
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Surface Characterization of Modified Silicas

The admicellar polymerization process has been known to affect a variety of 
physical characteristics of silicas, including the morphology, BET surface area and 
mean agglomerate particle size of modified silicas. All samples were given a 
designation consisting of a number indicating the surfactant loadings (146, 175 and 
200 g of surfactant) per kg silica, and a letter representing the initiator loadings (0.4, 
0.8 and 1.65 g of initiator) is denoted by A, B and c, respectively.

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

modified silicas with different in surfactant and initiator loadings are shown in 
Figures 4.1 to 4.4.

By comparing the unmodified and modified silica micrographs, the 
particle size of any modified silica increased after the modification. The surfaces of 
the modified silica samples appeared rough when compared with the surface of the 
unmodified silica. The polymerization of the co-monomers styrene-isoprene on the 
silica surface results in the rough appearance, possibly due to agglomeration of 
particles following modification.

50 urn
Figure 4.1 Scanning electron micrograph of unmodified silica, Hi-Sil®255.
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A . 1 4 6 /A

B . 1 4 6 /B

c . 14 6 /C

Figure 4.2 Scanning electron micrographs of modified silica, 146 g of surfactant
loading and three initiator loadings, at 500X magnification.
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A .1 7 5 /A

B . 1 7 5 /B

c.175/C

Figure 4.3 Scanning electron micrographs of modified silica, 175 g of surfactant
loading and three initiator loadings, at 500X magnification.
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A . 2 0 0 /A

B . 2 0 0 /B

c. 200/C

Figure 4.4 Scanning electron micrographs of modified silica, 200 g of surfactant
loading and three initiator loadings, at 500X magnification.
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4 .1 .2  B E T  S u rfa ce  A rea
A ll m o d ifie d  s il ic a  sa m p le s  had th e red u ced  T h e  B E T  n itrogen  

su rfa ce  a r e a s  o f  a l l  m o d if ie d  s i l ic a s ,  s o m e  b y  as m u c h  a s  5 0%  (F ig u r e  4 .5 ) . T h e  
ch a n g e  in  su r fa ce  area is  m o st  lik e ly  d u e to the b lo c k in g  o f  th e  m icro p o res  in the  
p rec ip ita ted  s il ic a  b y  the form ed  p o ly m er . A s  can  b e  s e e n  from  th e figu re, all 
m o d ifie d  s il ic a , e x c e p t  2 0 0 /A , m ad e o n ly  a s lig h tly  d if fe r e n c e  in  B E T  su rfa ce  area  
v a lu es . C o m p a r in g  th e  p resen t resu lt w ith  the resu lts  o f  N o n ta so m  (2 0 0 2 )  at the  
sam e su rfactan t and in itia tor  lo a d in g s, m o d if ie d  s i l ic a  (2 0 0 /C )  h as a lo w er  B E T  
su rfa ce  area than th e  o n e  p r e v io u s ly  found.

F ig u r e  4 .5  B E T  s u r fa c e  a r e a s  o f  m o d if ie d  s i l ic a s  a s  a fu n c t io n  0  f  su r fa c ta n t a n d  
in itia tor  lo a d in g s.

4 .1 .3  M ea n  A g g lo m e r a te  P artic le  S iz e
T h e  in crea se  in m ea n  a g g lo m era te  p a r tic le  s iz e  m a y  s im p ly  b e  

attributed  to  the su b seq u en t rep r o c e ss in g  o f  the m o d if ie d  s il ic a s , it c o u ld  b e  a resu lt 
o f  the o rg a n ic  p o ly m e r -fo r m in g  p r o c e ss . F ig u re  4 .6  sh o w s  th e  e f fe c t  o f  surfactant 
and in itia to r  lo a d in g s  o n  the m ean  a g g lo m era te  p a rtic le  s iz e . A s  s e e n  from  the  
figu re , th e  m ea n  a g g lo m era te  p artic le  s iz e  o f  all m o d if ie d  s il ic a s  in crea sed  w ith  
in crea sin g  in itia to r  lo a d in g . T h e in crea se  in the m ea n  a g g lo m e r a te  p a rtic le  s iz e  m ay  
resu lt from  the d e v e lo p m e n t o f  p o ly m e r  b r id g es  b e tw e e n  s il ic a  p artic les
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F ig u r e  4 .6  M ea n  a g g lo m era te  p artic le  s iz e  o f  m o d if ie d  s il ic a s  as a fu n ction  o f  
su rfactant and in itia to r  lo a d in g s.

