  a r o m a t ic  r ing  b y  t h e  o x id a t io n  o f  n it r ic  a c id  [1],
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F ig u re s  4 .7  a n d  4 .8  s h o w  t h e  e f f e c t  o f  t h e  o x id iz in g  a g e n t  c o n c e n t r a t io n  o n  t h e  

f u n c t io n a l  g ro u p s  o f  t h e  o x id iz e d  c r u m b  ru b b e rs .  F ig u re  4.7 s h o w s  t h e  ru b b e r s  o x id iz e d  

b y  u s in g  h y d ro g e n  p e r o x id e  w ith  f o rm ic  a c id  a s o x id iz in g  a g e n t. W h e n  t h e  

c o n c e n t r a t io n  o f  t h e  o x id a n t s  in c re a s e d ,  t h e  IR b a n d s  a t t r ib u te d  t o  t h e  s u lfo n ic  g ro u p  

(1 030 , 1 1 60  a n d  1360  c m 1) b e c a m e  in te n s e .  L ik e w is e , t h e  c = 0  s t re tc h in g  o f  c a r b o x y l ic  

g ro u p  (1 716  c m 4 ) a n d  o f  c a r b o n y l  g ro u p  o f  a ld e h y d e  (1 7 3 0  c m '1) w e r e  in c re a s e d . 

M o re o v e r ,  a n  in c re a s e  in  t h e  IR b a n d s  r e la t e d  t o  t h e  C -H  s t re tc h in g  in  a ld e h y d e  a t 2 7 1 0  

a n d  2 9 1 5  c m ' 1 w a s  o b s e r v e d .

Figure 4.7 FTIR s p e c t ra  o f  (a) C R -H 2O 2 (10 w t.% ) (b) C R -H 2O 2 (20  w t.% ) a n d

(c) C R -H 2O 2 (30  w t.% ).

F ig u re  4 .8  s h o w s  t h e  FTIR s p e c t r a  -o f t h e  o x id iz e d  r u b b e r s  p r e p a re d  b y  u s in g  

n it r ic  a c id  w ith  d if fe r e n t  c o n c e n t r a t io n s .  It c a n  b e  s e e n  th a t  t h e  b a n d s  r e la t e d  t o  t h e  

C -S  a n d  ร - ร  s t re tc h in g  s t i l l  r e m a in e d  in  t h e  o x id iz e d  c ru m b  r u b b e r  o x id iz e d  w ith  2 M  

H N O 3 a s  t h e  lo w e s t  c o n c e n t r a t io n .  T h e s e  b o n d s  d is a p p e a r e d  w h e n  u s in g  h ig h e r  

c o n c e n t r a t io n s .  T h e  a b s o rp t io n  b a n d  o f  n it r o  g ro u p  (-N O 2) w a s  f o u n d  a t 1550  c m ' 1 o f  

w h ic h  t h e  in te n s ity  w a s  d e c r e a s e d  w ith  in c re a s in g  o f  t h e  c o n c e n t r a t io n  o f  H N O 3 

s o lu t io n  (4M -6M ). เท c o n t r a s t ,  t h e  IR b a n d s  o f  t h e  s=0 s t re tc h in g  (1 360 , 1160 , 1 030  

c m '1) a n d  O -H  s t re tc h in g  (3 4 2 0  c m '1) o r ig in a te d  f r o m  s u lfo n ic  a c id  g ro u p  a n d  t h e  c = 0  

s t re tc h in g  (1 716  c m '1), t h e  C - 0  s t re tc h in g  (1 270 , 1 2 30  c m '1) a n d  O -H  s t re tc h in g  (3 4 0 0  

c m '1) o r ig in a te d  f ro m  c a rb o x y l ic  a c id  g ro u p  w e re  in c re a s e d . F u r th e rm o re ,  t h e  h ig h e s t  

o x id a n t  c o n c e n t r a t io n  p r o m o te d  t h e  fo rm a t io n  o f  f re e  - O H  g ro u p s  as c a n  b e  s e e n  

f ro m  a la rg e  in c re a s e  in  t h e  b a n d  in te n s it y  a t  3 6 7 0  c m  1 (C R -H N O 3 (8 M)). F u r th e rm o re ,
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t h e  in te n s it y  o f  s u lf o n ic  a c id  g ro u p  w a s  in c re a s e d  a n d  t h e  n it ro  g ro u p  w a s  d e c r e a s e d  

w h e n  t h e  c o n c e n t r a t io n  o f  n it r ic  a c id  w a s  in c re a s e d .  P o s s ib ly ,  n it r ic  a c id  w a s  a s tro n g  

o x id iz in g  a g e n t  th a t  t h e  a r o m a t ic  r ing in  s t y r e n e -b u ta d ie n e  r u b b e r  m ig h t  b e  s e v e re ly  

o x id iz e d  t o  g e n e ra te  t h e  h ig h ly  f u n c t io n a l iz e d  s h o r t - c h a in  p o ly m e r s  w h ic h  w e re  

s o lu b le  a n d  lo s t  in  w a te r  [47],

Figure 4.8 FTIR s p e c t ra  o f  (a) C R - H N 0 3 (2M ) (b) C R - H N 0 3 (4M ) 

(c) C R - H N 0 3 (6M ) a n d  (d) C R - H N 0 3 (8M).

4.4 Thermal stability o f the Oxidized Crumb Rubber
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Figure 4.9 T h e rm a l d e g ra d a t io n  b e h a v io r  o f  t h e  o r ig in a l c r u m b  ru b b e r .
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T h e  t h e r m a l s t a b i l i t y  w a s  t e s t e d  b y  t h e rm o g ra v im e t r ic  a n d  d if f e r e n t ia l  t h e r m a l 

a n a ly s is  o r  T G A . T h is  t e c h n iq u e  c a n  b e  a p p lie d  t o  a n a ly s is  o f  c o m p o s it io n  a n d  s t r u c tu re  

o f  t h e  o r ig in a l c r u m b  r u b b e r  a n d  t h e  o x id iz e d  ru b b e r  p ro d u c t s .  F ig u re  4.9 s h o w s  t h e  

t h e r m a l d e g ra d a t io n  b e h a v io r  o f  t h e  o r ig in a l c r u m b  ru b b e r ,  w h ic h  w a s  s t u d ie d  u n d e r  

N 2 a tm o s p h e r e  b e tw e e n  5 0  a n d  1 0 00  °c. T h e  d e c o m p o s it io n  p a t te rn  o f  o r ig in a l c r u m b  

ru b b e r  s h o w e d  th re e - s t e p  w e ig h t  lo s s . T h e  firs t a n d  s e c o n d  s te p s  o c c u r r e d  a t  a r o u n d  

2 5 0 -3 9 0  °c a n d  390 -4 80 °C , w h ic h  w e re  a s s ig n e d  t o  t h e  d e c o m p o s it io n  o f  n a tu r a l r u b b e r  

(41 .3% ) a n d  s t y r e n e - b u ta d ie n e  r u b b e r  (10.8% ), r e s p e c t iv e ly .  T h e n  t h e  d e g ra d a t io n  o f  

c a rb o n  b la c k  w a s  f o u n d  in  t h e  ra n g e  o f  6 9 5 -7 5 0  °c (4.5% ) [48].

F ig u re  4 .1 0  s h o w s  t h e  t h e r m a l d e g ra d a t io n  b e h a v io r  o f  t h e  c r u m b  ru b b e r  

o x id iz e d  b y  u s in g  h y d ro g e n  p e r o x id e  w it h o u t  t h e  fo rm ic  a c id  a d d it io n .  T h e  d e g ra d a t io n  

p a t te rn  o f  t h e  o x id iz e d  ru b b e r s  w a s  n o t  m u c h  d if fe r e n t  t o  th a t  o f  t h e  o r ig in a l ru b b e r  

a t  a l l  c o n c e n t r a t io n s  o f  t h e  o x id a n t .  T h e s e  r e s u lt s  s u g g e s te d  th a t  t h e  c o m p o s it io n  a n d  

s t r u c tu re  o f  c r u m b  ru b b e r  r e m a in e d  in ta c t  a f te r  t h e  o x id a t io n  p ro c e s s . H o w e v e r ,  t h e  

c a rb o n  b la c k  m ig h t  b e  lo s s  d u r in g  t h e  o x id a t io n  in  w h ic h  t h e  w e ig h t  lo s s  o f  ru b b e r  

f r a c t io n  w a s  c h a n g e d .

F ig u re  4 .1 0  T h e r m a l d e g ra d a t io n  b e h a v io r  o f  (a) c r u m b  r u b b e r  

(b) C R -H 20 2 (2 0% N o F ) a n d  (c) C R -H 20 2 (30% N oF).
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F ig u re  4 .11  T h e rm a l d e g ra d a t io n  b e h a v io r  o f  (a) c r u m b  ru b b e r  

(b) C R - H N 0 3 (6M ) a n d  (c) C R -H 2O 2 (30  w t.% ).

F ig u re  4 .11  s h o w s  t h e  t h e r m a l d e g r a d a t io n  b e h a v io r  o f  t h e  c r u m b  ru b b e r  

o x id iz e d  b y  u s in g  h y d ro g e n  p e ro x id e  w ith  f o rm ic  a c id  (F ig u re  4 .11b )) o r  n it r ic  a c id  

(F ig u re  4 .11(c)) a s  t h e  o x id iz in g  a g e n t. T h e  o x id a t io n  w ith  30  w t.%  H 20 2 a n d  6 M  FINO 3 

t o t a l l y  c h a n g e d  t h e  d e c o m p o s it io n  b e h a v io r  o f  c r u m b  ru b b e r .  เท c a s e  o f  n it r ic  a c id , 

C R - H N 0 3(6M ) lo s t  w e ig h t  in  tw o  s te p s . T h e  f irs t  s t e p  w a s  in t h e  ra n g e  o f  1 8 0 -3 5 0  °c, 
w h ic h  w a s  a t t r ib u te d  t o  t h e  d e c o m p o s it io n  o f  f u n c t io n a l  g ro u p s , s u ch  a s  -C O O H  a n d  - 

N 0 2 g ro u p s  [49], T h e  f in a l s t e p  w a s  r e la t e d  t o  t h e  p o ly m e r  b a c k b o n e  t h a t  w a s  

d e c o m p o s e d  a t 3 9 0 -4 8 0  °c. T h is  r e s u lt  in d ic a te d  th a t  n it r ic  a c id  w a s  a s t ro n g  o x id iz in g  

a g e n t  b y  w h ic h  b o th  n a tu ra l r u b b e r  a n d  s t y r e n e - b u ta d ie n e  ru b b e r  w e re  o x id iz e d ,  g iv ing 

le s s  t h e r m a l ly  s t a b le  p ro d u c t .  T h e s e  p o ly m e r s  w e re  th e  h ig h ly  fu n c t io n a l iz e d  sh o rt-  

c h a in  p o ly m e r  w h ic h  w e re  p r o b a b ly  c o m p o s e d  o f  p o la r  h ig h ly  o x y g e n a te d  m o le c u le s .  

