
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Adsorption of Surfactants

4.1.1 Adsorption Isotherm of Surfactants onto Silica Hi-Sil®255
Adsorption isotherms with various CTAB to Triton X-100 molar ratios, 0:1, 

1:3, 1:1, 3:1 and 1:0, were obtained to determine the maximum adsorption 
concentration. The maximum surfactant adsorbed is determined when the surfactant 
is completely adsorbed on the silica surface in the bilayer structure. A further 
increase in surfactant concentration beyond its CMC, the excess surfactants will form 
multilayer or even micellar structure. From the adsorption isotherm results, in our 
previous works relating to the bilayer adsorption structure the surfactant 
concentration, slightly lower than the maximum surfactant concentration, was used 
to investigate the improvement of the properties of modified silicas for rubber 
compounds. Figure4.1 shows surfactant adsorption at the feed pH of 8 and 30°c on 
Hi-Sil® 255, an amorphous precipitated silica. Pure CTAB (1:0 molar ratio of 
CTAB:Triton X-100)

1 0  100 1000 
Equilibrium total surfactant concentration(pM)

10000

Figure 4.1 Adsorption isotherm of surfactants onto silica Hi-Sil® 255 at pH 8 and 
30 °c at various CTAB : Triton X-100 molar ratios.
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shows the highest of the maximum adsorption 600 pmol of CTAB per g of silica. 
The maximum total surfactant adsorption was found to decrease with decreasing 
molar ratio of CTAB to Triton X-100. The minimum adsorption concentration at 300 
pmol of Triton X-100 per g of silica, was obtained with pure Triton X-100. 
Interestingly, at a molar ratio of CTAB to Triton X-100 of 1:1, the maximum 
adsorption of total surfactant onto the silica surface is almost as high as that of the 
pure CTAB system and it also gives the lowest equilibrium concentration of total 
surfactant shown in Figure 4.1. The results imply that the 1:1 molar ratio of CTAB ะ 
Triton X-100 provides both the best packed admicelles and micelles. The selected 
surfactant concentrations used to prepare the modified silica was 290, 320, 390, 510 
and 600 pmols per gram of silica for ratios of CTAB to Triton X-100, 0:1, 1:3, 1:1, 
3:1 and 1:0, respectively.

4.1.2 Molar Ratios of Surfactant Adsorbed onto Silica Hi-Sil®255
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Figure 4.2 Molar ratios of surfactant adsorbed onto silica Hi-Sil®255 at various 
CTAB : Triton X-100 molar ratios and different total surfactants adsorbed.
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The total surfactant concentrations before and after adsorption were 
measuring using a Total Organic Carbon analyzer (TOC). The total concentration of 
Triton X-100 was determined by a u v  VIS spectrometer. Then, the molar ratio of 
CTAB to Triton X-100 could be calculated. It was found that the molar ratio of 
CTAB to Triton X-100 adsorbed on silica surface was very much the same as that of 
the initial ratio of mixed surfactants in the solution (Figure 4.2.).

4.1.3 Adsorption Concentration in Monolayer Region

Figure 4.3 Charge on silica surface on different total surfactants adsorbed at 
various CTAB : Triton X-100 molar ratios.

Since it is very difficult to identify any monolayer coverage accurately 
from the adsorption isotherm (See Figure 4.2), the amount of total surfactants 
adsorbed in the monolayer structure on the silica surface (pmol per g of silica) was 
verified by a Zeta meter. Due to the negatively charged silica surface, the adsorption 
of the positive head group of CTAB on the silica surface results in the depression of 
the negative charges. Therefore, the neutral surface is obtained theoretically when 
CTAB completely covers the surface of silica in the monolayer structure. Figure 4.3 
shows Zeta potential of the silica surface as a function of amount of total surfactants
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adsorbed at different molar ratios of CTAB to Triton X-100. For pure CTAB, the 
adsorption of surfactant of 200 pmol/g silica was obtained for the monolayer 
coverage. A decrease in the molar ratio of CTAB to Triton X-100 resulted in 
decreasing the total surfactants adsorbed for the monolayer coverage structures. For 
the monolayer structures at 1:3, 1:1, 3:1 and 1:0 molar ratios of CTAB to Triton X- 
100, the total surfactants adsorbed on the surface of silica were 240, 200, 160 and 
200 pmol per g of silica, respectively. However, in the case of pure Triton X-100 as 
shown in Figure 4.3, the monolayer structure cannot be verified by the ZETA 
potential measurement because the negative surface of silica cannot be neutralized by 
Triton X-100 which is known as nonionic surfactant.