(C h a isir im a h a m o ra k o t, 2 0 0 1 ). T h e e ffe c t  o f  su rfactant lo a d in g  on  the m ean  
a g g lo m e r a te  p artic le  s iz e  w a s  p ron o u n ced  than that o f  in itia to r  lo a d in g . T h e largest 
m ean  a g g lo m e r a te  p a rtic le  s iz e  w a s  fou n d  at the h ig h e s t  in itia tor  lo a d in g  and the  
lo w e s t  su rfactant lo a d in g .

4 .1 .4  V e r if ic a t io n  o f  the E x is te n c e  o f  p o ly m e r ic  M ater ia l on  S ilic a
A ll sa m p le s  w er e  e x a m in ed  b y  th erm o g ra v im etr ic  a n a ly s is  in order to  

v e r ify  th e  e x is te n c e  o f  p o ly (sty r e n e - iso p r e n e )  fo rm in g  on  th e s i l ic a  su rfa ces.
T h e  w a ter  lo s s  from  the u n m o d if ie d  s il ic a  b e lo w  150°c is  sh o w n  in  

F ig u re  4 .7 . C o n se q u e n tly , th e  w e ig h t  c h a n g e  a b o v e  150°c m u st b e  th e  resu lt o f  the  
su rfa ce  m o d if ic a tio n  o f  m o d ifie d  s ilic a s .

F ig u re  4 .8  sh o w s  the d e c o m p o s it io n  o f  C T A B  b e tw e e n  2 0 0  to 300°c. 
In terestin g ly , for C T A B  ad sorbed  o n to  th e  s il ic a , there are tw o  m ajor  p ea k s  o f  w e ig h t  
lo ss; th e  first p eak  from  17 0  to 300°c and the se c o n d  p eak  from  300 to 450°c, as 
sh o w n  in  F ig u res  4 .9 . T h e  se c o n d  p ea k  o f  th e  w e ig h t  lo s s  is  l ik e ly  resu lted  from  the  
stron ger b o n d in g  b e tw e e n  s il ic a  and C T A B .
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A ll sa m p le s  w er e  prep ared  b y  d e p o s it in g  p o ly s ty r e n e  d is so lv e d  w ith  
T H F  o n to  th e  s il ic a  su rfa ce  in ord er to p red ict th e  d e c o m p o s it io n  tem peratu re o f  
p o ly (s ty r e n e - iso p r e n e )  o f  the m o d ifie d  s il ic a s . T h e  d e c o m p o s it io n  o f  p o ly sty ren e  
from  350 to  4 8 0 °c  is  sh o w n  in  F ig u re  4 .1 0 . P o ly (s ty r e n e - iso p r e n e )  is  d e c o m p o se d  
from  th e  a d m ic e lla r  p o ly m e r iz a tio n  m o d if ie d  s il ic a  as s h o w n  in  F ig u re  4 .1 1 . T h e  
grap h s e v id e n t ly  sh o w  the d e c o m p o s it io n  o f  C T A B  ta k es  p la c e  b e tw e e n  200 to  
280°c and 300 to 4 5 0 °c  w h ile  that o f  th e  p o ly m e r  is  started  from  280 to 400°c.