T h is  r e s u lt  w a s  s u p p o r t e d  b y  FTIR a s  s h o w n  in  F ig u re  4.4. เท t h e  c a s e  o f  C R -H 2O 2 (30 

w t.% ), it w a s  c o n f irm e d  t h a t  t h e  o x id a t io n  b y  u s in g  o n ly  h y d ro g e n  p e ro x id e  w a s  n o t  

e f f e c t iv e  e n o u g h  t o  d e v u lc a n iz e  t h e  c r u m b  r u b b e r  s t ru c tu re . H o w e v e r ,  t h e  t h e rm a l 

d e c o m p o s it io n  o f  t h e  o x id iz e d  c r u m b  r u b b e r  b y  u s in g  h y d ro g e n  p e ro x id e  w ith  fo rm ic  

a c id  s h o w e d  th a t  t h e  d e c o m p o s it io n  b e h a v io r  o f  s t y r e n e - b u ta d ie n e  r u b b e r  r e m a in e d  

in ta c t ,  it s h o u ld  b e  d u e  t o  t h e  s e le c t iv i t y  o f  t h e  o x id a t io n  b y  u s ing  h y d ro g e n  p e ro x id e  

w ith  fo rm ic  a c id . T h e  t h e r m a l d e c o m p o s it io n  w a s  c h a n g e d  t o  w e ig h t  lo s s  a t  2 0 0 -4 8 0  

° c  d u e  t o  t h e  f o rm a t io n  o f  n e w  fu n c t io n a l  g ro u p s  in  t h e  ru b b e r  c h a in s . เท a d d it io n ,  th e
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w e ig h t  lo s s  a s c r ib e d  t o  c a r b o n  b la c k  d is a p p e a r e d  a f te r  t h e  o x id a t io n  u s in g  e ith e r  H 20 2 

o r H N 0 3. T h e s e  re s u lt s  in d ic a te d  th a t  c a r b o n  b la c k  in  t h e  c r u m b  r u b b e r  c a n  b e  e a s i ly  

o x id iz e d  t o  p r o d u c e  w a te r  s o lu b le  p o ly a r o m a t ic  c o m p o u n d s  [47],

F ig u re s  4 .1 2  a n d  4 .1 3  s h o w  t h e  in f lu e n c e  o f  t h e  o x id iz in g  a g e n t  c o n c e n t r a t io n  

o n  t h e  t h e r m a l d e g ra d a t io n  b e h a v io r  o f  t h e  o x id iz e d  c r u m b  ru b b e rs .  เท c a s e  o f  u s ing  

h y d ro g e n  p e r o x id e  w ith  t h e  a d d it io n  o f  fo rm ic  a c id  (F ig u re  4.12), t h e  w e ig h t  lo s s  p a t te rn  

w a s  s im ila r  a t  a l l  c o n c e n t r a t io n s .  T h e  p r e s e n c e  o f  n e w  s p e c ie s  g e n e ra te d  f r o m  t h e  

o x id a t io n  o f  n a tu r a l r u b b e r  w a s  o b s e r v e d  a t  1 5 0 -3 0 0  ๐ c .  M o re o v e r ,  t h e  w e ig h t  lo s s  a t 

th is  s te p  t e n d e d  t o  in c re a s e  w ith  in c re a s in g  t h e  o x id iz in g  a g e n t  c o n c e n t r a t io n .  เท 

c o n t r a s t ,  t h e  w e ig h t  lo s s  r e la t e d  t o  t h e  s t y r e n e - b u ta d ie n e  ru b b e r  t e n d e d  t o  d e c r e a s e  

w h e n  t h e  c o n c e n t r a t io n  o f  t h e  o x id iz in g  a g e n t  w a s  in c re a s e d . F fo w e ve r , t h e  re m a in in g  

w e ig h t  o f  t h e  o x id iz e d  ru b b e r s  a t t a in e d  a t  a l l  c o n c e n t r a t io n s  w a s  s im ila r .

F ig u re  4 .1 2  T h e r m a l d e g ra d a t io n  b e h a v io r  o f  (a) c r u m b  ru b b e r  

(b) C R -H 2O 2 (10 w t.% ) ( c ) C R -H 2O 2 (20 w t.% ) a n d  (d) C R -H 2O 2 (30  w t.% ).
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เท c a s e  o f  u s in g  n it r ic  a c id  a s  t h e  o x id iz in g  a g e n t  (F ig u re  4.13), t h e  n a tu r a l r u b b e r  

a n d  s t y r e n e -b u ta d ie n e  ru b b e r  d e c o m p o s e d  a t t e m p e ra tu r e s  lo w e r  th a n  t h e  o r ig in a l 

c r u m b  ru b b e r  d u e  t o  t h e  p r e s e n c e  o f  n e w  fu n c t io n a l  g ro u p s , e s p e c ia l ly  n it ro  g ro u p  

(F ig u re  4.4). เท a d d it io n ,  t h e  c r u m b  ru b b e r s  o x id iz e d  w ith  n it r ic  a c id  a t  a l l  c o n c e n t r a t io n s  

h a d  t h e  w e ig h t  re m a in in g  h ig h e r  t h a n  t h e  o r ig in a l o n e . P o s s ib ly ,  t h e  n a tu ra l ru b b e r  a n d  

s t y r e n e - b u ta d ie n e  r u b b e r  m ig h t  b e  s e v e r e ly  o x id iz e d  t o  g e n e ra te  t h e  h ig h ly  

fu n c t io n a l iz e d  s h o r t - c h a in  p o ly m e r  w h ic h  w e re  s o lu b le  in  w a te r . T h e s e  r e s u lt s  a ls o  

su g g e s te d  th a t  t h e  re m a in s  f r a c t io n  o f  o r ig in a l n a tu ra l r u b b e r  f r a c t io n  w e re  lo w e r  th a n  

th a t  o f  s t y r e n e - b u ta d ie n e  ru b b e r .

F ig u re  4 .1 3  T h e r m a l d e g r a d a t io n  b e h a v io r  o f  (a) c r u m b  ru b b e r  

(b) C R -H N O 3 (2M ) (c) C R -H N O 3 (4M ) (d ) C R - H N 0 3 (6M ) a n d  (e) C R - H N 0 3 (8M).

T o  e la b o r a te  t h e  p o s s ib le  s t r u c tu re  o f  t h e  c r u m b  ru b b e r  o x id iz e d  b y  u s in g  n it r ic  

a c id , t h e  e x t r a c t io n  t e c h n iq u e  w a s  u s e d . T y p ic a l ly ,  3 g o f  t h e  o x id iz e d  c r u m b  ru b b e r  

w a s  r e f lu x e d  w ith  25  m l  o f  s o lv e n t  a t  6 0  °c  fo r  5 h. T h e n , t h e  r e f lu x e d  ru b b e r  w a s  

d r ie d  in  a v a c u u m  o v e n  a t 6 0  °c fo r  3 h. T a b le  4 .3  s h o w s  t h e  a m o u n t  o f  C R - H N 0 3 (6M ) 

r e m a in e d  a fte r  t h e  e x t r a c t io n .  T h e  w e ig h t  to s s  o f  C R -F IN 0 3 (6 M ) e x t r a c t e d  b y  u s ing  

h e x a n e  w a s  lo w e r  t h a n  th a t  in  e t h a n o l.  T h is  r e s u lt  su g g e s te d  th a t  t h e  p o la r  f r a c t io n  

w a s  h ig h e r  t h a n  th e  n o n -p o la r  f r a c t io n  in  C R -F IN 0 3 (6M ). It s h o u ld  b e  d u e  t o  t h e  n a tu ra l 

r u b b e r  ( n o n -p o la r  c h a in )  w a s  e x t e n s iv e ly  o x id iz e d  a n d  le a c h e d  as t h e  s o lu b le  f r a c t io n  

d u r in g  t h e  o x id a t io n  p ro c e s s . T h is  r e s u lt  w a s  s u p p o r t e d  b y  t h e  t h e rm a l d e c o m p o s it io n
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o f  C R -H N O 3 s e r ie s  a s s h o w n  in  F ig u re  4 .13 . F ig u re  4 .1 4  s h o w s  t h e  s o lu t io n  m ix tu re  fo rm  

th e  e x t r a c t io n  b y  u s in g  h e x a n e  a n d  e t h a n o l  a s  s o lv e n ts .  T h e  s o lu t io n  c o lo r  f r o m  t h e  

h e x a n e  e x t r a c t io n  w a s  t r a n s p a r e n t  y e l lo w  (F ig u re  4.14(a)) w h i le  t h e  e t h a n o l e x t r a c t io n  

gave  y e l lo w  tu rb id  s o lu t io n  (F ig u re  4 .14(b)), in d ic a t in g  th a t  C R -H N O 3 (6 M ) w a s  m o re  

s o lu b le  in  t h e  p o la r  s o lv e n t .

Table 4 .3  T h e  e x t r a c t a b le  c o n t e n t  o f  C R -H N O 3 (6 M ) in  t h e  d if f e r e n t  s o lv e n t s 1

Solvent Initial weight (g) Final weight (g) Recovery (%)

H e x a n e 3.000 2.726 90.9

E th a n o l 3.000 2.306 76.9

’Extraction condition ะ CR-HN03(6M), 3 §; solvent, 25 ทาน temperature, 60 °C; time, 5 h

Figure 4.14 T h e  s o lu t io n  m ix tu re  fo rm  t h e  e x t r a c t io n  b y  u s in g  d if fe r e n t  s o lv e n ts ;

(a) h e x a n e  a n d  (b) e th a n o l.