4.2  S u rfa ce  C h a ra c ter iza tio n  o f  M o d ified  S ilicas
For the polymerization experiments, both monolayers and bilayers of 

surfactants adsorbed were selected to investigate their effects on the properties of the 
polystyrene-isoprene films formed on the silica surface at different molar ratios of 
CTAB to Triton X-100. For the case of the monolayer structure with any given molar 
ratio of CTAB to Triton X-100, the amount of total surfactants adsorbed at Zeta 
potential of zero obtained from Figure 4.3 was used to determine the equilibrium 
surfactants concentration from the adsorption isotherm plot shown in Figure 4.3.

Finally, a total amount of surfactants required is the summation of these two 
values to be used to prepare the feed solution. For the bilayer structure, the CMC as 
the equilibrium surfactants concentration and the maximum adsorption were used to 
calculate the total amount of surfactants, instead.

4.2.1 Morphology of Modified Silicas
The scanning electron micrographs (SEM) of the modified and 

unmodified silicas with both monolayer and bilayer structures at various molar ratios 
of CTAB to Triton X-100 are shown in Figures 4.4. All modified silica micrographs 
show obviously increases in the particle size compared with that of the unmodified 
one because of the formation of the poly-styrene-isoprene film on the silica particles 
as well as the agglomeration during the polymerization. Interestingly, the particle
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surface became much smoother after the modification process and the modified 
silicas with the bilayer structures appeared much more sphericaland smoother as 
compared to those with monolayer structures.

Figure 4.4 Scanning electron micrograph of unmodified silica, Hi-Sil®255.

Figure 4.5 Scanning electron micrograph of the modified silica surface in 
monolayer with 1:3 CTAB: Triton X-100 molar ratio.
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Figure 4.6 Scanning electron micrograph of the modified silica surface in 
monolayer with varies of 1:1 CTAB: Triton X-100 molar ratio.

Figure 4.7 Scanning electron micrograph of the modified silica surface in 
monolayer with varies of 3:1 CTAB: Triton X-100 molar ratio.

Figure 4.8 Scanning electron micrograph of the modified silica surface in
monolayer with varies of 1:0 CTAB: Triton X-100 molar ratio.
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Figure 4.9 Scanning electron micrograph of the modified silica surface in bi- layer 
with varies of 0:1 CTAB: Triton X-100 molar ratio.

Figure 4.10 Scanning electron micrograph of the modified silica surface in bi- layer 
with varies of 1:3 CTAB: Triton X-100 molar ratio.

Figure 4.11 Scanning electron micrograph of the modified silica surface in bi- layer
with varies of 1:1 CTAB: Triton X-100 molar ratio.
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Figure 4.12 Scanning electron micrograph of the modified silica surface in bi- layer 
with varies of 3:1 CTAB: Triton X-100 molar ratio.

Figure 4.13 Scanning electron micrograph of the modified silica surface in bi- layer 
with varies of 1:0 CTAB: Triton X-100 molar ratio.

4.2.2 BET Surface Area
The surface areas of modified and unmodified silicas were determined by 

a BET surface area analyzer. The silica surface area is reduced significantly after the 
modification as shown in Figure 4.5. The modified silica surface with the bilayer 
structure had slightly lower surface area than that with the monolayer structure. For 
either monolayer or bilayer structure for the modification, the surface area of the 
modified silica does not depend on the molar ratio of CTAB to Triton X-100 
dedicating the amount of poly(styrene-isoprene) may be the same.
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CTAB :Triton X-100 Molar ratio 
F ig u re  4.14 BET surface areas of modified and unmodified silicas.

4.2.3 Mean Agglomerate Particle Size
An increase in the mean agglomerate particle size of the modified silicas 

may simply be attributed to the subsequent polymerization step to form the organic 
polymer-layer on the silica surface. Figure 4.15 shows the effect of the molar ratio 
of CTAB to Triton X-100 on the mean agglomerate particle size silica after the 
modification. An increase in the mean agglomerate particle size of all modified 
silicas may be due to the development of polymer bridges between silica particles 
(Chaisirimahamorakot, 2001). For any given molar ratio of CTAB to Triton X-100, 
the mean agglomerate particle size of the modified silica with the bilayer structure 
was larger than that with the monolayer structure.
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CTAB :Triton X-100 Molar ratio
Figure 4.15 M ean  a g g lo m era te  p a rtic le  s ize  o f  m o d ifie d  and  u n m o d ifie d  s ilic a s  at 
d iffe ren t m o la r  ra tio s  o f  C T A B  ะ T rito n  X -100 .