F ig u res  4.12 to 4.20 sh o w  th e T G A  resu lts  o f  m o d if ie d  s il ic a s  b efo re  
and after th e  T H F  ex tra ctio n  in order to p red ict th e  d e c o m p o s it io n  o f  p o ly (sty r e n e -  
iso p r en e ) o f  m o d if ie d  s il ic a s . T h e resu lts  sh o w  a tw o -s te p  d e c o m p o s it io n  p ro cess , 
C T A B  d efo r m a tio n  is  d e c o m p o se d  at 1 5 0  to 300°c  in  th e  fir st-step  and the seco n d  
o n e  is  C T A B  c h e m iso r b e d  on  th e s il ic a  at 300 to 400°c . F ig u re  4.21 sh o w s  the  
am ou n t 0  f  % carb on  0  f  p o ly m e r  0  f  m  o d if ie d  ร i l ic a s  i ท ท u m ero u s 0  f  ร urfactant a nd 
in itia tor  lo a d in g s . It sh o w s  the resu lt re la ted  w ith  th e B E T  su rfa ce  area resu lt. A s  
sh o w n  in  T a b le  4 .1 , all m o d ifie d  s il ic a  p ro v id ed  th e p o ly m e r  form ed  o n  th e su rface. 
In order to ca lc u la te  th e  am ou n t o f  p o ly m e r  fo rm ed , th e  C T A B  d e c o m p o s itio n  
am ou n t is  ca lc u la te d  from  the first w e ig h t  drop , and th is  is  d ed u c ted  from  the w e ig h t  
lo s s  at th e  se c o n d . T a b le  4.2 sh o w s  w e  ca n n o t ex tract a ll p o ly m e r  o n  the s ilic a  
su rfa ce  in d ic a tin g  that there is a s ig n ific a n t  am o u n t o f  p o ly (s ty r e n e - iso p r e n e )  
lo ca tin g  in  th e  m icro p o ro u s  structure o f  the s il ic a . O ’H a v er  and c o -w o r k e r s  (1 9 9 4 )  
fou n d  that n ot a ll p o ly m e r s  c o u ld  b e  ex tracted  from  the m o d if ie d  s ilic a .
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r e  4 .7  T G A  resu lts  o f  u n m o d if ie d  s il ic a  H i-S il® 2 5 5 .

T em p eratu re (”C )

F ig u r e  4 .8  T G A  resu lts  o f  H e x a d e c y ltr im e th y la m m o n iu m  b ro m id e  (C T A B ).
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0  10 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T em p era tu re (°C )

F ig u r e  4 .9  T G A  resu lts  o f  s il ic a  H i-S il® 2 5 5  ad sorb ed  w ith  C T A B  
(C h a isir im a h a m o ra k o t, 2 0 0 1 ) .

T em p eratu re (°C )

F ig u r e  4 .1 0  T G A  resu lts  o f  s il ic a  H i-S il® 2 5 5  ad sorb ed  w ith  p o ly s ty r e n e  
(C h a isir im a h a m o ra k o t, 2 0 0 1 ) .
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F ig u r e  4 .1 1  T G A  resu lts  o f  p o ly (sty r e n e - iso p r e n e )  p o ly m e r iz e d  in  C T A B  
(C h a isir im a h a m o ra k o t, 2 0 0 1 ).
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A. Modified silica before extraction

0  100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0

T em p eratu re (°C )

B . M o d if ie d  s i l ic a  after ex tractio n

0 100 2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T em p era tu re ( ° C )

Figure 4.12 TGA results of modified silica 146/A.
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A. Modified silica before extraction

T em p era tu re  (°C)

B. M o d ified  s ilica  a fte r ex trac tio n

0 100 200 300  400  500  600  700
T em p era tu re  ("C )

Figure 4.13 TGA results of modified silica 146/B.
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A. Modified silica before extraction

0 100 200  300 400  500 6 00  700
T em p era tu re  (°C)

Figure 4.14 TGA results of modified silica 146/C.
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A. Modified silica before extraction

0 100 200  300 4 0 0  500 600  700
T em p era tu re  (°C)

B. M o d ified  s ilica  a fte r  ex trac tio n

T em p era tu re  (°C)

Figure 4.ใ 5 TGA results of modified silica 175/A.
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A. Modified silica before extraction

0 100 200  300  4 00  500 600  700
T em p era tu re  (°C)

B. M o d ified  s ilic a  a fte r ex trac tio n

0 100 200  300  400  500  600  700
T em p era tu re  (°C)

