
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Adsorption Isotherm of CTAB onto Silica Hi-Sil®255

T h e  a d so rp tio n  iso th erm  o f  C T A B  a d so rp tio n  at th e  s o lu t io n  p H  o f  8 and  
3 0 ° C  o n  H i-S il® 2 5 5 , an  a m o rp h o u s p rec ip ita ted  s i l ic a , w a s  m e a su r e d  an d  fo u n d  to  

h a v e  a  p la te a u  v a lu e  o f  6 0 0  p m o ls  o f  C T A B  p er  g  o f  s i l ic a  (F ig u r e  4 .1 ) .  T h e  

e x p e r im e n ta lly  d e te r m in e d  c r it ica l m ic e l le  c o n c e n tr a t io n  (C M C ) o f  9 0 0  p M  w a s  v e r y  

c lo s e  to  th e  9 2 0  p M  rep orted  b y  R o s e n  (1 9 8 9 ) .  T h e  in it ia l C T A B  co n ce n tr a tio n  
g iv in g  th e  e q u ilib r iu m  b u lk  c o n c e n tr a tio n  b e lo w  C M C  fo r  a  ra tio  o f  1 k g  o f  s i l ic a  per
1 2 .5  1 i s  5 4 ,0 0 0  p m o la r ,  w h i c h  i s  c o n s i s t e n t  w i t h  th a t  r e p o r te d  b y  
C h a is ir im a h a m o r a k o t (2 0 0 1 ) .

E q u ilib r iu m  C T A B  c o n c e n t r a t io n  (p M )

Figure 4.1 A d so r p tio n  iso th erm  o f  C T A B  o n to  s i l ic a  H i-S il® 2 5 5  at p H  8 an d  30°c.
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4.2 Determination of Steady State Time of the Studied System

B a se d  o n  th e  p r e v io u s  resu lts  rep orted  b y  C h a is ir im a h a m o r a k o t (2001), th e  
in situ p o ly m e r iz a t io n  e x p e r im e n t w a s  carr ied  o u t b y  u s in g  2 0  g  s ty r e n e -iso p r e n e  
ch a rg ed  p er  k ilo g r a m  s i l ic a  at 70°c w ith  30 m in  re ten tio n  t im e . It is  n e c e ssa r y  to  
k n o w  h o w  lo n g  th e  s tu d ied  s y s te m  ta k e s  to  e q u ilib r a te . T h e  e f f lu e n t  sa m p le s  w er e  
th en  ta k en  at d if fe r e n t  in terva l t im e s . T h e  e f f lu e n t  sa m p le s  w e r e  a n a ly z e d  for  T O C . 
T h e  ca rb o n  c o n te n t  v a lu e  rep resen ts  th e  a m o u n t o f  C T A B  an d  s ty r e n e -iso p r e n e  
m o n o m e r s  d is s o lv in g  in  th e  a q u e o u s  sa m p le s . A s  s e e n  in  F ig u r e  4.2, th e  T O C  is  
sta b le  a lm o s t  at th e  b e g in n in g  o f  th e  startup t im e . T h e  r e su lts  in d ic a te  that th e  
p o ly m e r iz a tio n  r e a c tio n  o c c u r s  im m e d ia te ly  o n c e  th e  m o n o m e r s  en ter  in to  the  
reactor  s in c e  th e  r ea c tio n  is  v e r y  s e n s it iv e  to  tem p era tu re . T h e r e fo r e , fo r  e a c h  
e x p e r im e n ta l run, th e  e f f lu e n t  from  th e  reactor  w a s  c o lle c te d  in  th e  p ro d u ct tan k  u n til 
th e  s y s te m  w a s  sh u t d o w n .

Figure 4.2 C a rb on  c o n te n t in  e f f lu e n t  sa m p le s  at d iffe r e n t t im e  a fter  startup.
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4.3 Surface Characterization of Modified Silicas

T h e  a d m ic e lla r  p o ly m e r iz a tio n  p r o c e ss  h a s  b e e n  k n o w n  to  a f fe c t  a  v a r ie ty  o f  
p h y s ic a l c h a r a c te r is tic s  o f  s i l ic a s , in c lu d in g  B E T  su r fa c e  area and  m e a n  a g g lo m e r a te  
p a rtic le  s iz e  (T h a m m a th a d a n u k u l et a l,  1 9 9 6 ). A l l  sa m p le s  w e r e  g iv e n  a  d e s ig n a tio n  
c o n s is t in g  o f  a  n u m b er  in d ic a tin g  th e a m o u n t o f  m o n o m e r  ( s ty r e n e - iso p r e n e )  lo a d in g  
(5 , 2 0  an d  3 0  g  o f  c o -m o n o m e r s  p er  k g  o f  s i l ic a ) , an d  a  le tter  rep resen tin g  
p o ly m e r iz a t io n  t im e s  o f  3 0 , 4 5  an d  6 0  m in  is  d e n o te d  b y  L , M  an d  H, r e sp e c t iv e ly .

4 .3 .1  B E T  S u rfa ce  A rea
A ll  m o d if ie d  s i l ic a  sa m p le s  h ad  B E T  su r fa c e  areas le s s  th a n  that o f  th e  

u n m o d if ie d  s il ic a , s o m e  b y  as m u c h  a s 20 %  ( s e e  F ig u re  4 .3 ) .  F or  a n y  g iv e n  c o 
m o n o m e r  lo a d in g , th e  m o d if ie d  s i l ic a s  w ith  3 0  m in  r e ten tio n  t im e  h ad  th e  lo w e s t  
su r fa ce  area , w h ile  th e  h ig h e s t  su r fa ce  area w a s  o b ta in e d  w ith  4 5  m in  re te n tio n  tim e . 
T h o u g h  th e  rea so n  for th is  is  u n c lea r , th e  f o l lo w in g  sc e n a r io  is  a p o s s ib le  
e x p la n a tio n . A t  lo w  c o -m o n o m e r  lo a d in g s , th e  sm a ll a g g r e g a te s  o f  p o ly m e r  w ere  
fo rm ed  b o th  o n  th e  su r fa ce  and  in  th e  p o re  c a u s in g  a  d e c r e a se  in  th e  su r fa c e  area.