4 .2 .4  T h e  V e rif ic a tio n  o f  th e  E x is ten ce  o f  P o ly (s ty re n e -iso p re n e )
A ll sam p le s  w ere  ex am in ed  by  T G A  in  o rd e r  to  v e rify  th e  ex is ten ce  o f  

p o ly (s ty re n e -iso p re n e ) fo rm in g  on  th e  s ilica  su rfaces . T he w a te r  lo ss  fro m  th e  
u n m o d ified  s ilic a  b e lo w  1 5 0 °c  is sh o w n  in F ig u re  4 .1 6 . F ig u re  4 .1 7  sh o w s th e  
d eco m p o sitio n  o f  p u re  C T A B  b e tw e e n  200  to  3 0 0 ° c .  F ig u re  4 .1 8  sh o w s th e  
d eco m p o sitio n  o f  T rito n  X -1 0 0  b e tw een  4 0 0  to  4 5 0 ° c . In te re s tin g ly , th e  
d e c o m p o s itio n  o f  C T A B  ad so rb ed  o n to  th e  s ilica  o ccu rs  in  tw o  s tep s; th e  firs t step  
fro m  170 to  3 0 0 ° c  an d  th e  seco n d  s tep  w as 300  to  4 5 0  ° c  (F ig u re  4 .1 9 .) . T h e  seco n d  
p e a k  o f  th e  w e ig h t lo ss  m ay  re su lt fro m  th e  s tro n g e r b o n d in g  b e tw e e n  s ilica  and  
C T A B  m o lecu les .

S am p le s  o f  m o d ified  s ilicas w ere  d isso lv e d  w ith  T H F  to  ex trac t th e  
p o ly (s ty re n e -iso p re n e ) o n to  s ilica  fo r T G A  an a ly sis . T h e  d e c o m p o s itio n  o f  th e  
p o ly (s ty re n e -iso p re n e ) sam p le  ap p ea rs  in  th e  te m p e ra tu re  ran g e  fro m  3 50  to  4 8 0 ° c  as 
sh o w n  in F ig u re  4 .20 . P o ly (s ty ren e -iso p ren e ) w as  d eco m p o sed  fro m  th e  ad m ice lla r 
p o ly m e riz a tio n  m o d ified  s ilic a  as sh o w n  in  F ig u re  4 .2 1 . F ig u re  4 .1 9  e v id e n tly  sh o w s
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th e  d e c o m p o s itio n  o f  C T A B  tak in g  p lace  b e tw e e n  2 0 0  to  2 8 0 ° c  an d  3 00  to  4 5 0 ° c  
w h ile  th e  p o ly m e r s ta rted  from  2 8 0  to  4 0 0 ° c .  T h e  T G A  resu lts  o f  a ll m o d ified  s ilicas 
w ith  b o th  m o n o la y e r  an d  b ilay e r s tru c tu red  a t d iffe ren t m o la r ra tio s  o f  C T A B  to 
T rito n  X -1 0 0  a re  sh o w n  in  F ig u res  4 .2 2 . -  4 .30 .

A ll m o d ifie d  s ilicas  h ad  tw o  d o m in a n t p eak s  a t tw o  te m p e ra tu re  ran g e  o f  
200°-280°C  an d  350°-450°C . T h e  f irs t p eak  co rre sp o n d s  to  th e  d eco m p o sitio n  o f  
C T A B  w h ile  th e  seco n d  p eak  ex h ib its  th e  d e c o m p o s itio n  o f  C T A B , p o ly (s ty ren e - 
iso p ren e ) an d  T rito n  X -1 0 0 .

0 100 2 00  3 00  4 00  500  6 0 0  700
T em p era tu re  (°C )

Figure 4 .16  T G A  re su lts  o f  u n m o d ified  s ilica  H i-S il® 255.
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T em pera tu re  (UC )
Figure 4.17 T G A  re su lts  o f  C T A B .

T em p era tu re  (°C)

Figure 4.18 TGA results of Triton X-100.
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0 100 2 0 0  3 00  4 0 0  500  6 00  700
T em p era tu re  (°C)

Figure 4.19 T G A  re su lts  o f  s ilic a  H i-S il® 255 ad so rb e d  w ith  C T A B  
(C h a is ir im a h a m o ra k o t, 2001).