Figure 4.16 TGA results of modified silica 175/B.
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A. Modified silica before extraction

T em p era tu re  (°C)

B. M o d ified  s ilic a  a fte r ex trac tio n

T em p era tu re  (°C)

Figure 4.17 TGA results of modified silica 175/C.
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A. Modified silica before extraction

T em p era tu re  (°C)

d o d ified silica  a fte r ex trac tio n

T em p era tu re  (°C)

Figure 4.18 TGA results of modified silica 200/A.
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A. Modified silica before extraction

T em p era tu re  (°C)

B. M o d ified  s ilica  a fte r ex trac tio n

T em p era tu re  (°C)

Figure 4.19 TGA results of modified silica 200/B.
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A. Modified silica before extraction

T em p era tu re  (°C)

Modified silica  a fte r ex trac tio n

T em p era tu re  (°C )

Figure 4.20 TGA results of modified silica 200/C.
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Figure 4.21 T h e  am o u n t o f  % carb o n  o f  p o ly m e r o f  m o d ified  s ilicas as a function  o f  
su rfac tan t an d  in itia to r  load ings.

Table 4.1 A m o u n t o f  p o ly m e r on  th e  s ilicas b e fo re  and  a fte r  th e  T H F  ex trac tio n

S am p le T G A
S u rfac tan t 
L o ad in g  

(g /kg  silica )

In itia to r 
L oad ing*  

(g /k g  silica)

A m o u n t o f  c a rb o n  o f  p o ly m e r (% )** %
E x trac ted
P o ly m er

B efo re  T H F  
E x trac tio n

A fte r T H F  
E x trac tio n

146
A 0.347 0 .133 21.43
B 0.900 0 .422 4 7 .80
c 0.880 0 .086 79 .37

175
A 0.543 0 .137 40 .64
B 1.045 0 .584 46 .06
c 0.681 0.133 54.82

200
A 0.927 0 .508 41 .89
B 0.593 0 .085 50.83
c 0.761 0 .098 66.28

* A  =  0 .4  g, B = 0.8 g, c  = 1.65 g
** w ith  re sp ec t to  th e  w e ig h t loss o f  SI C T A B

T h e  ap p aren t d ec rea se  in su rface  a rea  o f  m o d ified  s ilic a  p ro b a b ly  resu lts  from  
b lo ck in g  o f  so m e o f  th e  m icro -p o res  in  th e  p re c ip ita te d  s ilic a  b y  the  o rg an ic  p o ly m er
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4 .3 .4  V erif ic a tio n  o f  th e  E x is ten ce  o f  P o ly (s ty ren e -iso p ren e )
T h e  re su lt o f  th e  F T -IR  sp ec tru m  o f  H i-S il® 255 (u n m o d ified  silica) is 

show n  in F ig u re  4 .22 . F ig u re  4 .23 show s th e  F T -IR  sp ec tru m  o f  C T A B . T he 
ex trac ted  m a te ria l and  the  s ilicas a fte r the  ex trac tio n  w ere  an a ly zed  b y  F T -IR  to 
co n firm  th e  ex is ten ce  o f  p o ly (s ty ren e -iso p ren e ) on  th e  s ilic a  su rface  and  th e  spectra  
co m p ared  to  th e  s tan d ard  re fe ren ce  sp ec tru m  o f  p o ly (s ty re n e -c o -iso p ren e ) (A ld rich  
18, 2 9 2 -3 ) (F ig u re  4 .24). T h e  func tiona l g roup  o f  b en zen e  r in g  at the  w av e  n u m b er 
o f  700  c m '1 p ro v es  th e  ex isten ce  o f  sty ren e  w h ile  a lip h a tic  c a rb o n  d o u b le  bond  
(C = C ) at a n u m b er o f  1600 c m '1 p ro v es  the  p resen ce  o f  iso p ren e . P eaks a t a n um ber 
o f  1200 an d  3600  c m '1 show  th e  ex is ten ce  o f  am in o  g ro u p  o f  C T A B  and  silicon  
d iox ide . A ll ex trac ted  m a te ria ls  and  p o ly s ty ren e  sp ec tra  are  sh o w n  in  F ig u res 4 .25 to 
4 .33. T h e  sp ec tra  p ro v id e  a su p p o rt o f  the  ex is ten ce  o f  p o ly s ty re n e  o n  the  silica  
su rface . T h e  in ab ility  to  fu lly  ex trac t th e  p o ly m e r is q u ite  c o n fid e n tly  em b ed d ed  in 
the  s ilica  po res.

formed. The % extracted polymer evidence as shown in Table 4.1 supports the
presence of polymer on the silica.