Figure 4 .3  B E T  su r fa ce  areas o f  m o d if ie d  s il ic a s  a s  a  fu n c t io n  o f  r e te n tio n  t im e  and  
s ty r e n e -iso p r e n e  lo a d in g .
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A t h ig h  m o n o m e r  lo a d in g s , m o st  o f  p o ly m e r s  w e r e  fo r m e d  in  th e  la rge  
d ro p le t that m a y  b e  fo rm ed  o n ly  o n  th e  su rfa ce; th er e fo r e , d u r in g  th e  w a s h in g  
p r o c e ss  or s ie v in g  p r o c e s s , s ig n if ic a n t  am o u n t o f  th e s e  su r fa c e  a g g r e g a te s  m ig h t  b e  
r e m o v e d , e x p o s in g  th e  s i l ic a  su rfa ce .

4 .3 .2  M e a n  A g g lo m e r a te  P a r tic le  S iz e
F ig u r e  4 .4  s h o w s  th e  e f fe c t  o f  r e ten tio n  t im e  an d  c o -m o n o m e r  lo a d in g  

o n  th e  m e a n  a g g lo m e r a te  p a r tic le  s iz e . A s  s e e n  fro m  th e  f ig u r e , th e  m e a n  
a g g lo m e r a te  p a r t ic le  s iz e  o f  a ll m o d if ie d  s i l ic a s  in c r e a se d , s o m e  b y  as m u c h  as 65% . 
T h e  e f fe c t  o f  th e  m o n o m e r s  lo a d in g  o n  th e  m e a n  a g g lo m e r a te  p a r t ic le  s iz e  w a s  m o re  
p r o n o u n c e d  th an  th e  re ten tio n  tim e . A t  5 g  c o -m o n o m e r  lo a d in g , a ll sa m p le s  at th ree  
d ifferen t r e ten tio n  t im e s  had  th e h ig h e s t  d e g r e e  o f  a g g lo m e r a t io n  as c o m p a r e d  to  the  
o th er  tw o  h ig h e r  m o n o m e r  lo a d in g s .

Figure 4.4 M e a n  a g g lo m e r a te  p a r tic le  s iz e  o f  m o d if ie d  s i l ic a s  a s  a  fu n c tio n  o f  
re ten tio n  t im e  and  s ty r e n e -iso p r e n e  lo a d in g .

C h a is ir im a h a m o ra k o t ( 2 0 0 1 )  c o n c lu d e d  that th e  in c r e a se  in  th e  m e a n  
a g g lo m e r a te  p a r tic le  s iz e  w a s  resu lte d  from  th e  fo r m a tio n  o f  p o ly m e r  b r id g e s  
b e tw e e n  s i l ic a  p a r tic le s . T h e  o b se r v e d  tren d s m a y  b e  d u e  to  th e  c h a n g e  in  th e  
d istr ib u tio n  o f  m o n o m e r s  w ith in  th e  a d m ic e lle  at d if fe r e n t  c o -m o n o m e r  lo a d in g s . A t
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low monomer loadings, the monomer(5) are evenly distributed, making the joining of 
contacting particles likely. At intermediate and high monomer loadings, the 
monomers may begin to separate within the admicelle, forming “pools” of monomer, 
enriching some areas, depleting others, which would again decrease the likelihood of 
particles joining. It had previously been stated that the reason for a decrease in the 
aggregate size might be due to the processing of the silica, specifically, grinding it 
back to powder by forcing it through a sieve (Chinpan, 1996).

4.3.3 Morphology of Modified Silicas
The scanning electron micrographs of the unmodified silica and the 

modified silicas are shown in Figures 4.5 to 4.8. Comparisons between the 
unmodified and modified silica images also showed that the particle size of silica 
increased after the polymerization of styrene-isoprene on the silica surface. 
Interestingly, the surfaces of most modified silica samples appeared rough as 
compared to the surface of the unmodified silica. The polymerization of the co
monomer styrene-isoprene on the silica surface resulted in the rough appearance.

50 pm

Figure 4.5 Scanning electron micrographs of unmodified silica, Hi-Sil®255.
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A. 5L

B. 5M

c. 5H

Figure 4.6 Scanning electron micrographs of modified silica, 5 g of co-monomer
loading, at 500X magnification.
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A. 20L

B. 20M

Figure 4.7 Scanning electron micrographs of modified silica, 20 g co-monomer
loading, at 500X magnification.
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A. 30L

B. 30M

c. 3OH

Figure 4.8 Scanning electron micrographs of modified silica, 30 g co-monomer
loading, at 500X magnification.
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4.3.4 The Formation of Poly(styrene-isoprene)
In order to determine, in a qualitative sense, how firmly the styrene- 

isoprene co-polymer was attached to the surface of the silica. The polymer from the 
modified silicas was extracted by refluxing with tetrahydrofuran (THF). Figure 4.9 
illustrates the FT-IR spectra of Hi-Sil®255 (unmodified silica) showing two peaks of 
silanol group (Si-OH) peak at a number 3430 cm' 1 and silicon dioxide (Si-0 2 ) peak 
at a number 1100-1200 cm'1. Figure 4.10 shows the FT-IR spectra of CTAB having 
two dominant peaks of CH2 , CH3 streching peak at a number 2700-2900 cm' 1 and 
amino group peak at a number 1500 cm'1. The extracted material was analyzed by 
FT-IR in order to prove the existence of poly(styrene-isoprene) on the silica surface 
and the spectra compared to the standard reference spectra of poly(styrene-co- 
isoprene) (Aldrich 18,292-3) (Figure 4.11). The characteristic benzene ring 
functional group peak at the wave number of 700 cm ' 1 proves the existence of 
styrene and aliphatic carbon double bond (C=C) peak at a number of 1600 cm' 1 

proves the presence of isoprene, amino group of CTAB peak at a number of 1500 
and silicon dioxide (Si-0 2 ) peak at a number of 1100-1200 cm' 1 were also found. 
The spectra of all extracted materials are shown in Figures 4.12-4.20. The spectra 
provide an evidence of the existence of poly(styrene-isoprene) on the silica surface. 
A mass balance on the system again showed that it was not possible to extract all of 
the polymer on the surface, with approximately 60% of the polymer being 
extractable. The inability to fully extract the polymer using refluxing 
tetrahydrofuran again demonstrates that the polymer is quite firmly embedded in the 
silica pores.
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Wavenumber (cm"^)
Figure 4 .9  FT-IR spectrum of unmodified silica (SiC>2 ).

Wavenumber (cm~l)
Figure 4.10 FT-IR spectrum of Hexadecyltrimethylammonium bromide (CTAB).
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Figure 4.11 FT-IR spectrum of Poly(styrene-co-isoprene), ABA block copolymer 
from Aldrich 18,292-3.

Wavenumber (cm'*)
Figure 4.12 FT-IR spectrum of the extracted material (poly5L).