4.5 The Morphology of the Oxidized Crumb Rubber

T h e  m o r p h o lo g y  o f  r u b b e r  s a m p le s  w a s  s tu d ie d  b y  S E M  t e c h n iq u e  a t t h r e e  

m a g n if ic a t io n s , X 200 , X 1 ,000  a n d  X 5 ,0 00 . F ig u re  4 .15  s h o w s  t h e  S E M  im a g e s  o f  t h e  

o r ig in a l c r u m b  ru b b e r .  It c a n  b e  s e e n  t h a t  t h e  s iz e  o f  c r u m b  r u b b e r  w a s  b igge r t h a n  

100  m ic ro n . M o s t  o f  p a r t ic le s  h a d  ro u g h  su r fa c e , w h e re a s  t h e  m in o r it y  w a s  s m o o th  as 

su r fa c e  c u t  d u r in g  t h e  c ru sh in g  p ro c e s s .  A t  t h e  h ig h e s t  m a g n if ic a t io n , th e re  w e re  

a g g lo m e ra te s  o f  p a r t ic le s  w ith  d if f e r e n t  s ize s . F ig u re  4 .16  s h o w s  t h e  SE M  im a g e s  o f  t h e
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c r u m b  r u b b e r  o x id iz e d  b y  u s in g  o n ly  h y d ro g e n  p e ro x id e  as t h e  o x id iz in g  a g e n t. T h e  

m o r p h o lo g y  o f  t h e  o x id iz e d  p r o d u c t  w a s  s im ila r  t o  th a t  o f  t h e  o r ig in a l c r u m b  ru b b e r .

F ig u re s  4 .17  a n d  4 .1 8  s h o w  t h e  S E M  im a g e s  o f  t h e  c r u m b  r u b b e r s  o x id iz e d  b y  

u s in g  h y d ro g e n  p e ro x id e  w ith  fo rm ic  a c id  a s  t h e  o x id iz in g  a g e n t. F o r  CR-FI2O 2 (10% ) 

(F ig u re  4 .17 ), t h e  p a r t ic le  s iz e  d is t r ib u t io n  w a s  w id e r  th a n  t h e  o r ig in a l c r u m b  ru b b e r .  

W h e n  t h e  s u r fa c e  o f  a  la rg e  p a r t ic le  w a s  m a g n if ie d , t h e r e  w e re  s m a l l  p a r t ic le s  w ith  t h e  

s iz e  o f  le s s  t h a n  10 m ic ro n  a g g lo m e ra te d . M o re o v e r ,  t h e  in t e r p a r t ic le  v o id s  w e re  fo u n d . 

เท c a s e  o f  C R -H 2O 2 (30% ) (F ig u re  4 .18), t h e  ru b b e r  p a r t ic le s  w e r e  m e rg e d  t o  la rg e  s ize s . 

T h e r e  w a s  n o  p r im a ry  p a r t ic le s  f o u n d  o n  t h e  su r fa c e  o f  C R -FhO 2 (30% ). M o re o v e r ,  m a n y  

s m a ll  in t e r p a r t ic le  v o id s  w e r e  o b s e r v e d .  T h e s e  re s u lt s  in d ic a te d  t h a t  t h e  a g g lo m e ra te  

s iz e  o f  t h e  p a r t ic le s  w a s  in c re a s e d  w ith  in c re a s in g  t h e  c o n c e n t r a t io n  o f  h y d ro g e n  

p e ro x id e .

T h e  m o r p h o lo g y  o f  r u b b e r s  p r o d u c e d  f r o m  t h e  o x id a t io n  b y  u s in g  n it r ic  a c id  a s 

t h e  o x id iz in g  a g e n t  w a s  s h o w n  in  F ig u re s  4 .19  a n d  4 .20 . T h e  p a r t ic le  s iz e  o f  

C R - F iN 0 3 (2M ) w a s  s m a lle r  th a n  th a t  t h e  o r ig in a l ru b b e r . M o re o v e r ,  t h e  m o rp h o lo g y  

w a s  d e f in i t e ly  c h a n g e d  a f te r  t h e  o x id a t io n .  T h e r e  w e re  s m a ll  p a r t ic le s  d e p o s i t e d  o n  

t h e  s u r fa c e , g e n e ra t in g  t h e  in te rp a r t ic le  v o id s .  W h e n  t h e  c o n c e n t r a t io n  o f  n it r ic  a c id  

w a s  in c re a s e d  t o  6  M , t h e  p a r t ic le  s iz e  o f  t h e  o x id iz e d  ru b b e r  w a s  d e c r e a s e d  a n d  

s h o w e d  m o re  u n ifo rm  d is t r ib u t io n .  F u r th e rm o re ,  t h e re  w e r e  m a n y  in te rp a r t ic le  v o id s  

o n  t h e  s u r fa c e  w h ic h  lo o k e d  lik e  a s p o n g e . T h e r e fo re ,  t h e  in c re a s in g  o f  t h e  n it r ic  a c id  

c o n c e n t r a t io n  r e d u c e d  t h e  p a r t ic le  s iz e  a n d  in c re a s e d  t h e  p a r t ic le  p o ro s ity .

T h e  m o r p h o lo g y  o f  t h e  o x id iz e d  ru b b e r  r e m a in e d  in ta c t  in  t h e  c a s e  o f  u s in g  

o n ly  h y d ro g e n  p e ro x id e  w h i le  t h e  a d d it io n  o f  fo rm ic  a c id  a s s is te d  h y d ro g e n  p e ro x id e  

t o  p r o m o te  t h e  o x id a t io n .  T h e  m o r p h o lo g ic a l  s tu d y  w a s  in  a c c o r d a n c e  w ith  t h e  r e s u lt s  

o f  t h e  s u lfu r  c o n te n t ,  FTIR a n d  TG A . เท t h e  c a s e  o f  u s ing  n it r ic  a c id  a s t h e  o x id iz in g  

a g e n t, t h e  m o r p h o lo g y  o f  t h e  o x id iz e d  ru b b e r  w a s  r e m a r k a b ly  c h a n g e d . F ro m  t h e  

t h e rm a l d e c o m p o s it io n ,  t h e r e  w a s  a n o t ic e a b le  c h a n g e  in  t h e  s t r u c tu r e  o f  n a tu ra l 

r u b b e r  a n d  s t y r e n e -b u ta d ie n e  ru b b e r ,  w h ic h  d ir e c t ly  r e s u lt e d  in  t h e  p a r t ic le  s iz e  

r e d u c t io n  a n d  t h e  g e n e ra t io n  o f  p o r o s it y  o n  t h e  p a r t ic le  s u r fa c e
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F ig u re  4 .1 5  S E M  im a g e s  fo r  t h e  o r ig in a l c r u m b  ru b b e r  

a t  t h e  m a g n if ic a t io n s  o f  (a) X 2 0 0  

(b) X 1 ,000  a n d  (c) X 5 ,000 .

'งo
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Figure 4.16 S E M  im a g e s  fo r  C R -H 2O 2 (3 0 % N o F ) 

a t  t h e  m a g n if ic a t io n s  o f  (a) X 2 0 0

(b) X 1 ,000  a n d  (c) X 5 ,000 .
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F ig u re  4 .1 7  S E M  im a g e s  fo r  t h e  c r u m b  ru b b e r  

o x id iz e d  u s in g  h y d ro g e n  p e r o x id e  w ith  a d d in g  

fo rm ic  a c id  a s o x id iz in g  a g e n t  (C R -H 2O 2 ( 1 0 %)) 

a t  t h e  m a g n if ic a t io n s  o f  (a) X 2 0 0

(b) X 1 ,000  a n d  (c) X 5 ,000 .

fo
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F ig u re  4 .1 8  S E M  im a g e s  fo r  t h e  c ru m b  r u b b e r  

o x id iz e d  u s ing  h y d ro g e n  p e ro x id e  w ith  a d d in g  f o rm ic  

a c id  as o x id iz in g  a g e n t  (C R -H 2O 2 (30% )) a t  t h e  

m a g n if ic a t io n s  o f  (a) X 2 0 0

(b) X 1 ,000  a n d  (c) X 5 ,000 .

->l
00
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4.6 The Sol/Gel and Swelling Ratio

T h e  s o l/ g e l ra t io  w a s  a p p lie d  t o  s t u d y  t h e  s ta b i l i t y  o f  t h e  o x id iz e d  ru b b e r s  in 

t h e  p o la r  a n d  n o n - p o la r  s o lv e n ts .  T h e  s o l  (%) is r e fe r re d  t o  a s  t h e  r u b b e r  f r a c t io n  th a t  

c a n  b e  d is s o lv e d  in  t h e  s o lv e n t  w h i le  t h e  g e l f r a c t io n  (%) w a s  t h e  u n d is s o lv e d  p a r t  o f  

t h e  r u b b e r  s a m p le  a f te r  t h e  te s t . T h e  s o lv e n t s  a p p l ie d  t o  s t u d y  w e re  t o lu e n e ,  

t e t r a h y d ro fu r a n  (THF), a n d  e th a n o l.  T H F  a n d  e t h a n o l a re  p o la r  s o lv e n t s  w ith  t h e  

d ie le c t r ic  c o n s ta n t  (£ ) o f  7 .5 8  a n d  24 .3 , r e s p e c t iv e ly .  T h e  d ie le c t r ic  c o n s t a n t  o f  t o lu e n e  

is 2 .38 . T a b le  4 .4  s h o w s  t h e  s o l/ g e l ra t io  o f  t h e  o r ig in a l c r u m b  ru b b e r  in  t h e  s o lv e n ts .  