Figure 4.22 FT-IR spectrum of unmodified silica (SiCh).
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Figure 4.23 FT-IR spectrum of Hexadecyltrimethylammonium bromide (CTAB).

Figure 4.24 FT-IR spectrum of Poly(styrene-co-isoprene), ABA block copolymer 
from Aldrich 18, 292-3.
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

4.25 FT-IR spectrum of the extracted material (polyl46/A).

Wavenumber (cm"1)

Figure 4.26 FT-IR spectrum of the extracted material (poly!46/B).
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Wavenumber (cm'1)

4.27 FT-IR spectrum of the extracted material (poly!46/C).

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

Figure 4.28 FT-IR spectrum of the extracted material (poly!75/A).
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

4 .2 9  FT-IR spectrum of the extracted material (polyl75/B).

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

Figure 4.30 FT-IR spectrum of the extracted material (poly!75/C).
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4000 3600 3200 2800 2400 2000 1600 1200 800 400
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Figure 4.31 FT-IR spectrum of the extracted material (poly200/A).

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm'1)

Figure 4.32 FT-IR spectrum of the extracted material (poly200/B).
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Figure 4.33 FT-IR spectrum of the extracted material (poly200/C).

4.2 Rubber Compound Physical Properties

The effects of various surface modifications with different amounts of 
surfactant and initiator loadings on rubber compound physical properties were 
investigated. The results of complete performance data of all silicas studied in 
rubber compound are summarized in Table 4.2. Table 4.2 also includes the results of 
the unmodified and modified silica from Thammathadanukul e t al. (1996).



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 i ,  1996).

Property Hi-Sil®255* Batch** 146 A 146B 146C 175 A 175B 175C 200A 200B 200C
Cure time (min) 18.63 5.98 4.75 4.14 4.79 4.64 5.02 5.26 4.65 4.93 5.07
100%Modulus @before aging (MPa) 0.77 1.33 1.85 1.81 2.04 1.53 1.79 1.97 1.83 1.64 1.77
200%Modulus @before aging (MPa) 1.57 2.54 3.15 3.03 3.47 2.45 2.98 3.28 3.11 2.66 3.02
300%Modulus @before aging (MPa) 2.84 4.19 5.30 4.85 5.84 3.74 4.84 5.51 5.12 4.23 5.01
Tensile Strength @before aging (MPa) 19.84 26.43 27.13 28.14 27.32 27.39 28.41 26.82 28.64 28.16 28.33
Tear Strength @before aging (MPa) 30.27 75.37 52.26 52.32 54.49 49.22 55.61 60.18 53.26 50.32 54.12
Abrasion (ml/kcycle) 0.96 0.66 0.48 0.50 0.46 0.47 0.48 0.43 0.50 0.57 0.45
Resilience (%) 56.7 73.6 65.75 70.53 70.10 66.10 66.00 66.40 71.50 69.00 70.80
Compression set (%) 83.11 76.02 54.96 58.57 62.27 64.67 58.75 60.32 55.28 60.15 57.46

146, 175, 200: the amount of surfactant loadings in the unit of grams per kilogram of silica 
A, B, C: the amount of initiator loadings in the unit of grams 
* Unmodified silica
** Styrene-isoprene co-monomer (Results from Thammathadanukul e t a l ,  1996)



54

2 0

\ :

;  B c  1

Initiator loading (g/kg of silica)

Figure 4.34 Cure time of modified silicas as a function of surfactant and initiator 
loadings as compared to the previous work.