5 3:
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พ  avenumber (cm' 1 )
Figure 4.13 FT-IR spectrum of the extracted material (poly5M).

Wavenumber (cm'l)
Figure 4.14 FT-IR spectrum of the extracted material (poly5H).
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Wavenumber (cm'l)

Figure 4.15 FT-IR spectrum of the extracted material (poly20L).

Wavenumber (cm'l)

Figure 4.16 FT-IR spectrum of the extracted material (poly20M).

1
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Wavenumber (cm"')
Figure 4.17 FT-IR spectrum of the extracted material (poly20H).

Wavenumber (cm'')

Figure 4.18 FT-IR spectrum of the extracted material (poly30L).
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Wavenumber (cm'l)
4.19 FT-IR spectrum of the extracted material (poly30M).

Wavenumber (cm'l)
Figure 4.20 FT-IR spectrum of the extracted material (poly30H).
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4.3.5 Determination of Amounts of Polv(stvrene-isoprene) formed on the 
silica surfaces
All samples were examined by thermogravimetric analysis in order to 

verify the existence of poly(styrene-isoprene) forming on the silica surfaces. Figure 
4.21 shows the water loss from the unmodified silica below 150°c. Thus, any 
weight change of the modified silicas above 150°c should be the result of the surface 
modification. Figure 4.22 shows the decomposition of CTAB between 200 to 300° 
c. Figure 4.23 shows the decomposition of CTAB adsorbed onto the silica, which 
appears to occur in two steps, the first from 170 to 300°c and the second from 300 to 
450°c. The second peak of the weight loss may result from the stronger bonding, 
chemisorption, between CTAB and silica.

To predict the decomposition temperature of poly(styrene-isoprene) of 
the modified silicas, a sample was prepared by depositing polystyrene dissolved with 
THF onto the silica surface. Figure 4.24 shows that the decomposition of 
polystyrene takes place between 350 and 480°c. The decomposition of poly 
(styrene-isoprene) from the admicellar polymerization modified silica is shown in 
Figure 4.25. The graphs clearly show the decomposition of CTAB from 200 to 280° 
c  and 300 to 450°c while that of the polymer is from 280 to 400°c.

Figures 4.26 to 4.34 show the TGA results of different modified 
silicas before and after the THF extraction. The TGA results of all modified silica 
samples again showed a two-step decomposition process. The first-step is the 
CTAB deformation at 150 to 300°c. The second one is CTAB chemisorbed on the 
silica as well as poly(styrene-isoprene) decomposition at 300 to 400°c. To calculate 
the amount of polymer present, the amount of CTAB decomposing is calculated from 
the first weight drop, and this is subtracted from the weight lose at the second peak. 
The amount of extracted polymer was then calculated. It was found that not all 
polymers could be extracted from the modified silica as confirmed by O’Haver e t al. 
(1994). The Figure 4.35 shows the amount of polymer deposit as a function of the 
monomers loading and the retention time. The results show a good correlation 
between a reduction in the BET surface area and an increase in the amount of
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polymer deposit. As shown in Table 4.1, the 5 g co-monomer loading with 30-min 
retention time resuites in the highest polymer formed on the silica surface.

Temperature (°C)

Figure 4.21 TGA result of unmodified silica Hi-Sil®255.

Temperature (°C)

Figure 4.22 TGA result of Hexadecyltrimethylammonium bromide (CTAB).

Temperature (°C)

Figure 4.23 TGA results of silica Hi-Sil®255 adsorbed with CTAB 
(Chaisirimahamorakot, 2001).
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Temperature (°C)

Figure 4.24 TGA results of silica Hi-Sil®255 adsorbed with polystyrene 
(Chaisirimahamorakot, 2001).

Temperature (°C)

Figure 4.25 TGA results of poly(styrene-isoprene) polymerized in CTAB 
(Chaisirimahamorakot, 2001).
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.26 TGA results of modified silica 5L.
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A. Modified silica before extraction

Temperature (°C)

odified silica after extraction

Temperature (°C)

Figure 4.27 TGA results of modified silica 5M.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.28 TGA results of modified silica 5H.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.29 TGA results of modified silica 20L.
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A. Modified silica before extraction

I
<3ก

B. Modified silica after extraction

Temperature (°C)

Figure 4.30 TGA results of modified silica 20M.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.31 TGA results of modified silica 20H.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.32 TGA results of modified silica 30L.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.33 TGA results of modified silica 30M.
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A. Modified silica before extraction

Temperature (°C)

B. Modified silica after extraction

Temperature (°C)

Figure 4.34 TGA results of modified silica 30H.
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Styrene-Isoprene loading (g/kg o f silica)
Figure 4.35 The amount of %carbon of polymer of modified silicas as a function of 
retention time and styrene-isoprene loading.

Table 4.1 Amount of polymer on the silicas before and after the THF extraction
Sample TGA

Monomer 
Loading 

(g/kg silica)
Retention

Time*
Amount carbon of polymer (%)** %

Extracted
PolymerBefore THF 

Extraction
After THF 
Extraction

5
L 1.101 0.223 87.810
M 0.907 0.316 59.078
H 1.027 0.315 71.217

20
L 0.904 0.307 59.724
M 0.757 0.170 58.731
H 0.845 0.184 66.087

30
L 0.906 0.262 64.491
M 0.852 0.221 63.087
H 0.893 0.212 68.146

* L = 30 min, M = 45 min, H = 60 min
** with respect to the weight loss of SI_CTAB
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4.4 Rubber Compound Physical Properties

All nine modified silicas having different amounts of styrene-isoprene 
copolymer were further investigated their effects on rubber compound physical 
properties. The results are summarized exclusively in Tables 4.2 and 4.3. Table 4.2 
also includes the results of the unmodified and modified silica from 
Thammathadanukul e t al. (1996) while the results of the modified silicas with 5, 20, 
30 g co-monomer loadings from Chinpan (1996) are provided in Table 4.3. Both 
results of the previous works were obtained from batch reactors.

The data show that the modified silicas produced with different co
monomer loadings and retention times had slight differences in compound physical 
properties. As can be seen from Figure 4.36, the cure time of all modified silicas 
from the present study does not depend on both the co-monomer loading and the 
retention time. Interestingly, the cure times of all modified silicas from the present 
study were much lower than those of the previous works. This may be due to the 
better uniform polymer layer coating on the silica surface by the continuous process 
as compared to batch process.

c
'b
pH(น3บ

L = 30 min M = 45 min■ • ■ H = 60 min • * • Thammathadanukul• • • Chinpan

0 5 10 15 20 25 30 35
Styrene-isoprene loading (g/kg of silica)

Figure 4.36 Cure time of modified silicas as a function of retention time and 
styrene-isoprene loading as compared to the previous works.