เท t h e  p o la r  s o lv e n ts ,  t h e  s o l f r a c t io n  o f  t h e  in it ia l c r u m b  r u b b e r  w a s  a ro u n d  2 0 -23 % , 

w h e r e a s  it w a s  15 .2%  in  t o lu e n e .  T h e  re s u lt s  s h o w e d  th a t  t h e  c r u m b  ru b b e r  w a s  m o re  

s t a b le  in  t h e  n o n -p o la r  s o lv e n t ,  a lth o u g h  n a tu ra l ru b b e r  a n d  s t y r e n e -b u ta d ie n e  r u b b e r  

a re  t h e  n o n -p o la r  p o ly m e r s .  It s h o u ld  b e  d u e  t o  t h e  p r e s e n c e  o f  t h e  s u lfu r  c ro s s lin k s  

in  t h e  ru b b e r .  T h e  g ro u p  o f  p o la r  s o lv e n t s ,  t h e  s o l f r a c t io n  in  e t h a n o l  w a s  s l ig h t ly  

h ig h e r  t h a n  th a t  in  T H F . It s h o u ld  b e  d u e  t o  a d is s o lu t io n / le a c h in g  o f  t h e  p o la r  a d d it iv e s  

c o n ta in in g  in  ru b b e r .

Table 4.4 T h e  s o l/ g e l r a t io  o f  t h e  o r ig in a l c r u m b  r u b b e r  in  d if f e r e n t  s o lv e n t s

S o l v e n t

T o l u e n e T e t r a h y d r o f u r a n  ( T H F ) E t h a n o l

D ie le c t r ic  c o n s t a n t  (8 ) 2 .3 8 7 .5 8 2 4 .3 0

S o l  c o n t e n t  (%) 1 5 .3 2 0 . 8 2 2 .5

G e l  c o n t e n t  (%) 8 4 .7 7 9 .2 7 7 .5

Table 4.5 shows the sol/gel ratio of the oxidized crumb rubbers in three 

d if fe r e n t  s o lv e n ts .  เท c a s e  o f  u s ing  o n ly  h y d ro g e n  p e ro x id e  a s  t h e  o x id iz in g  a g e n t  (CR - 

H 20 2 (N o F) se rie s), t h e  s o l c o n t e n t  in  t o lu e n e  w a s  s l ig h t ly  in c re a s e d ,  a n d  n o t  

s ig n if ic a n t ly  a f fe c te d  b y  t h e  c o n c e n t r a t io n  o f  o x id iz in g  a g e n t. W h e n  fo rm ic  a c id  w a s  

a d d e d  w ith  h y d ro g e n  p e ro x id e  in  t h e  o x id a t io n  (C R -H 20 2 se rie s) , t h e  s o l c o n t e n t  o f  t h e  

o x id iz e d  r u b b e r s  w a s  in c re a s e d , a n d  n o t ic e a b ly  a f fe c te d  b y  t h e  c o n c e n t r a t io n  o f  t h e  

o x id a n t .  เท t h e  c a s e  o f  u s ing  n it r ic  a c id , t h e  o x id iz e d  ru b b e r s  (C R -H N O 3 se r ie s )  h a d  t h e  

s o l  f r a c t io n  in  t h e  ra n g e  o f  17 .6 -22 .2% , w h ic h  w a s  h ig h e r  t h a n  th e  in it ia l ru b b e r  fo r  

1 .15 -1 .4 5  fo ld ,  r e s p e c t iv e ly .  T h e  c o n c e n t r a t io n  o f  n it r ic  a c id  u n c le a r ly  in f lu e n c e d  t h e  

s o l c o n te n t .  F o r  t h e  p o la r  s o lv e n ts ,  b o th  o f  C R -H 20 2 (30% ) a n d  C R - H N 0 3 (6M ) e x h ib it e d
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a n  in c re a s e  in  t h e  s o l  f r a c t io n .  M o r e  p r e c is e ly ,  C R - H N 0 3 (6M ) h a d  t h e  s o l  c o n t e n t  in  

T H F  h ig h e r  th a n  C R -H 2O 2 (30% ), w h e re a s  t h e  s o l  c o n t e n t  o f  C R -H N O 3 (6 M ) in  e t h a n o l 

w a s  lo w e r  t h a n  th a t  o f  C R -H 2O 2 (30% ). T h e s e  r e s u lt s  s u g g e s te d  t h a t  t h e  f u n c t io n a l  

g ro u p s  c o n ta in in g  in  C R -H 2O 2 (30% ) h a d  h ig h e r  p o la r it y  th a n  t h o s e  in  C R -H N O 3 (6 M ) 

s in c e  t h e  p o la r it y  o f  e t h a n o l is h ig h e r  th a n  t h a t  o f  T H F . T h is  h y p o th e s is  w a s  su g g e s te d  

b y  t h e  FTIR re s u lt s  (F ig u re  4 .4) t h a t  C R -H 2O 2(30% ) h a d  m o re  v a r ie t y  o f  f u n c t io n a l  g ro u p s  

a n d  s u lfu r  o x id e  g ro u p s  t h a n  C R - H N 0 3 (6M ).

Table 4.5 T h e  s o l  r a t io  (%) o f  t h e  o x id iz e d  c r u m b  ru b b e rs  in  d if f e r e n t  s o lv e n t s

Sample
Solvent

Toluene Tetrahydrofuran Ethanol

S o l c o n t e n t 19 .3 - _
C R -H 20 2 (2 0% N o F )

G e l c o n te n t 80 .7 - -

S o l  c o n t e n t 2 0 .4 _ .

C R -H 20 2 (3 0% N oF)
G e l c o n t e n t 79 .6 - -

S o l c o n t e n t 15 .8 20 .7 19.1
C R -H 20 2 (10% )

G e l c o n t e n t 84 .2 79 .3 80 .9

S o l  c o n te n t 2 9 .8 25 .5 21 .7
C R -H 2O 2(20% )

G e l c o n te n t 70 .2 74 .5 78 .3

S o l  c o n t e n t 40 .9 27 .5 39 .3
C R -H 20 2 (30% )

G e l c o n te n t 59 .1 72 .5 60 .7

S o l c o n te n t 2 0 .8 28 .2 16.7
CR-HNOj (2M)

G e l c o n t e n t 7 9 .2 71 .8 84 .3

S o l c o n t e n t 2 0 .4 7Q 1 2 8 .4
C R -H N O 3 (4M )

G e l c o n te n t 79 .6 71 .9 71 .6

S o l c o n t e n t 17.6 36 .2 29 .8
C R - H N 0 3 (6M )

G e l c o n te n t 8 2 .4 63 .8 70 .2

S o l c o n te n t 2 2 .2 30 .6 24 .3
C R - H N 0 3 (8 M )

G e l c o n te n t 77 .8 69 .4 75 .7
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เท c a s e  o f  u s in g  t o lu e n e  a s  t h e  s o lv e n t ,  t h e  s o l c o n t e n t  o f  C R -H 2O 2 s e r ie s  w a s  

in c re a s e d  w h e n  th e  c o n c e n t r a t io n  o f  t h e  o x id a n t  in c re a s e d . It s h o u ld  b e  d u e  t o  t h e  

in c re a s e  in  t h e  lo w  m o le c u la r  r u b b e r  a n d  t h e  n o n - p o la r  f r a c t io n  ( s ty r e n e -b u ta d ie n e  

ru b b e r ) . T h e  s o l c o n t e n t  o f  C R -H N O 3 s e r ie s  w a s  s l ig h t ly  h ig h e r  t h a n  th a t  o f  t h e  in it ia l 

ru b b e r .  It m ig h t  b e  d u e  t o  t h e  h ig h ly  f u n c t io n a l iz e d  s h o r t - c h a in  p o ly m e r s  w h ic h  w e re  

g e n e r a te d  f r o m  t h e  s e v e re  o x id a t io n  o f  n it r ic  a c id . F o r  t h e  p o la r  s o lv e n t ,  th e  s o l 

c o n t e n t  in  e t h a n o l o f  CR-FI2O 2 (30% ) w a s  h ig h e r  t h a n  th a t  o f  C R -F IN O 5 (6 M). เท c o n t ra s t ,  

t h e  s o l  c o n te n t  in  t e t r a h y d ro fu r a n  o f  C R - F iN 0 3 (6 M ) w a s  h ig h e r  t h a n  th a t  o f  CR -FI2O 2 

(30% ). T h e s e  re s u lt s  s u g g e s te d  th a t  t h e  p o la r it y  o f  CR-FI2O 2 (30% ) w a s  h ig h e r  t h a n  CR - 

H N O 3 (6 M). It c o r r e s p o n d e d  t o  t h e  h ig h e r  a m o u n t  o f  p o la r  f u n c t io n a l  g ro u p s  as 

c o n f ir m e d  b y  FTIR (F ig u re  4.4). M o re o v e r ,  t h e  p r e s e n c e  o f  t h e  lo w  p o la r  f u n c t io n a l  

g ro u p  (n it ro  g ro u p )  in  t h e  C R -F IN O 3 (6 M ) se r ie s  r e s u lt e d  in  h ig h e r  s o l c o n t e n t  in r e la t iv e ly  

lo w  p o la r  s o lv e n t  (TFIF).

G e n e r a l ly ,  n a tu ra l r u b b e r  a n d  s t y r e n e - b u ta d ie n e  ru b b e r  a re  t h e  m a in  

c o m p o n e n t s  o f  t h e  o r ig in a l c r u m b  ru b b e r .  T h e y  a re  n o n -p o la r  m a te r ia ls  w h ic h  h a v e  

h igh  a f f in it y  fo r  t h e  n o n -p o la r  s o lv e n t  a b s o rp t io n .  T a b le  4.6 s h o w s  t h e  s w e ll in g  ra t io  o f  

t h e  o r ig in a l c r u m b  r u b b e r  in  p o la r  a n d  n o n - p o la r  s o lv e n t .  T h e  s o lv e n t s  in c lu d e d  

t o lu e n e  a n d  e t h a n o l .  E th a n o l w a s  a p p l ie d  t o  t h e  s w e ll in g  s tu d y  a s  t h e  r e p re s e n ta t iv e  

r e a c ta n t s  in  t h e  e s te r if ic a t io n  r e a c t io n  in  o r d e r  t o  in v e s t ig a te  t h e  e f fe c t  o f  re a g e n t  

p o la r it y  o n  t h e  s t r u c tu re  o f  r u b b e r  c a ta ly s ts .  F ro m  t h e  re s u lt s ,  t o lu e n e  w a s  t h e  b e s t  

s o lv e n t  fo r  s w e ll in g  t h e  o r ig in a l c r u m b  r u b b e r  w h e re a s  t h e  s w e ll in g  r a t io  o f  t h e  c ru m b  

r u b b e r  in  e t h a n o l  w a s  e x t r e m e ly  lo w e r .