The effects of various surfactant and initiator loadings on the cure time were 
investigated. The data show that the surfactant and initiator loadings hardly affect 
the cure time of the modified silicas as seen from Figure 4.34. It can be concluded 
from this study that the cure time of all modified silicas does not depend on both 
surfactant and initiator loadings. Fascinatingly, all nine modified silicas have 
slightly lower cure times than the previous work. This may simply be due to the 
better uniform layer coated on the silica surface by the continuous system as 
compared to that by the batch system. Thammathadanukul e t al. (1996) concluded 
that the decrease in cure time is consistent with the copolymer formation within the 
silica pores, covering some of the surface silanol groups, thereby reduced their 
interaction toward the polar chemical additives used for rubber vulcanization.

Modulus values at 100% before aging of modified silicas are plotted with 
surfactant and initiator loadings in Figure 4.35. All nine modified silicas showed 
significant increases in 100% modulus values when compared to the unmodified 
silca, but slightly increase to those of the batch system from Thammathadanukul. 
However, the modified silica for 200 g surfactant loading at 1.65 g of initiator

--- ♦ ---  146 g surfactant/ kg silica)--- ■ ---  175g surfactant/ kg silica---At--- 200 g surfactant/ kg silica]-------- Thammathadanukul------- Unmodified silicao Nontasorn

X  B X
Initiator loading (g/kg of silica)
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loading was not significantly different in performance compared to Nontasom
(2002)’ร work which used the same amount of surfactant loading.

Initiator loading (g/kg of silica)

Figure 4.35 100% Modulus @ before aging of modified silicas as a function of 
surfactant and initiator loadings as compared to the previous work.

Figure 4.36 200% Modulus @ before aging of modified silicas as a function of
surfactant and initiator loadings as compared to the previous work.
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Figure 4.37 300% Modulus @ before aging of modified silicas as a function of 
surfactant and initiator loadings as compared to the previous work.

Figures 4.36 to 4.37 show that for any surfactant and initiator loadings, 
modified silicas of the present study have 200% and 300% modulus @ before aging 
almost greater than the batch system and also for unmodified silica. Again, modified 
silicas for various surfactant loadings at constant 1.65 g of initiator loading were not 
different in performance compared to previous work of Nontasom (2002). The 
tensile strength @ before aging values of the cured rubber compounds as shown in 
Figure 4.38 were significantly increased when compared to that of unmodified silica 
and slightly increased from previous work in batch system. The modified silicas for 
various surfactant loadings at constant 1.65 g of initiator loading were not different 
in performance compared to Nontasom (2002). The data show that the modified 
silicas had slightly differences in tensile values.

The tear strength @ before aging values of the rubber compounds increases 
for all nine modified silica compared with unmodified silica and also for the previous 
work as seen in Figure 4.39. As seen from Figure 4.40, the abrasion values of all 
nine modified silicas of the present study were decreased than previous work from 
batch system and significantly decreased for unmodified silica. The modified silicas
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for various surfactant loadings at constant 1.65 g of initiator loading are slightly 
different in performance compared to Nontasom (2002)’ร work.

Again, the resilience values of all nine modified silicas as shown in Figure 
4.41 were increased as compared with unmodified silica. The results indicate that all 
modified silicas improve the resilience values. From Figure 4.42, all modified silicas 
were significantly reduced the compression set values compared to that of 
unmodified silica and the previous work from batch system. The modified silicas for 
various surfactant loadings at constant 1.65 g of initiator loading provided greater 
performance than Nontasorn (2002)’s work.

Figure 4.38 Tensile Strength @ before aging of modified silicas as a function of 
surfactant and initiator loadings as compared to the previous work.
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Initiator loading (g/kg of silica)

Figure 4.39 Tear Strength @ before aging of modified silicas as a function of 
surfactant and initiator loadings as compared to the previous work.

Figure 4.40 Abrasion o f  modified silicas as a function of surfactant and initiator
loadings as compared to the previous work.
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Figure 4.41 Resilience of modified silicas as a function of surfactant and initiator 
loadings as compared to the previous work.