Table 4.2 Rubber compound physical properties using different modified silicas obtained from the present study compared to the
modified silicas of the previous batch system (Thammathadanukul e t  a l ,  1996)

Property Hi-Sil®255* Batch** 5L 5M 5H 20L 20M 20H 30L 30M 30H
C ure T im e  (m in ) 18.63 5.98 4 .86 4 .50 4 .8 9 4 .9 7 4 .77 4.71 4 .8 9 4 .8 0 4 .77
10 0 % M o d u lu s  @ b efo re  a g in g  (M P a ) 0 .77 1.33 1.92 2 .3 4 2 .2 2 2.51 1.91 1.88 1.65 1.96 2 .08
2 0 0 % M o d u lu s  @ b efo re  a g in g  (M P a ) 1.57 2.54 3 .29 3 .68 3 .5 7 3.93 3.21 3.13 2 .88 3 .20 3 .37
3 0 0 % M o d u lu s  @ b e fo r e  a g in g  (M P a ) 2 .84 4.19 5.55 5.82 5.53 6 .32 5.13 4 .78 4 .5 6 5.01 5.22
T e n s ile  S tren g th  @ b e fo re  a g in g  (M P a ) 19.84 26.43 2 7 .5 4 27 .4 4 27 .51 2 6 .9 8 26 .8 6 2 8 .0 0 2 7 .1 0 2 6 .9 9 2 5 .62
T ear S tren g th  @ b e fo r e  a g in g  (N /m m ) 3 0 .27 75.37 58 .94 56 .12 56 .55 56 .95 59 .96 58 .35 59 .0 9 55 .45 53.31
H a rd n ess  @ b e fo r e  a g in g  (sh o r e  A ) 51 .40 55.30 57 .67 57 .30 56 .7 7 58 .73 57 .23 56 .63 55 .9 4 58 .13 59 .10
H a rd n ess  @ after  a g in g  (sh o r e  A ) 52 .80 55.70 59 .77 62 .53 6 2 .3 0 62 .93 60 .40 59 .47 58 .3 7 61.81 63 .10

F le x  c r a c k in g  (k c y c le ) 113.00 35.84 60 .44 70 .25 72 .1 6 3 0 .7 7 37 .76 32 .3 7 3 5 .5 0 2 1 .1 6 19.60
A b r a s io n  (m l/k c y c le ) 0 .96 0.66 0.48 0 .48 0.53 0.51 0 .49 0 .52 0 .56 0.53 0 .57

R e s i l ie n c e  (% ) 56 .70 73.60 74 .20 74 .7 0 6 5 .4 0 76 .7 0 72 .20 75 .0 0 77 .5 0 79 .9 0 75 .90

C o m p r e ss io n  se t  (% ) 83.11 76.02 69 .06 66 .9 0 69 .9 2 71.71 66 .28 63 .5 2 63 .6 9 67 .0 4 68 .1 7
5 , 2 0 , 30 : s ty r e n e -iso p r e n e  lo a d in g , g  p er  k g  s i l ic a
L , M , H: th e  re ten tio n  t im e  o f  p o ly m e r iz a t io n , 3 0 , 4 5 , 6 0  m in , r e s p e c t iv e ly
* U n m o d if ie d  s il ic a , **  S ty r e n e - iso p r e n e  c o -m o n o m e r  (R e s u lt s  fr o m  T h a m m a th a d a n u k u l et al., 1 9 9 6 )



Table 4.3 Rubber compound physical properties using different modified silicas obtained from the present study compared to the
modified silicas of the previous batch system with different monomer loadings (Chinpan,1996)

Property Batch*(ร)** 5L 5M 5H Batch*(20)** 20L 20M 20H Batch*(30)** 30L 30M 30H

C u re t im e  (m in ) 13.30 4 .86 4 .5 0 4 .8 9 8.78 4 .97 4 .7 7 4.71 12.80 4 .8 9 4 .8 0 4 .77
10 0 % M o d u lu s  @ b e fo re  a g in g  (M P a ) 2.01 1.92 2 .3 4 2 .2 2 2.39 2.51 1.91 1.88 2.32 1.65 1.96 2 .08
3 0 0 % M o d u lu s  @ b e fo r e  a g in g  (M P a ) 3.61 5.55 5 .82 5.53 4.30 6 .32 5.13 4 .78 3.99 4 .5 6 5.01 5.22
T e n s ile  S tren g th  @ b e fo re  a g in g  (M P a ) 21.80 27 .5 4 27 .4 4 27.51 25.20 26 .9 8 2 6 .8 6 2 8 .0 0 21.10 2 7 .1 0 2 6 .9 9 25 .62
T ear S tren g th  @ b e fo r e  a g in g  (N /m m ) 58.00 58 .94 56 .12 56 .55 67.90 56 .95 59 .9 6 58 .35 45.90 59 .09 55 .45 53.31
H a rd n ess  @ b e fo r e  a g in g  (sh o r e  A ) 53.70 57 .67 57 .30 56 .77 52.60 58.73 57 .23 56 .63 55.50 55 .9 4 58 .13 59 .10
F le x  c r a c k in g  (k c y c le ) 55.41 60 .4 4 70 .25 72 .16 50.54 30 .7 7 3 7 .7 6 3 2 .3 7 58.28 3 5 .5 0 2 1 .1 6 19.60
A b r a s io n  (m l/k c y c le ) 0.77 0.48 0 .48 0.53 0.57 0.51 0 .49 0 .52 0.69 0 .56 0.53 0 .57
R e s i l ie n c e  (% ) 49.30 74 .2 0 74 .70 65 .4 0 54.30 76 .7 0 72 .2 0 7 5 .00 44.50 77 .5 0 79 .9 0 75 .90
C o m p r e ss io n  se t (% ) 72.20 69 .0 6 6 6 .9 0 69 .92 67.70 71.71 66 .2 8 6 3 .52 77.20 63 .6 9 67 .0 4 68 .1 7

5, 20, 30: styrene-isoprene loading, g per kg silica
L, M, H: the retention time of polymerization, 30, 45, 60 min, respectively
* Results from Chinpan, 1996
** A m o u n t o f  s ty r e n e -iso p r e n e  c o -m o n o m e r s , g /k g  s i l ic a
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M = 45 ming H = 60 min. . . Thammathadanukul• • • Chinpan

Figure 4.37 100% M o d u lu s  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a  fu n c t io n  o f  
re ten tio n  t im e  an d  s ty r e n e -iso p r e n e  lo a d in g  a s  c o m p a r e d  to  th e  p r e v io u s  w o rk s .