Table 4.6 T h e  s w e ll in g  ra t io  o f  t h e  o r ig in a l c r u m b  ru b b e r  in  d if f e r e n t  s o lv e n t s

S o l v e n t D i e l e c t r i c  c o n s t a n t  ( £ ) s w e l l in g  r a t io

T o l u e n e 2 .3 8 4 .6 9

E t h a n o l 2 4 .3 0 1 .0 9

T a b le  4 .7  s h o w s  t h e  s w e ll in g  ra t io  o f  t h e  o x id iz e d  c r u m b  ru b b e r s  in  tw o  

d if f e r e n t  s o lv e n ts .  T h e  re s u lt s  in d ic a te d  th a t  t h e  s w e ll in g  r a t io  o f  t h e  o x id iz e d  c r u m b  

r u b b e r s  w a s  s ig n if ic a n t ly  lo w e r  th a n  th a t  o f  t h e  in it ia l c r u m b  ru b b e r  w h e n  u s ing  t o lu e n e  

a s  s o lv e n t .  It s h o u ld  b e  s u g g e s te d  th a t  t h e  p o la r  f u n c t io n a l  g ro u p s  h a s  lo w  a f f in it y  fo r  

t h e  n o n -p o la r  s o lv e n t  a b s o rp t io n .  M o re o v e r ,  t h e  c o n c e n t r a t io n  o f  o x id iz in g  a g e n ts  a ls o  

a f f e c t e d  t h e  s w e ll in g  ra tio . W h e n  t h e  c o n c e n t r a t io n  o f  t h e  o x id a n t s  in c re a s e d , th e
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s w e ll in g  r a t io  in  t o lu e n e  w a s  d e c r e a s e d .  T h is  r e s u lt  w a s  r e la t e d  t o  t h e  s h o r te r - c h a in  

p o ly m e r  w h ic h  d e p e n d e d  o n  t h e  in c re a s e  in  t h e  c o n c e n t r a t io n  o f  t h e  o x id iz in g  a g e n t. 

M o re o v e r ,  t h e  ru b b e r  p r o d u c t s  f r o m  t h e  o x id a t io n  b y  u s in g  h y d ro g e n  p e ro x id e  w ith  

fo rm ic  a c id  (C R -H 2O 2 se r ie s )  w e r e  s w o l le n  e a s ie r  th a n  t h o s e  o x id iz e d  w ith  n it r ic  a c id  

(C R -H N O 3 se rie s) . It c a n  b e  s u p p o r t e d  th a t  t h e  n it r ic  a c id  w a s  a s e v e re  o x id iz in g  a g e n t. 

T h e  n a tu ra l r u b b e r  a n d  s t y r e n e - b u ta d ie n e  r u b b e r  w e re  o x id iz e d  t o  g e n e ra te  t h e  h ig h ly  

fu n c t io n a l iz e d  s h o r t - c h a in  p o ly m e r .  T h e s e  r e s u lt s  s u g g e s te d  m o r e  s im ila r it y  o f  t h e  CR - 

H 20 2 s e r ie s  t o  t h e  o r ig in a l c ru m b  ru b b e r .  เท c a s e  o f  t h e  p o la r  s o lv e n t ,  a l l  o f  t h e  o x id iz e d  

ru b b e r s  w e re  s w o l le n  e a s ie r  th a n  t h e  in it ia l r u b b e r  in  e t h a n o l.  T h e  s w e ll in g  r a t io  o f  t h e  

C R -H N O 3 s e r ie s  w a s  in c re a s e d  a t  s m a lle r  e x t e n t  th a n  t h e  C R -H 20 2 se r ie s . It s h o u ld  b e  

d u e  t o  t h e  p r e s e n c e  o f  t h e  p o la r  f u n c t io n a l  g ro u p s  in  t h e  C R -H 2O 2 se r ie s . T h e s e  

fu n c t io n a l  g ro u p s  h a d  h igh  a f f in it y  fo r  e t h a n o l  a b s o rp t io n .  T h is  r e s u lt  s u g g e s te d  th a t  

t h e  a f f in it y  fo r  t h e  p o la r  s o lv e n t  a b s o rp t io n  o f  t h e  C R -H N O 3 s e r ie s  w e re  lo w e r  th a n  th a t  

o f  t h e  C R -H 20 2 se r ie s .

Table 4.7 T h e  s w e ll in g  ra t io  o f  t h e  o x id iz e d  c r u m b  ru b b e rs  in  d if fe r e n t  s o lv e n t s

S o l v e n t

S a m p l e  ---------------------------------------------------------------------------------------------------------

T o l u e n e  E t h a n o l

C R - H 2 O 2  ( 1 0 %) 3 .5 2 2 .7 6

C R - H 2 O 2 (2 0% ) 3 .8 4 2 .2 7

C R - H 2 O 2  (30% ) 2 . 2 0 0 .9 8

C R - H N O 3  (2 M ) 2 .3 3 1 . 6 6

C R - H N O 3 (6 M ) 1 .55 1 .4 4

CR -H N O ;. (8M ) 1.70 1.59

T h e  s w o l le n  ru b b e r s  c o n ta in in g  in  t o lu e n e  a re  r e p r e s e n t a t iv e ly  s h o w n  in  F ig u re  

4 .21 . T h e  c h a n g e  o f  t o lu e n e  c o lo r  d u r in g  th e  s w e ll in g  t e s t  is a n  in d ic a t iv e  fo r  t h e  

s o lu b i l i t y  o f  t h e  o x id iz e d  ru b b e r s  in  t h e  n o n -p o la r  s o lv e n t .  T h e  s w o l le n  c r u m b  ru b b e r  

g a v e  p a le  y e l lo w  s o lu t io n  (F ig u re  4.21(a)), w h i le  t h e  t o lu e n e  c o n ta in in g  c r u m b  ru b b e r  

o x id iz e d  w ith  h y d ro g e n  p e ro x id e  w a s  m o re  c o lo r le s s  (F ig u re  4.21(b)). เท t h e  p re s e n c e  

o f  C R -F IN O 3 (6 M ), t h e  t o lu e n e  c o lo r  b e c a m e  d a rk  y e l lo w .  T h e  s h o r te r  p o ly m e r  c h a in s  

c le a v e d  f r o m  t h e  ru b b e r  b a c k b o n e  s h o u ld  r e s u lt  in  t h e  h ig h e r  t o lu e n e  s o lu b i l i t y  o f  t h e
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c r u m b  ru b b e r  o x id iz e d  w ith  n it r ic  a c id .  F o r  t h e  e t h a n o l,  t h e  t r e n d  o f  c o lo r  c h a n g e  w a s  

s im ila r  t o  t h e  c a s e  o f  u s in g  t o lu e n e .

(a) (b) (c)

Figure 4.21 S w o l le n  r u b b e r s  in  t o lu e n e  a f te r  s ta n d in g  fo r  2 4  h:

(a) o r ig in a l c r u m b  ru b b e r  (b) C R -H 2O 2 (30  w t.% ) a n d  (c) C R - H N 0 3 (6M ).

4.7 The Acid Content o f the Oxidized Crumb Rubber

T h e  a c id  c o n te n t  o f  t h e  o x id iz e d  c r u m b  ru b b e r s  w a s  r e p r e s e n te d  a s  t h e  

c o n t e n t  o f  p r o to n  (H +) in  u n it  o f  m m o l p e r  g ram  o f  t h e  o x id iz e d  c r u m b  ru b b e r .  T h is  

w a s  r e la t e d  t o  t h e  c a ta ly t ic  p e r fo rm a n c e  o f  t h e  o x id iz e d  c r u m b  ru b b e rs  w h e n  t h e y  

w e re  u s e d  a s  t h e  c a ta ly s t s  in  t h e  e s te r if ic a t io n .  T h e  a c id  c o n t e n t  w a s  a n a ly z e d  b y  tw o  

t it r a t io n  t e c h n iq u e s ,  th e  d ir e c t  t it r a t io n  a n d  t h e  b a c k  t it r a t io n .  T h e  s o lv e n t s  in  d ir e c t  

t it r a t io n  w a s  p u re  d e io n iz e d  w a te r  (Dl w a te r )  a n d  a m ix e d  s o lu t io n  o f  Dl w a te r  a n d  T H F  

(1 0 /1 0  V /V ). T h e  b a c k  t it r a t io n  w a s  p e r fo rm e d  b y  im m e rs in g  t h e  s a m p le  in  a s o lu t io n  

o f  s o d iu m  c h lo r id e  u n d e r  s t irr in g  fo r  io n -e x c h a n g in g  H + in  t h e  c a ta ly s t  fo r  t h e  s o d iu m  

ion. After 18 h of the process, the solution was titrated with a sodium hydroxide (NaOH) 

s o lu t io n  a n d  p h e n o p t h a le n e  w a s  u s e d  a s  in d ic a to r .  T h e  a c id  c o n t e n t  w a s  c a lc u la t e d  

a c c o rd in g  t o  t h e  e q u a t io n  A 6 ( A p p e n d ix  A). T a b le  4 ,8 s h o w s  t h e  a c id  c o n te n t  o f  t h e  

o x id iz e d  c r u m b  r u b b e r s  a t ta in e d  b y  t h e  d if f e r e n t  t it r a t io n  m e th o d s .  เท t h e  c a se  o f  u s in g  

o n ly  h y d ro g e n  p e ro x id e  as t h e  o x id iz in g  a g e n t, t h e  a c id  c o n t e n t  w a s  lo w  (0 .0 5 -0 .1 0  

m m o l/g ) . T h e  a c id  c o n t e n t  w a s  in c re a s e d  w h e n  th e  o x id a t io n  w a s  p e r fo rm e d  in  

h y d ro g e n  p e ro x id e  w ith  fo rm ic  a c id . T h e  t y p e  o f  s o lv e n t s  s ig n if ic a n t ly  a f fe c te d  t h e  a c id  

c o n t e n t  v a lu e .  U s in g  th e  s o lu t io n  o f  Dl w a te r  a n d  T H F  g a v e  t h e  h ig h e s t  a c id  c o n t e n t  

d u e  t o  t h e  p r e s e n c e  o f  t h e  s w e ll in g  e f fe c t  th a t  p r o m o te s  t h e  a c id - b a s e  t it ra t io n .  