Figure 4.42 Compression Set of modified silicas as a function of surfactant and
initiator loadings as compared to the previous work.
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The results of the effects of surfactant and initiator loadings of the modified 
silica on the various rubber physical properties are shown qualitatively in Table 4.3, 
in which a “+” indicates greater than 10% improvement in the property over 
unmodified silica, a indicates a greater than 10% negative impact on the property, 
and an “=” indicates no significant difference. A “+” is given a value of 1; a is 
given a value of -1; and an “=” is given a 0 values for qualitative calculation of 
overall improvement relative to the respective unmodified silicas. Table 4.4 shows 
the percent improvement of surface-modified silica rubber physical properties as 
compared to the modified silicas of the previous batch system. As seen from the 
table, silicas modified by using difference in surfactant and initiator loadings show 
the improvements in cure rate, modulus, tensile strength, abrasion and compression 
set, but seem to have the negative effect on the tear strength and resilience.

Interestingly, the present work shows the improvement for surface 
characterization and rubber properties as well as compared to Nontasom’s work 
which used the same amount of surfactant and initiator loadings (200 g surfactant 
and 1.65 g initiator).

However, the amounts of both surfactant and initiator loadings can be 
minimized whereas the rubber properties are still maintained. Comparison of the 
rubber compound physical properties using different modified silicas shows that one 
of the formulas in the most success is 146/C (see Table 4.5). According to % 
extracted polymer evidence is redundant supported the highest in overall rubber 
compound physical properties of 146/C-modified silica. Consequently, the 
differences in performance of the modified silicas may basically be due to the 
differences in their polymer contents. The results are qualitatively summarized in 
Table 4.6. As seen from the table, the 146/C-modified silica affords the greatest 
overall improvement of the rubber compound physical properties in the present 
study.



Table 4.3 Qualitative summary of surface-modified silica rubber physical properties as compared to the modified silicas of the previous
batch system (Thammathadanukul e t a l., 1996)

Property 146/A 146/B 146/C 175/A 175/B 175/C 200/A 200/B 200/C
Cure time +1 + 1 +1 + 1 + 1 + 1 + 1 +1 + 1
100%Modulus @before aging + 1 + 1 + 1 + 1 + 1 + 1 + 1 +1 + 1
200%Modulus @before aging +1 + 1 +1 0 + 1 +1 +1 +1 + 1
300%Modulus @before aging + 1 + 1 +1 0 + 1 + 1 + 1 0 + 1
Tensile Strength @before 0 0 0 0 0 0 0 0 0
Tear Strength @before aging -1 -1 -1 -1 -1 -1 -1 -1 -1
Abrasion + 1 + 1 + 1 + 1 +1 + 1 +1 +1 +1
Resilience -1 0 0 -1 -1 0 0 0 0
Compression set + 1 +1 +1 + 1 +1 +1 +1 +1 +1
Comparative Score +4 +5 +5 +2 +4 +5 +5 +4 +5
146, 175, 200 : surfactant loadings, g per kg silica, respectively 
A, B, c  : initiator loadings, 0.4, 0.8, 1.65 g, respectively



Table 4.4 Percent improvement of surface-modified silica rubber physical properties as compared to the modified silicas of the previom
batch system (Thammathadanukul e t a l . , 1996)

Property 146/A % 146/B % 146/C % 175/A % 175/B % 175/C % 200/A % 200/B % 200/C %

Cure time 21 31 20 22 16 12 22 18 15
100%Modulus @before aging 39 36 53 15 35 48 38 23 33
200%Modulus @before aging 24 19 37 -4 17 29 22 5 19
300%Modulus @before aging 26 16 39 -10 16 31 22 1 20
Tensile Strength @before aging 3 6 3 4 7 1 8 7 7
Tear Strength @before aging -30 -30 -28 -35 -26 -20 -29 -33 -28
Abrasion 28 25 30 29 28 34 25 13 33
Resilience -11 -4 -5 -10 -10 -10 -3 -6 -4
Compression set 28 23 18 15 23 21 27 21 24
146, 175, 200 ะ surfactant loadings, g per kg silica, respectively 
A, B, c  : initiator loadings, 0.4, 0.8, 1.65 g, respectively