Styrene-Isoprene loading (g/kg of silica)

Figure 4.38 2 0 0 %  M o d u lu s  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a  fu n c t io n  o f  
re ten tio n  t im e  an d  s ty r e n e -iso p r e n e  lo a d in g  as c o m p a r e d  to  th e  p r e v io u s  w o rk s .

F ig u re  4 .3 7  s h o w s  th e  resu lts  o f  100%  m o d u lu s  @ b e fo r e  a g in g  fro m  th e  
c o n tin u o u s  s y s te m  o f  th e  p resen t stu d y  are a b o u t 54 %  h ig h e r  th an  th o s e  o f  th e  b a tch  
s y s te m  fro m  T h a m m a th a d a n u k u l, w h ile  th e y  are n o t  s ig n if ic a n t ly  d iffe r e n t from  
th o se  o f  th e  b a tch  s y s te m  fro m  C h in p a n .
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F ig u r e  4 .3 8  to  4 .4 0  s h o w  that fo r  a n y  g iv e n  c o -m o n o m e r  lo a d in g  and  
reten tio n  t im e  m o d if ie d  s il ic a s  o f  th e  p resen t stu d y  h a v e  2 0 0 %  m o d u lu s  @ b e fo r e  
a g in g , 3 0 0 %  m o d u lu s  @ b e fo r e  a g in g  and  te n s i le  s tren g th  @ b e fo r e  a g in g  grea ter  
than  th o se  o f  th e  b a tch  sy s te m s . A g a in , th e  g o o d  c o n s is t e n c y  o f  p o ly m e r  d e p o s it  on  
th e  s i l ic a  su r fa c e  b y  th e  c o n tin u o u s  p r o c e ss  a ttr ib u ted  to  th e  b etter  t e n s i le  s tren g th  as  
co m p a red  to  th e  b a tch  sy ste m .

Styrene-Isoprene loading (g/kg of silica)

Figure 4.39 3 0 0 %  M o d u lu s  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a  fu n c tio n  o f  
reten tio n  t im e  an d  s ty r e n e -iso p r e n e  lo a d in g  as c o m p a r e d  to  th e  p r e v io u s  w o rk s.

A s  s e e n  fro m  F ig u re  4 .4 1 , a ll o f  th e  sa m p le s  u s in g  th e  m o d if ie d  s i l ic a  o f  the  
p resen t s tu d y  s h o w  lo w e r  im p r o v e m e n t o f  tear s tre n g th  @ b e fo r e  a g in g  than  th o se  o f  
th e  b a tch  s y s te m  fro m  T h am m a th a d u k u l a b o u t 25 % . T h e  m o d if ie d  s i l ic a s  p ro d u ced  
at 5 and  2 0  g  c o -m o n o m e r  lo a d in g s  an d  at an y  re ten tio n  t im e  h ad  lo w e r  im p r o v e m e n t  
than th o se  o f  th e  b a tch  sy s te m  fro m  C h in p a n  a b o u t 2%  and  14%  r e s p e c t iv e ly , w h ile  
th e  o n e s  p ro d u c e d  at 3 0  g  c o -m o n o m e r  lo a d in g  at a n y  re te n tio n  t im e  had  greater  
im p r o v e m e n t th an  th o se  o f  th e  b a tch  sy s te m  from  C h in p a n  a b o u t 20% .

F or th e resu lts  o f  h a rd n ess  @ b e fo r e  a g in g , a ll o f  th e  m o d if ie d  s il ic a  
o b ta in ed  from  th e  p resen t s tu d y  g iv e  greater im p r o v e m e n t th a n  th o s e  o f  th e  b atch  
sy s te m s  fro m  T h a m m a th a d a n u k u l an d  C h in p a n  a b o u t 4%  an d  7% , r e s p e c t iv e ly  ( s e e  
F ig u re  4 .4 2 ) .
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Styrene-Isoprene loading (g/kg of silica)
Figure 4.40 T e n s ile  stren g th  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a  fu n c t io n  o f  
re ten tio n  t im e  and  s ty r e n e -iso p r e n e  lo a d in g  a s  co m p a r e d  to  th e  p r e v io u s  w o rk s.

Styrene-Isoprene loading (g/kg of silica)
Figure 4.41 T ea r stren g th  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a  fu n c t io n  o f  
reten tio n  t im e  an d  s ty r e n e -iso p r e n e  lo a d in g  as co m p a r e d  to  th e  p r e v io u s  w o rk s .

F ig u re  4 .4 3  s h o w s  th e  r e su lts  o f  f le x  c r a c k in g , th e  m o d if ie d  s i l ic a s  p ro d u ced  
at 5 g  c o -m o n o m e r  lo a d in g  and  at an y  re te n tio n  t im e  p r o v id e  h ig h e r  o v e r a ll  
im p r o v e m e n t th an  th o se  o f  th e  b a tch  s y s te m s  w h ile  th e  m o d if ie d  s i l ic a s  p ro d u ced  at 
2 0  and  3 0  g  c o -m o n o m e r  lo a d in g s  at an y  r e te n tio n  t im e  s h o w  lo w e r  im p r o v e m e n t  
than th o se  o f  th e  b a tch  sy s te m s . M o r e o v e r , a ll o f  th e  m o d if ie d  s i l ic a s  o b ta in ed  from
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b o th  th e  p resen t stu d y  and th e  p r e v io u s  w o r k s  w e r e  fo u n d  to  h a v e  lo w e r  
im p r o v e m e n t in  f le x  cra c k in g  as co m p a r e d  to  th e  u n m o d if ie d  s il ic a .

Styrene-Isoprene loading (g/kg of silica)

Figure 4.42 H a rd n ess  @ b e fo r e  a g in g  o f  m o d if ie d  s i l ic a s  a s  a fu n c t io n  o f  re ten tio n  
t im e  an d  s ty r e n e -iso p r e n e  lo a d in g  as c o m p a red  to  th e  p r e v io u s  w o r k s .

Styrene-Isoprene loading (g/kg of silica)

Figure 4.43 F le x  c ra c k in g  o f  m o d if ie d  s il ic a s  as a  fu n c t io n  o f  r e te n tio n  t im e  and  
s ty r e n e -iso p r e n e  lo a d in g  as co m p a red  to  th e  p r e v io u s  w o rk s .