Figure 4.20 T G A  re su lts  o f  s ilic a  H i-S il® 255 a d so rb ed  w ith  p o ly (s ty ren e -iso p ren e ) 
e x tra c te d  fro m  th e  m o d ified  s ilic a  (C h a is ir im ah am o rak o t, 2 0 0 1 ).
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T em p era tu re  (°C)
Figure 4.21 T G A  re su lts  o f  p o ly (s ty re n e -iso p re n e ) p o ly m erized  in  C T A B  
(C h a is ir im a h a m o ra k o t, 2 001).
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T em p era tu re  (°C)

Figure 4.22 TGA results of the modified silica surface in monolayer with varies of
1:0 CTAB: Triton X-100 molar ratio.
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T em p era tu re  (°C)
Figure 4.23 T G A  re su lts  o f  th e  m o d ified  s ilic a  su rface  in  b ila y e r  w ith  v a rie s  o f  
C T A B : T rito n  X -1 0 0  m o la r  ratio .

Figure 4.24 TGA results of the modified silica surface in monolayer with varies of
1:3 CTAB: Triton X-100 molar ratio.
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Figure 4.25 T G A  re su lts  o f  th e  m o d ifie d  s ilic a  su rface  in  b ilay e r w ith  v a rie s  o f  
C T A B : T rito n  X -1 0 0  m o la r ra tio .

Figure 4.26 TGA results of the modified silica surface in monolayer with varies of
1:1 CTAB: Triton X-100 molar ratio.
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Figure 4.27 T G A  re su lts  o f  th e  m o d ified  s ilica  su rface  in  b ilay e r w ith  v a rie s  o f  
C T A B : T rito n  X -1 0 0  m o la r  ra tio .
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Figure 4.28 TGA results of the modified silica surface in monolayer with varies of
3:1 CTAB: Triton X-100 molar ratio.
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T em p era tu re  (°C)

Figure 4.29 T G A  re su lts  o f  th e  m o d ified  s ilic a  su rface  in b ilay e r w ith  v a rie s  
C T A B : T rito n  X -1 0 0  m o la r  ratio .

T em p era tu re  (°C )

Figure 4.30 TGA results of the modified silica surface in bilayer with varies of 0:1
CTAB: Triton X-100 molar ratio.
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4.3 Rubber Compound Physical Properties

T h e  e ffec ts  o f  th e  m o la r ra tio  o f  C T A B  to  T rito n  X -1 0 0  as w ell as  the  
su rfac tan t a d so rp tio n  s tru c tu res  on  ru b b e r co m p o u n d  p h y sica l p ro p e rtie s  w ere  
in v es tig a ted  system atica lly . A s can  be  seen  fro m  F ig u re  4 .3 1 , th e  ad so rp tio n  
s tru c tu re s  o f  m ix e d  su rfac tan ts  e x h ib it in  s ig n ific an t e ffec t o n  th e  cu re  tim e. B o th  
m o n o lay e r an d  b ilay e r s tru c tu res  o f  v a rio u s  m o la r  ra tio s  o f  C T A B  to  T rito n  X -1 0 0  
fro m  1:3 to  3:1 gave  th e  cu re  tim e  o f  ab o u t 5.3 m in  w h ich  is in  th e  sam e  range  as  th e  
p rev io u s  re su lts  w ith  th e  b ilay e r s tru c tu re  (K a id am n eo n -n g am , 2003  ;
T h a m m a th a d a n u k u l, 1996)

C T A b :T rito n  X -1 0 0  M o la r ra tio

Figure 4.31 C u re  tim e  o f  m o d ified  s ilicas  p re p a re d  w ith  d iffe ren t C T A B  to  T rito n  
X -1 0 0  m o la r ra tio s  an d  d iffe re n t ad so rp tio n  stru c tu res .