M o re o v e r ,  t h e  a c id  c o n t e n t  w a s  in c re a s e d  w ith  in c re a s in g  t h e  c o n c e n t r a t io n  o f  t h e
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o x id iz in g  a g e n ts . C R -H N 0 3 (8M ) h a d  t h e  h ig h e s t  a c id  c o n te n t  o f  1 .40  m m o l/ g .  H o w e v e r ,  

a l l  t h e  o x id iz e d  ru b b e r s  p o s s e s s e d  t h e  a c id  c o n t e n t  lo w e r  t h a n  t h e  c o m m e r c ia l  io n -  

e x c h a n g e  re s in , A m b e r ly s t -1 5 .

It c a n  b e  s e e n  th a t  t h e  c r u m b  ru b b e r  o x id iz e d  b y  u s in g  n itr ic  a c id  h a d  t h e  a c id  

c o n t e n t  h ig h e r  th a n  t h e  ru b b e r s  o x id iz e d  w ith  h y d ro g e n  p e ro x id e  c o n ta in in g  fo rm ic  

a c id . T h is  r e s u lt  w a s  in  c o n t r a s t  w ith  t h e  FTIR r e s u lt s  th a t  s h o w e d  s t ro n g  b a n d  o f  t h e  

s = 0  s t r e tc h in g  o b s e r v e d  fo r  t h e  c r u m b  ru b b e r  o x id iz e d  b y  u s ing  h y d ro g e n  p e ro x id e  

w ith  f o rm ic  a c id . P o s s ib ly ,  t h e  o b s e r v e d  s = 0  s t re tc h in g  m ig h t  b e  r e la t e d  t o  o th e r  s u lfu r  

o x id e  g ro u p s , s u ch  as s u lfo n e  ( - S 0 2-) a n d  s u lfo x id e  ( - S O )  a l l  o f  w h ic h  g a ve  t h e  IR b a n d s  

in  t h e  s im ila r  w a v e  n u m b e r s  t o  s u lf o n ic  a c id  g ro u p . S in c e  t h e s e  s u lfu r  o x id e s  a re  n o n -  

a c id ic ,  t h e ir  p r e s e n c e  d id  n o t  e n h a n c e  t h e  a c id it y  o f  t h e  o x id iz e d  ru b b e rs .  H o w e v e r ,  

th e  in c re a s in g  o f  t h e  c o n c e n t r a t io n  o f  h y d ro g e n  p e ro x id e  in c re a s e d  t h e  a c id  c o n te n t  

o f  t h e  o x id iz e d  c ru m b  ru b b e r  s in c e  t h e  e x t e n t  o f  o x id a t io n  w a s  e n h a n c e d .

T a b le  4 .8  T h e  a c id  c o n te n t  o f  t h e  o x id iz e d  c r u m b  r u b b e r s  a t ta in e d  b y  d if fe r e n t  

t it r a t io n  m e th o d s

T h e  a c i d  c o n t e n t  in  e a c h  m e t h o d  ( m m o l/ g  s a m p l e )

S a m p l e D l w a t e r 1 

( 2 0  m L )

D l w a t e r + T H F 1 

( 1 0 / 1 0  V / V )

B a c k  t i t r a t io n  w it h  

1 M  N a C l 2 ( 2 5  m L )

C R - H 2 0 2  (2 0 % N o F) 0 .0 5 0 . 1 0 0 .0 5

C R - H 2 0 2  (3 0 % N o F) 0 .0 5 0 . 1 0 0 .0 5

c r - h 2 o 2 ( 1 0 % ) 0 .0 5 0 . 2 0 0 .1 5

C R - H 2 0 2  (2 0% ) 0 .0 5 0 . 2 0 0 .1 5

C R -H 20 2 (30% ) 0 .05 อ .30 0 .15

C R - H N O 3  (2 M ) 0 .1 5 0 .6 5 0 . 2 0

C R - H N O 3  (4 M ) 0 .2 5 0 .6 5 0 .1 5

C R -F I N O 3  (6 M ) 0 .4 0 0 .8 5 0 . 2 0

C R - H N 0 3 (8 M ) 0 .7 5 1 .4 0 1 . 1 0

A m b e r ly s t - 1 5 0 . 2 0 3 .8 0 -

: titrate with 0.05 M NaOH 

2 titrate 0.10 M NaOH
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T h e  o x id iz e d  c r u m b  r u b b e r s  w e re  a p p l ie d  a s  t h e  c a ta ly s t s  in  t h e  e s te r if ic a t io n  

o f  a c e t ic  a c id  w ith  e t h a n o l.  C R -H 2O 2 (30% ) a n d  C F T H N O 3 (6 M ) w e re  c h o s e n  as t h e  

r e p r e s e n ta t iv e s  d u e  t o  t h e  p h y s ic o c h e m ic a l  p ro p e r t ie s .  It w a s  fo u n d  th a t  t h e  s o lu t io n  

m ix tu re  o b t a in e d  a f te r  t h e  e s te r i f ic a t io n  w a s  r e m a rk a b ly  c h a n g e d  w h e n  c o m p a r e d  t o  

t h e  re a c ta n ts .  เท t h e  c a s e  o f  u s in g  C R -H 2O 2 (30% ) a s  t h e  c a ta ly s t ,  t h e  r e a c t io n  p r o d u c t  

w a s  b la c k  t u rb id  s o lu t io n  c o n ta in in g  s u s p e n d e d  b la c k  p a r t ic le s .  M o re o v e r ,  t h e  p a r t ic le s  

r e m a in e d  in  t h e  s o lu t io n  e v e n  a f te r  f i lt e r in g  w ith  t h e  f i lt e r  p a p e r  N o .4 2 . เท t h e  c a s e  o f  

u s ing  C R -H N O 3 (6 M ) a s  t h e  c a ta ly s t ,  t h e  c o lo r  o f  s o lu t io n  w a s  c h a n g e d  f r o m  t h e  

t r a n s p a r e n t  s o lu t io n  t o  d a rk  y e l l o w  s o lu t io n .  It w a s  r e s u lt e d  f r o m  t h e  d is s o lu t io n  o f  

c a ta ly s t  in to  t h e  re a c t io n  m ix tu r e  s in c e  t h e r e  w a s  n o  s ig n if ic a n t  a m o u n t  o f  t h e  c a ta ly s t  

re m a in in g  o n  t h e  f i l t e r  p a p e r . T h e s e  re s u lt s  s h o u ld  b e  e x p la in e d  b y  t h e  h igh  p o la r it y  

o f  e t h a n o l  a n d  a c e t ic  a c id  a s m e n t io n e d  a lr e a d y  in  t h e  s w e ll in g  a n d  t h e  s o l/ g e l ra t io . 

T h e  r e a c ta n t s  w ith  lo w e r  p o la r it y  w e re  a p p l ie d  in s te a d  t o  s o lv e  t h e  s o lu b i l i t y  p r o b le m  

o f  t h e  ru b b e r  c a ta ly s ts .  O c t a n o l  a n d  2 - e t h y l - l- h e x a n o l  a s lo n g - c h a in  a lc o h o ls  w e re  

u s e d  w h e r e a s  t h e  c a r b o x y l ic  a c id  w a s  o c t a n o ic  a c id .

F o r  t h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  o c t a n o l,  t h e  c a ta ly s t  lo s s  f ro m  t h e  

r e a c t io n  is s h o w n  in  T a b le  4.9. T h e  r e c o v e r y  o f  C R -H 2O 2 (30% ) a n d  C R -H N O 3 (6 M ) w a s  

15 .2%  a n d  29 .6% , r e s p e c t iv e ly .  T h e y  w e re  lo w e r  t h a n  A m b e r ly s t -1 5 .  F ig u re  4 .22  s h o w s  

t h e  p ic tu re s  o f  t h e  r e a c t io n  m ix tu r e  f r o m  th e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  

o c t a n o l  c a t a ly z e d  b y  t h e  o x id iz e d  c ru m b  ru b b e rs .  T h e  c o lo r le s s  s o lu t io n  o f  t h e  in it ia l 

r e a c t io n  m ix tu re  w a s  c h a n g e d  t o  b la c k  t u rb id  s o lu t io n  in  t h e  c a s e  o f  u s ing  

C R -F i20 2 (30% ) as t h e  c a ta ly s t ,  a n d  t o  t r a n s p a re n t  y e l lo w  in  t h e  c a s e  o f  u s ing  

C R -F IN O 3 (6 M). T h e s e  w e re  f r o m  t h e  r e a c t io n  c a ta ly z e d  b y  A m b e r ly s t - 1 5  in  w h ic h  t h e  

s o lu t io n  w a s  s t i l l  t h e  s a m e . A f te r  th a t ,  t h e  r e a c t io n  m ix tu re  w a s  f i l t e r e d  aga in  b y  u s ing  

a s y r in g e  f i l t e r  h a v in g  t h e  p o re  s iz e  o f  0 .2  m ic ro n  in o rd e r  t o  s e p a ra te  t h e  c a ta ly s t s  

suspended. It w a s  fo u n d  that the reaction mixture u s ing  CR-FI2O2 (30%) w as changed 

f r o m  t h e  b la c k  tu rb id  s o lu t io n  t o  t r a n s p a r e n t  s o lu t io n  aga in  (F ig u re  4 .22(b)). เท t h e  c a se  

o f  C R - F iN 0 3 (6 M ), t h e  r e s u lt in g  s o lu t io n  w a s  n o t  s ig n if ic a n t ly  d if fe r e n t  t o  t h e  s o lu t io n  

b e fo r e  t h e  sy r in g e  f i lt r a t io n .  T h e  r e a c t io n  w it h o u t  th e  c a ta ly s t  a d d it io n  gave  t h e  

o c t a n o ic  a c id  c o n v e r s io n  o f  45 .6% . W ith  CR-FI2O 2 (30% ) a s  t h e  c a ta ly s t ,  t h e  o c ta n o ic  

a c id  c o n v e r s io n  w a s  d e c r e a s e d  t o  32 .7% . T h e  o c ta n o ic  a c id  c o n v e r s io n  w a s  in c re a s e d  

t o  5 0 .4%  o v e r  C R -F IN O 3 (6 M). T h e  h ig h e s t  c o n v e r s io n  o f  o c ta n o ic  a c id  (95.8% ) w a s  

a t ta in e d  b y  u s in g  A m b e r ly s t - 1 5  a s  t h e  c a ta ly s t .