A s  s e e n  fro m  F ig u re  4 .4 4 ,  a ll o f  th e  sa m p le s  u s in g  th e  m o d if ie d  s il ic a s  
p ro d u ced  fro m  th e c o n tin u o u s  s y s te m  o f  th e  p r e se n t s tu d y  s h o w  grea ter  o v e r a ll  
im p r o v e m e n t in  ab ra sio n  r e s is ta n c e  than  th o se  o f  th e  b a tch  s y s te m s . F or  the
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m o d if ie d  s i l ic a s  o f  th is  s tu d y , a lo w e r  c o -m o n o m e r  lo a d in g  r e su lte d  in  im p r o v in g  
ab ra sio n  r e s is ta n c e . It can  e x p la in e d  that th e  c o n t in u o u s  s y s te m  c a n  p r o d u ce  m o re  
u n ifo rm  p o ly m e r  la y e r  and  b etter  su r fa ce  c o v e r a g e  r e su lt in g  in  b etter  b o n d in g  
b e tw e e n  th e  m o d if ie d  s i l ic a  p a r tic le s  an d  rubber a s  co m p a r e d  to  th o s e  p ro d u c e d  from  
th e  b a tch  sy s te m .

Styrene-Isoprene loading (g/kg of silica)

Figure 4.44 Abrasion resistance of modified silicas as a function of retention time 
and styrene-isoprene loading as compared to the previous works.

Styrene-Isoprene loading (g/kg of silica)

Figure 4.45 Resilience of modified silicas as a function of retention time and 
styrene-isoprene loading as compared to the previous works.
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A s  s e e n  in  F ig u re  4 .4 5 ,  th e  r esu lts  o f  r e s il ie n c e  o f  th e  m o d if ie d  s il ic a s  
p ro d u ced  fro m  th e  c o n tin u o u s  s y s te m  s h o w  50%  im p r o v e m e n t a s  c o m p a r e d  to  th o se  
o f  th e  b a tch  s y s te m  รณ d ied  b y  C h in p a n . It c a n  b e  c o n c lu d e d  th at th e  c o n tin u o u s  
sy s te m  lea d  to  in c r e a se  p e r fo rm a n ce  o f  rubber c o m p o u n d . F or  c o m p r e s s io n  se t  
p rop erty , a ll o f  th e  sa m p le s  from  c o n tin u o u s  s y s te m  p r o v id e d  lo w e r  c o m p r e s s io n  set  
than  b a tch  s y s te m  fro m  T h am m a th a d a n u k u l.

Styrene-Isoprene loading (g/kg of silica)

Figure 4.46 C o m p r e ss io n  se t o f  m o d if ie d  s i l ic a s  a s  a fo n c t io n  o f  r e te n tio n  t im e  and  
s ty r e n e -iso p r e n e  lo a d in g  as co m p a red  to  th e  p r e v io u s  w o rk s .

T h e  im p a c ts  o f  th e  d iffe r e n t su r fa c e -m o d if ie d  s i l ic a s  o n  v a r io u s  rubber  
p h y s ic a l p ro p er tie s  in  c o m p a r iso n  b e tw e e n  th e  p resen t stu d y  an d  th e  p r e v io u s  w o rk s  
are su m m a r iz e d  q u a lita t iv e ly  in  T a b le s  4 .4  and  4 .5 , w ith  th e  +  d e s ig n a tio n  m e a n in g  
im p r o v e m e n t o f  greater  than  10% , th e  -  d e s ig n a tio n  m e a n in g  a  n e g a tiv e  or  
u n d e s ir a b le  e f fe c t  grater than  10% , an d  th e =  m e a n in g  n o  s ig n if ic a n t  e f fe c t  o f  lo w e r  
than  10%  a s c o m p a r e d  to  th o se  o f  tw o  p r e v io u s  b a tch  w o r k s . T h e  to ta l sc o r e  o f  ea ch  
m o d if ie d  s i l ic a  is  c a lc u la te d  b y  a s s ig n in g  + 1  v a lu e  to  th e  p o s it iv e  e f fe c t ,  - 1  to  th e  
n e g a tiv e  e f fe c t  and  0  to  n o  s ig n if ic a n t  e f fe c t . T a b le s  4 .6  and  4 .7  s h o w  th e actu al 
p erc e n ta g e  in  im p r o v e m e n t/d e g r a d a tio n  o f  a ll m o d if ie d  s i l ic a s  o f  th e  p resen t s tu d y  o n  
th e  rubber c o m p o u n d  p h y s ic a l p ro p erties  as c o m p a r e d  to  th e  p r e v io u s  w o r k s  u s in g  
b atch  sy s te m .
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A s  ca n  b e  s e e n  th e  resu lts  fro m  T a b le  4 .4  and  4 .5 , s ig n if ic a n t  im p r o v e m e n t  
in  th e  ru b ber c o m p o u n d  p ro p er tie s  c a n  b e a c h ie v e d  b y  th e  a d m ic e lla r  p o ly m e r iz a t io n  
w ith  th e  c o n t in u o u s  reactor  and  th e  resu lts  s h o w  o v e r a ll g rea ter  im p r o v e m e n t than  
th e  b a tch  reac tors. It is  p o s s ib ly  d u e  to  th e  c o n s is t e n c y  o f  th e  p o ly m e r iz a t io n  in  th e  
c o n tin u o u s  reactor. M o r e o v e r , th e  c o n tin u o u s  reactor  ca n  b e  e a s i ly  c o n tr o lle d  to  
s p e c if ic a l ly  m o d ify  s i l ic a s  to  im p r o v e  cer ta in  rubber c o m p o u n d  p ro p erties .

A s  s e e n  fro m  T a b le  4 .4 ,  th e  c o m p a r a tiv e  s c o r e s  o f  th e  ru b ber co m p o u n d  
p h y s ic a l p r o p e r tie s  s h o w  that a ll m o d if ie d  s il ic a s  s ig n if ic a n tly  im p r o v e  th e  cu re  tim e ,  
m o d u lu s , an d  a b ra sio n  r e s is ta n c e  but h a v in g  o n ly  a  n e g a tiv e  e f f e c t  o n  th e tear  
stren g th . C o m p a r in g  w ith  b a tch  s y s te m  from  T h a m m a th a d a n u k u l, th e  sa m p le  at an y  
c o -m o n o m e r  lo a d in g  and  re ten tio n  t im e  are im p r o v e d  100%  m o d u lu s  @ b e fo r e  
a g in g , 2 0 0 %  m o d u lu s  @ b e fo r e  a g in g , 3 0 0 %  m o d u lu s  @ b e fo r e  a g in g , and ab ra sion  
r e s is ta n c e , w h i le  th e y  are n o t im p r o v e d  tear res is ta n c e .