S ev era l p h y sica l p ro p e rtie s  o f  ru b b e r c o m p o u n d in g  w ith  th e  m o d ified  
s ilicas  su ch  as  co m p ress io n  set, re s ilien ce , tear, h a rd n e ss  an d  ab ra s io n , a re  sh o w n  in  
F ig u res  4 .3 2  - 4 .40 . T h e  re su lts  sh o w ed  th a t v a rio u s  m o la r  ra tio s  o f  C T A B  to  T rito n  
X -1 0 0  h ad  s ig n if ic a n t e ffe c t on  m o st p h y s ica l p ro p e rtie s  e x c e p t th e  re s ilien ce  
p ro p e rty  w h ic h  w as th e  b e s t w ith  p u re  C T A B  (F ig u re  4 .3 5 ). T y p e  o f  su rfac tan t 
ad so rp tio n  s tru c tu re s  o n  th e  s ilic a  su rface  a ffe c ted  th e  p h y s ica l p ro p e rtie s  o f  th e  
ru b b e r  co m p o u n d , fo r ex am p le , th e  b ilay e r s tru c tu re  y ie ld e d  b e tte r  co m p ress io n  se t 
an d  ab ras io n  th a n  th o se  d e riv ed  fro m  th e  m o n o la y e r s tru c tu re . O n  th e  o th e r han d , th e
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h ard n ess  o f  c o m p o s ite  ru b b e r m o d ified  by  th e  m o n o la y e r s tru c tu re  is b e tte r  th an  th a t 
o f  th e  b ila y e r  s tru c tu re  s ilica , as sh o w n  in  F ig u res  4 .3 2  - 4 .34 .

CT A B :Trito ท X-100 mo lar rat io
Figure 4.32 C o m p re ss io n  se t o f  ru b b e r  co m p o u n d s  w ith  d iffe re n t m o d ifie d  silicas.
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Figure 4.33 Abrasion set of rubber compounds with different modified silicas.
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0:1 1:3 1:1 3:1 1:0
CTAB :Triton X-100 molar ratio

4 .3 4  H a rd n e ss@ b e fo re  ag in g  o f  ru b b e r c o m p o u n d s  w ith  d iffe re n t m o d ified

CTAB :Triton X-100 molar ratio
Figure 4.35 Resilience of rubber compounds with different modified silicas.
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0:1 1:3 1:1 3:1 1:0
CTAB :Triton X-100 molar ratio

Figure 4 .3 6  T e a r s tren g th @ b efo re  ag in g  o f  ru b b e r  co m p o u n d s  w ith  d iffe ren t 
m o d ified  s ilicas.
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Figure 4.37 T e n s ile  s tren g th @ b efo re  ag in g  o f  ru b b e r  c o m p o u n d s  w ith  d iffe ren t

- ----«---- Monolayer
----»----Bi layer
.............Teerapong
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CTAB :Tnton X-100 molar ratio

modified silicas.
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Figure 4 .38  100%  m o d u lu s@ b efo re  ag in g  o f  ru b b e r  c o m p o u n d s  w ith  d iffe ren t 
m o d ified  s ilicas .

C T A B  :T rito n  X -1 0 0  m o la r  ra tio

Figure 4 .39  2 0 0 %  m o d u lu s@ b efo re  ag in g  o f  ru b b e r  c o m p o u n d s  w ith  d iffe ren t 
m o d ifie d  s ilicas.
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CTAB :Triton X-100 molar ratio

F ig u r e  4 .4 0  3 0 0 %  m o d u lu s@ b efo re  ag in g  o f  ru b b e r  c o m p o u n d s  w ith  d iffe ren t 
m o d ified  s ilicas.

A ll te s tin g  p h y sica l p ro p e rtie s  o f  ru b b e r  co m p o u n d s  u s in g  d iffe ren t 
m o d ified  s ilic a  are  su m m arized  in  T ab le  4.1.

T h e  p re se n t re su lts  o f  all te s tin g  p h y s ica l p ro p e rtie s  o f  ru b b e r  co m p o u n d s  
a re  a lso  co m p ared  to  th e  p rev io u s  re su lts  as sh o w n  in  T ab le  4 .2 .