4.8 The Catalytic Experiment in the Esterification



Table 4.9 The catalyst recovery and the octanoic acid conversion in the esterification

of octanoic acid with octanol1

C a t a l y s t

W e ig h t  o f  c a t a l y s t  (g)
C a t a l y s t  

r e c o v e r y  (% )

O c t a n o i c  a c i d  

c o n v e r s i o n  (% )B e f o r e  r e a c t io n A f t e r  r e a c t i o n

B la n k - - - 4 5 .6

C R - H 2 O 2  (30% ) 0 .0 7 4 0 .0 1 1 15 .2 3 2 .7

C R - H N O 3  (6 M ) 0 .0 7 6 0 .0 2 3 2 9 .6 5 0 .4

A m b e r ly s t - 1 5 0 .0 7 9 0 .0 7 2 9 1 .7 9 5 .8

'Reaction conditions: to ta l batch size, 20 g; molar ratio o f alcohol : carboxylic add, 2:1; catalyst amount, 1 wt.% o f carboxylic acid; 

temperature, 120 "C; time, 8 h.

(d )

F ig u re  4 .2 2  T h e  r e a c t io n  m ix tu r e  f r o m  t h e  e s te r if ic a t io n  o f  o c ta n o ic  a c id  w ith  

o c t a n o l  b y  u s ing  t h e  o x id z e d  c r u m b  r u b b e r s  a s  t h e  c a ta ly s t s  :

(a) CR-H2O2 (30%), before syringe filtration (b) CR-H2O2 (30%), after syringe filtration

(c) CR-HNO3 (6M), before syringe filtration (d) CR-HNO3 (6M), after syringe filtration.
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F o r  t h e  e s te r i f ic a t io n  o f  o c t a n o ic  a c id  w ith  2 - e t h y l - l- h e x a n o l ,  t h e  c a ta ly s t  lo s s  

f r o m  t h e  r e a c t io n  is s h o w n  in  T a b le  4 .10 . T h e  re c o v e ry  o f  C R -H 2O 2 (30% ) a n d  C R -H N O 3 

(6 M ) w a s  15 .6%  a n d  31 .8% , r e s p e c t iv e ly .  T h e y  w e re  lo w e r  t h a n  A m b e r ly s t -1 5 .  F ig u re

4 .2 3  s h o w s  t h e  p ic tu re s  o f  t h e  r e a c t io n  m ix tu re  f r o m  th e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  

w ith  2 - e t h y l - l - h e x a n o l  c a t a ly z e d  b y  t h e  o x id iz e d  c r u m b  ru b b e rs .  T h e  c o lo r le s s  

s o lu t io n  o f  t h e  in it ia l r e a c t io n  m ix tu re  w a s  c h a n g e d  t o  b la c k  t u r b id  s o lu t io n  in  t h e  c a s e  

o f  u s in g  C R -H 2O 2 (30% ) a s  t h e  c a ta ly s t ,  a n d  t o  t r a n s p a re n t  y e l lo w  in  t h e  c a s e  o f  u s in g  

C R -F IN O 3 (6 M). T h e s e  w e re  f r o m  t h e  r e a c t io n  c a ta ly z e d  b y  A m b e r ly s t - 1 5  in  w h ic h  t h e  

s o lu t io n  w a s  s t i l l  t h e  s a m e . A f te r  th a t ,  t h e  r e a c t io n  m ix tu re  w a s  f i l t e r e d  a ga in  b y  u s in g  

a sy r in g e  f i lt e r  h a v in g  t h e  p o re  s iz e  o f  0 .2  m ic ro n  in  o r d e r  t o  s e p a ra te  t h e  c a ta ly s t s  

s u s p e n d e d .  It w a s  fo u n d  t h a t  t h e  r e a c t io n  m ix tu re  u s in g  CR-FI20 2 (30% ) w a s  c h a n g e d  

f r o m  t h e  b la c k  t u r b id  s o lu t io n  t o  t r a n s p a r e n t  s o lu t io n  aga in  (F ig u re  4 .23(b)). เท t h e  c a s e  

o f  C R -F IN O 3 (6 M ), t h e  re s u lt in g  s o lu t io n  w a s  n o t  s ig n if ic a n t ly  d if f e r e n t  t o  t h e  s o lu t io n  

b e fo r e  t h e  s y r in g e  f i lt r a t io n .  T h e  r e a c t io n  w it h o u t  t h e  c a ta ly s t  a d d it io n  g a v e  t h e  

o c t a n o ic  a c id  c o n v e r s io n  o f  59 .4% . W ith  CR-FI20 2 (30% ) a s  t h e  c a ta ly s t ,  t h e  o c t a n o ic  

a c id  c o n v e r s io n  w a s  d e c r e a s e d  t o  52 .4% . T h e  o c ta n o ic  a c id  c o n v e r s io n  w a s  in c re a s e d  

t o  75 .3%  o v e r  C R -F IN O 3 (6 M ). T h e  h ig h e s t  c o n v e r s io n  o f  o c t a n o ic  a c id  (92 .6% ) w a s  

a t ta in e d  b y  u s in g  A m b e r ly s t - 1 5  a s  t h e  c a ta ly s t .

T a b le  4 .1 0  T h e  c a ta ly s t  r e c o v e r y  a n d  t h e  o c t a n o ic  a c id  c o n v e r s io n  in  t h e  e s te r if ic a t io n  

o f  o c ta n o ic  a c id  w ith  2 - e t h y l - l - h e x a n o l1

C a t a l y s t

W e ig h t  o f  c a t a l y s t  (g) C a t a l y s t  

r e c o v e r y  (% )

O c t a n o i c  a c i d  

c o n v e r s i o n  (% )B e f o r e  r e a c t i o n A f t e r  r e a c t i o n

B la n k - - - 5 9 .4

C R - H 2O 2 (30% ) 0 .0 7 7 0 .0 1 2 15 .6 5 2 .4

C R - H N 0 3 (6 M ) 0 .0 7 8 0 .0 2 5 3 1 .8 7 5 .3

A m b e r ly s t - 1 5 0 .0 7 7 0 .0 7 3 9 4 .8 9 2 .6

^ R ea c t io n  c o n d it io n s :  t o t a l  b a t c h  s iz e ,  2 0  §; m o la r  r a t io  o f  a l c o h o l  : c a r b o x y l ic  a d d  ,2:1; c a t a ly s t  a m o u n t ,  1 w t .%  o f  c a r b o x y l i c  a c id ;  

t e m p e r a tu r e ,  120  °C; t im e ,  8  h.
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F ig u re  4 .2 3  T h e  r e a c t io n  m ix tu re  f r o m  t h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  

2 - e t h y l- 1 - h e x a n o l b y  u s in g  t h e  o x id z e d  c r u m b  ru b b e r s  a s  t h e  c a ta ly s t s  ะ 

(a) C R -H 20 2 (30% ), b e fo r e  s y r in g e  f i l t r a t io n  (b) C R -H 20 2 (30% ), a f te r  sy r in g e  f i lt r a t io n  

(c) C R - H N 0 3 (6M ), b e fo r e  sy r in g e  f i l t r a t io n  (d) C R -H N 0 3 (6M ), a f te r  sy r in g e  f i lt ra t io n .

T h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  o c t a n o l  o r  2 - e th y l- 1 - h e x a n o l a t  120  °c

c a n  o c c u r  w it h o u t  a n y  a d d it io n  o f  c a ta ly s t  d u e  to  t h e  s e lf - c a ta ly s is  o f  c a rb o x y lic  a c id  

a s  t h e  re a c ta n t .  W h e n  u s ing  C R -H 20 2 (30% ) a s  t h e  c a ta ly s t  t h e  o c t a n o ic  a c id  c o n v e r s io n  

w a s  lo w e r  t h a n  th e  c a s e  o f  t h e  b la n k  r e a c t io n .  It s h o u ld  b e  d u e  t o  t h e  p r e s e n c e  o f  

p o la r  n o n -a c id ic  f u n c t io n a l  g ro u p s  in  C R -H 20 2 (30% ), w h ic h  in d u c e d  t h e  r e a c ta n t s  

a b s o rb e d  in to  t h e  ru b b e r  s t ru c tu re . A s  a r e s u lt ,  t h e  m o la r  r a t io  o f  a lc o h o l/ c a r b o x y l ic  

a c id  in  t h e  r e a c t io n  m ix tu re  w a s  c h a n g e d . G e n e r a l ly ,  t h e  h ig h e r  t h e  r e a c ta n ts  ra t io  is 

u s e d , t h e  h ig h e r  t h e  d e g re e  o f  c a r b o x y l ic  a c id  c o n v e r s io n  is a t t a in e d  [50], C R - H N 0 3 (6 M ) 

c a ta ly z e d  th e  r e a c t io n  t o  h ig h e r  o c t a n o ic  a c id  c o n v e r s io n  le v e l.  T h is  r e s u lt  s h o u ld  b e  

a s c r ib e d  t o  t h e  a c id  f u n c t io n a l  g ro u p s  a s  s u lfo n ic  a c id  a n d  c a r b o x y l ic  a c id  g ro u p s  

p re s e n t in g  in  C R - H N 0 3 (6 M ). F o r  t h e  c o m p a ra t iv e  o c t a n o ic  a c id  c o n v e r s io n  w ith  t h e  

d if fe r e n t  a lc o h o ls ,  t h e  o c ta n o ic  a c id  c o n v e r s io n  in  c a se  o f  2 - e t h y l- l - h e x a n o l  w a s  h ig h e r
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th a n  o c t a n o l  It s h o u ld  b e  d u e  t o  t h e  p re s e n c e  o f  s t ro n g  n u c le o p h i le  (o x y g e n  a to m )  

in  2 -e th y l-  l - h e x a n o l  w h ic h  w a s  a b le  t o  ga in  e le c t r o n s  f r o m  2  c a rb o n  a to m s . H o w e v e r ,  

t h e  c a ta ly t ic  p e r fo rm a n c e  o f  t h e  o x id iz e d  ru b b e rs  in  b o th  t h e  e s te r if ic a t io n  c a s e s  w a s  

c o n s id e r a b ly  lo w e r  t h a n  th a t  o f  A m b e r ly s t - 1 5 ,  w h ic h  h a d  th e  h ig h e s t  o c t a n o ic  a c id  

c o v e r s io n  o f  >90% .