p\to



Table 4.5 Rubber compound physical properties using different modified silicas

Property 146/A 146/B 146/C 175/A 175/B 175/C 200/A 200/B 200/C

100%Modulus @before aging (MPa) 1.85 1.81 2.04 1.53 1.79 1.97 1.83 1.64 1.77
100%Modulus @after aging (MPa) 2.18 2.25 2.77 2.08 2.29 2.52 2.40 1.90 2.28
200%Modulus @before aging (MPa) 3.15 3.03 3.47 2.45 2.98 3.28 3.11 2.66 3.02
200%Modulus @after aging (MPa) 4.09 4.12 4.95 3.83 4.11 4.59 4.39 3.44 4.22
300%Modulus @before aging (MPa) 5.30 4.85 5.84 3.74 4.84 5.51 5.12 4.23 5.01
300%Modulus @after aging (MPa) 7.09 6.89 8.30 6.67 7.15 7.93 7.38 5.74 7.20
Tensile Strength @before aging (MPa) 27.13 28.14 27.32 27.39 28.41 26.82 28.64 28.16 28.33
Tensile Strength @after aging (MPa) 26.24 27.32 27.04 29.63 29.23 28.86 28.15 30.91 27.37
Tear Strength @before aging (MPa) 52.26 52.32 54.49 49.22 55.61 60.18 53.26 50.32 54.12
Tear Strength @after aging (MPa) 54.55 50.88 55.42 50.55 53.51 55.25 51.37 47.85 54.43
Abrasion (ml/kcycle) 0.478 0.495 0.463 0.470 0.476 0.433 0.498 0.573 0.445
Resilience (%) 65.75 70.53 70.10 66.10 66.00 66.40 71.50 69.00 70.80
Compression set (%) 54.96 58.57 62.27 64.67 58.75 60.32 55.28 60.15 57.46
Hardness @before aging (shore A) 58.60 53.63 58.00 51.45 56.75 56.80 54.30 50.23 55.10
Hardness @after aging (shore A) 61.10 54.60 60.77 52.83 57.07 60.97 58.67 53.73 58.57
146, 175, 200 : surfactant loadings, g per kg silica, respectively 
A, B, c  : initiator loadings, 0.4, 0.8, 1.65 g, respectively o \Cj



Table 4.6 Qualitative summary of rubber physical properties using different modified silicas

Property 146/A 146/B 146/C 175/A 175/B 175/C 200/A 200/B 200/C

100%Modulus @before aging (MPa) 7 5 9 1 4 8 6 2 3
100%Modulus @after aging (MPa) 3 4 9 2 6 8 7 1 5
200%Modulus @before aging (MPa) 7 5 9 1 3 8 6 2 4
200%Modulus @after aging (MPa) 3 5 9 2 4 8 7 1 6
300%Modulus @before aging (MPa) 7 4 9 1 3 8 6 2 5
300%Modulus @after aging (MPa) 4 3 9 2 5 8 7 1 6
Tensile Strength @before aging (MPa) 2 5 3 4 8 1 9 6 7
Tensile Strength @after aging (MPa) 1 3 2 8 7 6 5 9 4
Tear Strength @before aging (MPa) 3 4 7 1 8 9 5 2 6
Tear Strength @after aging (MPa) 7 3 9 2 5 8 4 1 6
Abrasion (ml/kcycle) 4 3 7 6 5 9 2 1 8
Resilience (%) 1 7 6 3 2 4 9 5 8
Compression set (%) 9 6 2 1 5 3 8 4 7
Hardness @before aging (shore A) 9 3 8 2 6 7 4 1 5
Hardness @after aging (shore A) 9 3 7 1 4 8 6 2 5
Total 76 63 105 37 75 103 91 40 85
146, 175, 200 : surfactant loadings, g per kg silica, respectively 
A, B, c  : initiator loadings, 0.4, 0.8, 1.65 g, respectively Os
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