Table 4.1 Rubber compound physical properties using different modified silicas

P ro p erty B01 M 13 B13 M i l B l l M 31 B31 M 10 BIO

10 0 % M o d u lu s  @ b efo re  ag in g  (M P a) 1.15 1.57 1.52 1.15 1.29 1.54 1.67 1.22 1.66
1 0 0 % M odu lus @ afte r ag in g  (M P a) 2 .1 7 2.15 2.01 1.92 1.98 2 .12 2.01 1.91 1.85
2 0 0 % M o d u lu s  @ b efo re  ag in g  (M P a) 1.92 2 .72 2 .55 2 .02 2 .24 2 .62 2 .77 2 .1 0 2 .75
2 0 0 % M o d u lu s  @ afte r ag in g  (M P a) 3 .76 3 .96 3 .56 3.35 3 .60 3.85 3.41 3 .48 3 .17
3 0 0 % M o d u lu s  @ b efo re  ag in g  (M P a) 2 .93 4 .27 3 .96 3 .22 3.45 4.13 4 .28 3 .40 4 .16
3 0 0 % M o d u lu s  @ afte r  ag in g  (M P a) 5 .84 6 .27 5 .39 5.63 5.78 6 .07 5 .29 5 .45 4 .80
T en sile  S tren g th  @ b efo re  ag ing 2 9 .1 2 29 .88 30 .59 29.91 2 9 .27 29 .35 30 .63 3 0 .69 29 .49
T en sile  S tren g th  @ afte r ag in g  (M P a) 2 7 .9 0 2 8 .0 0 2 5 .7 0 2 6 .9 0 2 7 .3 0 2 6 .2 0 2 5 .6 0 2 5 .6 0 2 7 .7 0
T ea r S treng th  @ b efo re  ag in g  (N /ram ) 69 .85 69 .82 6 8 .8 0 64 .74 49.81 75 .38 50 .62 6 5 .6 0 52 .80
T ea r S tren g th  @ afte r ag in g  (N /m m ) 4 8 .5 6 57 .60 4 9 .2 0 54.61 51.81 54 .98 4 6 .0 9 55 .26 51 .26
A b rasio n  (m l/k cy c le ) 0 .40 0 .44 0.41 0 .44 0.43 0 .42 0 .35 0 .46 0 .44
R esilien ce  (% ) 6 5 .0 0 65 .37 66 .50 67.03 65 .53 63 .43 64 .53 6 9 .2 0 7 5 .30
C o m p ress io n  se t (% ) 49 .63 54 .48 42 .67 58 .80 4 6 .3 0 53 .98 4 6 .1 7 57 .59 58 .13
H ard n ess @ b efo re  ag in g  (sh o re  A ) 4 9 .3 0 53.73 51 .07 50 .50 46 .23 5 3 .3 7 5 1 .10 51 .73 51.73
H ard n ess @ afte r ag in g  (sh o re  A ) 57 .83 59 .57 57 .40 57.93 5 2 .90 59 .87 57 .43 5 7 .90 57 .03
0 1 ,1 3 ,1 1 ,3 1 ,1 0  : ra tio  o f  su rfac tan ts , C T A B :T rito n  X -1 0 0  m o la r  ra tio  
M ,B  ะ ty p e  o f  ad so rp tio n  s tru c tu re , m o n o lay e r, b i-lay e r, re sp ec tiv e ly
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Table 4.2 R u b b er co m p o u n d  p h y s ica l p ro p e rtie s  u s in g  d iffe ren t m o d ified  s ilicas  o b ta in ed  fro m  th e  p re se n t s tu d y  co m p ared  to  th e  
m o d ified  s ilicas o f  th e  p rev io u s  b a tc h  sy stem  w ith  b ila y e r s tru c tu re (T h am m ath ad an u k u l e t  a l ,  1996) an d  p rev io u s  C S T R  sy stem  w ith  
b ilay e r s tru c tu re  (K a id am n eo n -n g am  e t  a l , .  2 0 0 3 )

Property BIO* Batch** B01 M13 B13 M il B ll M31 B31 M10 BIO
C ure tim e  (m in ) 5.07 5.98 6.81 5 .28 5.55 5.49 4 .87 5.58 5 .00 4 .82 7 .1 9
10 0 % M o d u lu s @ b efo re  ag in g  (M P a) 1.77 1.33 1.15 1.57 1.52 1.15 1.29 1.54 1.67 1.22 1.66
2 0 0 % M o d u lu s  @ befo re  ag in g  (M P a) 3.02 2.54 1.92 2 .72 2.55 2 .02 2 .24 2 .62 2 .77 2 .10 2 .75
3 0 0 % M o d u lu s  @ b efo re  ag in g  (M P a) 5.01 4.19 2.93 4 .2 7 3 .96 3 .22 3.45 4 .13 4 .28 3 .40 4 .1 6
T en sile  S tren g th  @ b efo re  ag in g 28.33 26.43 29 .12 2 9 .88 30 .59 29.91 2 9 .2 7 2 9 .35 30.63 3 0 .69 2 9 .4 9
T ea r S tren g th  @ b efo re  ag in g 54.12 75.37 69.85 6 9 .8 2 68.8 64 .74 49.81 75 .38 50 .62 65 .6 52.8
A b rasio n  (m l/k cy c le ) 0.45 0.66 0.40 0 .44 0.41 0 .44 0.43 0 .42 0.35 0 .46 0 .44
R es ilien ce  (% ) 70.80 73.6 6 5 .00 65 .37 66.5 67 .03 65 .53 63 .43 64.53 69 .2 7 5 .3 0
C o m p ress io n  se t (% ) 57.46 76.02 49 .63 54 .48 42 .67 58.8 46.3 53 .98 4 6 .1 7 57 .59 58 .13