C R -H N O 3 (6 M ) w a s  c h o s e n  fo r  s tu d y in g  t h e  e f f e c t  o f  c a ta ly s t  lo a d in g  o n  th e  

c o n v e r s io n  o f  o c t a n o ic  a c id  in  t h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  o c t a n o l .  T h e  

e s te r if ic a t io n  w a s  p e r fo rm e d  b y  u s in g  t h e  t o t a l  b a tc h  s iz e  o f  2 0  g in  w h ic h  t h e  m o la r  

ra t io  o f  a l c o h o l  t o  c a r b o x y l ic  a c id  w a s  2:1. T h e  r e a c t io n  w a s  c a r r ie d  o u t  a t  1 2 0  °c  fo r  

8  h. T h e  r e s u lt s  a re  s h o w n  in  T a b le  4 .11. It w a s  o b s e r v e d  th a t  w ith  in c re a s in g  t h e  

c a ta ly s t  lo a d in g  f r o m  1 w t.%  t o  8  w t.% . T h e  o c ta n o ic  a c id  c o n v e r s io n  w a s  s l ig h t ly  

in c re a s e d . It s h o u ld  b e  a t t r ib u te d  t o  a n  in c re a s e  in  t h e  a m o u n t  o f  a c id  s ite  w ith  

in c re a s in g  t h e  c a ta ly s t  lo a d in g . T h e  h ig h e s t  c o n v e r s io n  o f  t h e  o c t a n o ic  a c id  (74.9% ) 

w a s  a t t a in e d  a t  t h e  h ig h e s t  C R -H N O 3 (6 M ) lo a d in g  (8  w t.%  o f  t h e  o c t a n o ic  ac id ). 

M o re o v e r ,  t h e  c a ta ly s t  r e c o v e r y  w a s  s l ig h t ly  in c re a s e d  w h e n  t h e  c a ta ly s t  lo a d in g  

in c re a s e d . It w a s  p o s s ib le  t h a t  t h e  s o lu t io n  o f  t h e  c a ta ly s t  r e a c h e d  t h e  s a tu ra te d  s ta te  

w h ic h  r e m a in e d  t h e  s u rp lu s  c a ta ly s t  a f te r  t h e  r e a c t io n . F ig u re  4 .2 4  s h o w s  t h e  c o lo r  o f  

p r o d u c t s  a f te r  t h e  e s te r if ic a t io n  b y  u s ing  d if f e r e n t  c a ta ly s t  a m o u n ts .  T h e  s o lu t io n  c o lo r  

b e c a m e  d a rk  y e l lo w  w h e n  t h e  c a ta ly s t  lo a d in g  w a s  in c re a s e d .  It s h o u ld  b e  d u e  t o  a n  

in c re a s e  in  t h e  a m o u n t  o f  d is s o lu t io n  c a ta ly s t  w ith  in c re a s in g  in  t h e  c a ta ly s t  lo a d in g . 

T h is  p r e s u m p t io n  w a s  s u p p o r t e d  b y  t h e  s lig h t  in c re a s e  in  t h e  c a ta ly s t  r e c o v e ry .

T a b le  4 .1 1  T h e  e f fe c t  o f  c a ta ly s t  lo a d in g  o n  t h e  o c a ta n o ic  a c id  c o n v e r s io n  a n d  th e

c a ta ly s t  r e c o v e r y  f ro m  t h e  e s te r if ic a t io n  o f  o c ta n o ic  a c id  w ith  o c t a n o l

C a t a l y s t

W e ig h t  o f  c a t a l y s t  (g) C a t a l y s t

r e c o v e r y  (% )

O c t a n o i c  a c id

c o n v e r s i o n  (% )B e f o r e  r e a c t io n A f t e r  r e a c t io n

B la n k - - - 4 5 .6

C R - H N O 3  (6 M ) 1% 0 .0 7 6 0 .0 2 3 2 9 .6 5 0 .4

C R - H N 0 3 (6 M )  2% 0 .1 4 6 0 .0 6 0 4 1 .3 5 4 .2

C R - H N O 3 (6 M )  3% 0 . 2 1 2 0 .0 9 1 4 2 .7 6 3 .8

C R - H N O s  (6 M )  5% 0 .3 4 2 0 .1 5 6 4 5 .8 6 7 .1

C R - H N O 3  (6 M )  8 % 0 .5 7 0 0 .2 7 9 4 8 .8 7 4 .9

1 Reaction conditions: total batch size, 20 molar ratio of alcohol ะ carboxylic acid, 2:1; temperature, 120 °C; time, 8 h.
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F ig u re  4 .2 4  T h e  r e a c t io n  m ix tu re  f r o m  t h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  

w ith  o c t a n o l  o v e r  C R -H N O 3 (6 M ) a t  d if fe r e n t  lo a d in g  :

(a) 1 w t.% , (b) 2  w t.% , (c) 3  w t.% , (d) 5 w t.%  a n d  (e) 8 w t.% .

F ig u re  4 .2 5  s h o w s  t h e  c o n v e r s io n  o f  o c t a n o ic  a c id  a t ta in e d  in  t h e  a b s e n c e  

(b la n k )  a n d  p r e s e n c e  o f  C R -H N O 3 (6 M ) 5 w t.%  as t h e  fu n c t io n  o f  t im e s . A lth o u g h  th e r e  

w e re  t h e  c o m p a r a b le  c o n v e r s io n  a t t h e  in it ia l s ta g e  o f  t h e  r e a c t io n ,  t h e  r e a c t io n  o v e r  

C R -H N O 3 (6 M ) o b v io u s ly  g a ve  h ig h e r  o c t a n o ic  a c id  c o n v e r s io n  th a n  t h e  b la n k  r e a c t io n  

a f te r  1 h. T h is  r e s u lt  in d ic a te d  th a t  t h e  a c id ic  fu n c t io n  o f  C R -H N O 3 (6 M ) p r o m o t e d  t h e  

e s te r if ic a t io n  o f  o c t a n o ic  a c id . It s h o u ld  b e  n o t e d  th a t  a t 5 h t h e  b la n k  r e a c t io n  r e a c h e d  

e q u il ib r iu m  b u t  t h e  c o n v e r s io n  w a s  g a in e d  in  t h e  p r e s e n c e  o f  t h e  o x id iz e d  ru b b e r . 

H o w e v e r ,  t h e  c o lo r  o f  t h e  r e a c t io n  m ix tu re  f r o m  t h e  e s te r i f ic a t io n  as t h e  f u n c t io n  o f  

t im e s  w a s  s h o w n  in  F ig u re  4 .26 . T h e  s o lu t io n  c o lo r  b e c a m e  d a rk  y e l lo w  w h e n  t h e  t im e  

o f  r e a c t io n  in c re a s e d . It w a s  t h e  d a rk e s t  a t  t h e  e n d  o f  r e a c t io n  c o u r s e  (8  h).

เท o r d e r  t o  in v e s t ig a te  t h e  p r e s e n c e  o f  t h e  o x id iz e d  ru b b e r  c a ta ly s t  d is s o lv e d  

in  t h e  r e a c t io n  m ix tu re , t h e  r e a c t io n  p r o d u c t  w ith  d a rk  y e l lo w  c o lo r  w a s  a n a ly z e d  b y  

FTIR. F ig u re  4 .27  s h o w s  FTIR s p e c t r u m  o f  t h e  r e a c t io n  p r o d u c t  w ith  d a rk  y e l lo w  c o lo r .  

T h e  c a rb o x y l ic  a c id  re m a in in g  w a s  e v id e n c e d  b y  t h e  IR b a n d s  a t 1716 , 1230  a n d  1270  

c m '1. T h e  b a n d s  a t 1 170  a n d  1 2 0 0  c m ' 1 r e la t e d  t o  th e  C  O  s t re tc h in g  a n d  1735  c m '1, 

c o r r e s p o n d in g  t o  t h e  c = 0  s t r e tc h in g  c o n f ir m e d  t h e  e s te r  p r o d u c t  fo rm e d  b y  th e  

e s te r if ic a t io n . T h is  r e s u lt  w a s  in  a c c o r d a n c e  w ith  t h e  G C  c h ro m a to g ra m  th a t  s h o w e d  

th e  e s te r  p r o d u c t  as t h e  la s t  p e a k  ( A p p e n d ix  c ). T h e  s = 0  s t re tc h in g  o f  s u lf o n ic  a c id  

g ro u p  o b s e r v e d  a t  1030 , 1 160  a n d  1360  c m 1. M o re o v e r ,  t h e  n it ro  g ro u p  w a s  c o n f irm e d  

b y  t h e  b a n d  a t 1 550  c m '1. T h e s e  re s u lt s  s u g g e s te d  th a t  t h e r e  w a s  th e  ru b b e r  c a ta ly s t  

d is s o lv e d  th e  r e a c t io n  m ix tu re . T h is  r e s u lt  c a n  e x p la in  t h e  lo s s  o f  c a ta ly s t  a f te r  t h e  

re a c t io n .
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F ig u re  4 .2 5  T h e  o c t a n o ic  a c id  c o n v e r s io n  v s  r e a c t io n  t im e  fro m  

t h e  e s te r if ic a t io n  o f  o c t a n o ic  a c id  w ith  o c t a n o l  in  t h e  a b s e n c e  (b la n k )  

a n d  p r e s e n c e  o f  C R -H N O 3 (6 M ) (5 w t.% ).

F ig u re  4 .2 6  T h e  r e a c t io n  m ix tu r e  f r o m  t h e  e s te r if ic a t io n  o f  o c ta n o ic  a c id  w ith  

o c t a n o l  o v e r  C R -F IN O 3 (6 M ) (5 w t.% ) a t  d if fe r e n t  r e a c t io n  t im e s  :

(a) 30  m in , (b) 1 h, (c) 2 h, (d) 3 h, (e) 5 h a n d  (f) 8  h.
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F ig u re  4 .2 7  FTIR s p e c t r u m  o f  t h e  e s te r  r e a c t io n  p r o d u c t  w ith  d a rk  y e l lo w  c o lo r .
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