T a b le  4 .5  a ls o  s h o w  c o m p a r a tiv e  sc o r e s  o f  a ll m o d if ie d  s i l ic a s  p ro d u ced  at 
5 , 2 0 , 3 0  g  c o -m o n o m e r  lo a d in g s  fro m  the c o n t in u o u s  reactor  a s  c o m p a r e d  th o se  
o b ta in e d  fro m  th e  b a tch  reactor  c o n d u c te d  b y  C h in p a n . A g a in , th e  resu lts  in d ica ted  
th e  im p r o v e m e n t in  th e  cure tim e , 3 0 0 %  m o d u lu s  @ b e fo r e  a g in g , t e n s i le  stren g th  @ 
b efo re  a g in g , a b ra sio n  r e s is ta n c e , and  r e s il ie n c e  v a lu e s  w ith  th e  m o d if ie d  s il ic a s .  
T h e  tear s tre n g th  v a lu e s  o f  th e  rubber c o m p o u n d  w e r e  m a x im iz e d  at 3 0  g  c o 
m o n o m e r  lo a d in g , w h ile  th e  c o m p o u n d  u s in g  2 0  g  c o -m o n o m e r  lo a d in g  h ad  th e  
p o o r e st  tear s tre n g th  a s  co m p a red  to  that o f  th e  b a tch  sy s te m . T h ere  w e r e  a lso  
s ig n if ic a n t  c o m p o u n d  p e r fo rm a n ce  d if fe r e n c e s  in  th e  f le x  c r a c k in g  r e s is ta n c e  a m o n g  
d ifferen t c o -m o n o m e r  lo a d in g s . A t  2 0  and  3 0  g  c o -m o n o m e r  lo a d in g s , th e  m o d if ie d  
s il ic a s  a d v e r se ly  red u c e d  th e n u m b er  o f  f le x in g  c y c le s  req u ired  to  rea ch  th e sa m e  
grad e o f  cra c k in g .

T a b le  4 .8  s h o w s  th e  ru b ber c o m p o u n d  p h y s ic a l p ro p er tie s  o f  n in e  sa m p le s  
w ith  th e  m o d if ie d  s i l ic a s  from  th e  c o n tin u o u s  reactor . T a b le  4 .9  s h o w s  th e  
q u a lita tiv e  su m m a ry  b y  ran k in g  th e  resu lts  from  lo w  to  h ig h  q u a lity  o f  e a c h  p h y s ic a l 
p rop erty  u s in g  a  n u m b er  “ 1” to  “ 9 ” in  ord er to  d e te r m in e  th e  o p tim u m  c o n d it io n s  o f  
th e  s i l ic a  m o d if ic a t io n  sy ste m . In th is  s tu d y , th e  s ty r e n e -iso p r e n e  m o d if ie d  s i l ic a  at 5 
g  c o -m o n o m e r  lo a d in g  w ith  lo w  re ten tio n  t im e  (5 L )  h ad  th e  lo w e s t  su r fa ce  area , and  
a lso  had  th e  h ig h e s t  p a rtic le  s iz e  an d  th e  a m o u n t o f  p o ly m e r  fo r m e d  o n  th e su rfa ce .



Table 4.4 Qualitative summary of surface-modified silica rubber physical properties as compared to the modified silicas of the
p r e v io u s  b atch  s y s te m  (T h a m m a th a d a n u k u l et al, 1 9 9 6 )

P r o p e r t y 5L 5M 5H 2 0 L 2 0 M 2 0 H 3 0 L 3 0 M 3 0 H

C u re t im e +1 +1 +1 +1 +  1 +1 +1 +  1 +1
10 0 % M o d u lu s  @ before ag ing +1 +1 +  1 +1 +  1 +  1 +  1 +1 +1
2 0 0 % M o d u lu s  @ before ag ing +1 + 1 +  1 +1 +  1 +1 +1 +1 +1
3 0 0 % M o d u lu s  @ before ag in g +1 +1 +  1 +1 +1 +1 0 +1 +  1
T e n s ile  S tren gth  @ before ag in g 0 0 0 0 0 0 0 0 0
T ear S tren gth  @ before ag ing -1 -1 -1 -1 -1 -1 -1 -1 -1
H a rd n ess  @ before ag ing 0 0 0 0 0 0 0 0 0
H a rd n ess  @ after aging 0 +1 +1 +1 0 0 0 +1 +1
F le x  cra ck in g +1 +1 +1 -1 0 0 0 -1 -1
A b r a s io n +1 +1 +1 +1 +1 +1 +1 +1 +1
R e s ilie n c e 0 0 -1 0 0 0 0 0 0
C o m p r e ss io n  set 0 +1 0 0 +1 +1 +1 +1 +1
Comparative Score +5 + 7 +5 +4 +5 +5 +4 +5 +5

5, 2 0 , 30: s ty r e n e -iso p r e n e  lo a d in g , g  p er  k g  s i l ic a
L , M , H: th e  re ten tio n  t im e  o f  p o ly m e r iz a t io n , 3 0 , 4 5 , 6 0  m in , r e s p e c t iv e ly



Table 4.5 Qualitative summary of surface-modified silica rubber physical properties as compared to the modified silicas of the
previous batch system with different monomer loadings (Chinpan, 1996)

Property 5L 5M 5H 20L 20M 20H 30L 30M 30H
Cure time +1 +1 + 1 +1 +1 + 1 +1 +1 + 1
100%Modulus @before aging 0 +1 +1 0 -1 -1 -1 -1 -1
300%Modulus @before aging + 1 +1 +1 +1 +1 +1 +1 +1 +1
Tensile Strength @before aging +1 +1 +1 0 0 + 1 +1 +1 +1
Tear Strength @before aging 0 0 0 -1 -1 -1 + 1 +1 +1
Hardness @before aging 0 0 0 +1 0 0 0 0 0
Flex cracking 0 +1 +1 -1 -1 -1 -1 -1 -1
Abrasion +1 +1 +1 +1 0 0 +1 +1 +1
Resilience +1 +1 +1 +1 +1 +1 +1 + 1 +1
Compression set 0 0 0 0 0 0 +1 + 1 +1
Comparative Score + 5 +7 +7 + 3 0 + 1 + 5 + 5 + 5

5, 20, 30: styrene-isoprene loading, g per kg silica
L, M, H: the retention time of polymerization, 30, 45, 60 min, respectively

fo



Table 4.6 Percent improvement of surface-modified silica rubber physical properties as compared to the modified silicas of the
previous batch system (Thammathadanukul et al, 1996)

Property 5L 5M 5H 20L 20M 20H 30L 30M 30H
% % % % % % % % %

Cure time 19 25 18 17 20 21 18 20 20
100%Modulus @before aging 44 76 67 89 44 41 24 47 56
200%Modulus @before aging 30 45 41 55 26 23 13 26 33
300%Modulus @before aging 32 39 32 51 22 14 9 20 25
Tensile Strength @before aging 4 4 4 2 2 6 3 2 -3
Tear Strength @before aging -22 -26 -25 -24 -20 -23 -22 -26 29
Hardness @before aging 4 4 3 6 3 2 1 5 7
Hardness @after aging 7 12 12 13 8 7 5 11 13
Flex cracking 69 96 101 -14 5 -10 -1 -41 -45
Abrasion 27 27 20 23 26 21 15 20 14
Resilience 1 1 -11 4 -2 2 5 9 3
Compression set 9 12 8 6 13 17 16 12 11

5, 20, 30: styrene-isoprene loading, g per kg silica
L, M, H: the retention time of polymerization, 30, 45, 60 min, respectively



Table 4.7 Percent improvement of surface-modified silica rubber physical properties as compared to the modified silicas of the
previous batch system with different monomer loadings (Chinpan, 1996)

Property 5L 5M 5H 20L 20M 20H 30L 30M 30H
% % % % % % % % %

Cure time 63 66 63 43 46 46 62 62 63
100%Modulus @before aging -5 16 10 5 -20 -21 -29 -16 -11
300%Modulus @before aging 54 61 53 47 19 11 14 26 31
Tensile Strength @before aging 26 26 26 7 7 11 29 28 22
Tear Strength @before aging 2 -3 -2 -16 -12 -14 29 21 16
Hardness @before aging 7 7 6 12 9 8 1 5 7
Flex cracking 9 27 30 -39 -25 -36 -39 -64 -66
Abrasion 38 38 31 10 14 8 19 23 18
Resilience 50 51 33 41 33 38 74 80 71
Compression set 4 7 3 -6 2 6 18 13 12

5, 20, 30: styrene-isoprene loading, g per kg silica
L, M, H: the retention time of polymerization, 30, 45, 60 min, respectively

On



Table 4.8 Rubber compound physical properties using different modified silicas
Property 5L 5M 5H 20L 20M 20H 30L 30M 30H

100%Modulus @before aging (MPa) 1.92 2.34 2.22 2.51 1.91 1.88 1.65 1.96 2.08
100%Modulus @after aging (MPa) 2.36 2.47 2.35 2.53 2.2 2.23 2.03 2.38 2.56
200%Modulus @before aging (MPa) 3.29 3.68 3.57 3.93 3.21 3.13 2.88 3.20 3.37
200%Modulus @after aging (MPa) 4.26 4.12 3.98 4.14 3.75 3.91 3.67 4.13 4.33
300%Modulus @before aging (MPa) 5.55 5.82 5.53 6.32 5.13 4.78 4.56 5.01 5.22
300%Modulus @after aging (MPa) 7.02 6.52 6.11 6.41 5.7 6.18 5.85 6.48 6.66
Tensile Strength @before aging (MPa) 27.54 27.44 27.51 26.98 26.86 28.00 27.10 26.99 25.62
Tensile Strength @after aging (MPa) 25.68 22.67 24.56 23.81 22.92 23.58 25.8 25.34 23.25
Tear Strength @before aging (N/mm) 58.94 56.12 56.55 56.95 59.96 58.35 59.09 55.45 53.31
Tear Strength @after aging (N/mm) 54.49 53.96 55.55 53.51 53.24 55.84 58.09 54.31 54.22
Hardness @before aging (shore A) 57.67 57.30 56.77 58.73 57.23 56.63 55.94 58.13 59.10
Hardness @after aging (shore A) 59.77 62.53 62.30 62.93 60.40 59.47 58.37 61.81 63.10
Flex cracking (kcycle) 60.44 70.25 72.16 30.77 37.76 32.37 35.50 21.16 19.60
Abrasion (ml/kilocycle) 0.48 0.48 0.53 0.51 0.49 0.52 0.56 0.53 0.57
Resilience (%) 74.20 74.70 65.40 76.70 72.20 75.00 77.50 79.90 75.90
Compression set (%) 69.06 66.90 69.92 71.71 66.28 63.52 63.69 67.04 68.17
Heat build up (°C) 15.33 15.95 18.35 18.16 19.67 14.8 18.86 18.21 19.50

ON



Table 4.9 Qualitative summary of rubber physical properties using different modified silicas
Property 5L 5M 5H 20L 20M 20H 30L 30M 30H

100%Modulus @before aging 4 8 7 9 3 2 1 5 6
100%Modulus @after aging 5 7 4 8 2 3 1 6 9
200%Modulus @before aging 5 8 7 9 4 2 1 3 6
200%Modulus @after aging 8 5 4 7 2 3 1 6 9
300%Modulus @before aging 7 8 6 9 4 2 1 3 5
300%Modulus @after aging 9 7 3 5 1 4 2 6 8
Tensile Strength @before aging 8 6 7 3 2 9 5 4 1
Tensile Strength @after aging 8 1 6 5 2 4 9 7 3
Tear Strength @before aging 7 3 4 5 9 6 8 2 1
Tear Strength @after aging 6 3 7 2 1 8 9 5 4
Hardness @before aging 6 5 3 8 4 2 1 7 9
Hardness @after aging 3 7 6 8 4 2 1 5 9
Flex cracking 7 8 9 3 6 4 5 2 1
Abrasion 8 8 3 6 7 5 2 3 1
Resilience 3 4 1 7 2 5 8 9 6
Compression set 3 6 2 1 7 9 8 5 4
Heat build up 8 7 4 6 1 9 3 5 2
Total 105 101 83 101 61 79 66 83 84
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Based on the total scores shown in Table 4.9, the superior characteristics of 
the rubber compound physical properties can be obtained with silica modified with 5 
g co-monomer loading at 30 min retention time. These results suggest that the 
modified silicas at 5 g co-monomer loading with low retention time are the optimum 
modification condition to improve the rubber properties. Moreover, the modified 
silica obtained under the optimum conditions as mention above needs only small 
amounts of co-monomers.
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