01 , 13, 1 1 ,3 1 , 10 : ra tio  o f  su rfac tan ts , C T A B :T rito n  X -1 0 0  m o la r ra tio  
M , B : ty p e  o f  ad so rp tio n  s tru c tu res , m o n o lay e r, b ilay e r, re sp ec tiv e ly  
* (K a id am n eo n -n g am  e t  a l . , 2 003 )
** (T h am m ath ad an u k u l e t  a l . ,  1996)
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Table 4.3 Qualitative summary o f rubber physical properties using different modified silicas as compared to the unmodified silica

Property B01 M13 B13 M i l B l l M31 B31 M 10 BIO

100% M odulus @ before aging (M Pa) 2 7 5 1 4 6 9 3 8
100% M odulus @ after aging (M Pa) 9 8 5.5 3 4 7 5.5 2 1
200% M odulus @ before aging (M Pa) 1 7 5 2 4 6 9 3 8
200% M odulus @ after aging (M Pa) 7 9 5 2 6 8 3 4 1
300% M odulus @ before aging (M Pa) 1 8 5 2 4 6 9 3 7
300% M odulus @ after aging (M Pa) 7 9 3 5 6 8 2 4 1
Tensile Strength @ before aging (M Pa) 1 5 7 6 2 3 8 9 4
T ensile Strength @ after aging (M Pa) 8 9 3 5 6 4 1.5 1.5 7
T ear Strength @ before aging (N /m m ) 8 7 6 4 1 9 2 5 3
T ear Strength @ after aging (N /m m ) 2 9 3 6 5 7 1 8 4
A brasion (m l/kcycle) 8 3 7 3 5 6 9 1 3
R esilience (%) 7 6 5 3 4 9 8 2 1
C om pression set (%) 6 4 9 1 7 5 8 3 2
H ardness @ before aging (shore A) 2 9 4 3 1 8 5 7 6.5
H ardness @ after aging (shore A) 5 8 3 7 1 9 4 6 2
Total score 74 108 75.5 53 60 97 84 61.5 58.5
01,13,11,31,10 : ratio o f  surfactants, C TA B :Triton X -100 m olar ratio 
M ,B ะ type o f  adsorption structures, m onolayer, bi-layer, respectively น/!
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T h ere  are  m a n y  p ro p e rtie s , w h ich  h as  an  im p o rtan t e ffe c t o n  th e  o v e ra ll 
p e rfo rm an ce  o f  m o d ified  ru b b er. F o r  ex am p le , th e  ten s ile  m o d u lu s , w h ic h  rep re sen t 
h o w  rig id ity  o f  ru b b e r  are, th e  h ig h e r  th e  m o d u lu s , th e  b e tte r  r ig id ity . T h e  tea r 
s tren g th  is th e  m a x im u m  fo rce  re q u ire d  to  rip  a  ru b b e r  p ro d u c t. T h e  te n s ile  s tren g th  
sh o w  h o w  ru b b e r  re s is ts  u n d e rg o in g  d e te rm in a tio n . T h u s, to  d e te rm in e  th e  o v era ll 
p ro p e rtie s  o f  m o d if ie d  ru b b e r  ap p ro p ria te ly  th e  sco rin g  te c h n iq u e  w as  ap p lied . E ach  
p h y sica l p ro p e rtie s  o f  m o d ifie d  ru b b er, su ch  as te n s ile  s tren g th  v a lu e  w ere  w e ig h ted  
to  9. T he h ig h e r  th e  v a lu e  m ean s th e  b e tte r  p ro p e rtie s . F o r ex am p le , th e  ru b b e r 
w h ich  h ad  h ig h e s t m o d u lu s  o r ten s ile  s tren g th  v a lu e s  w e re  w e ig h te d  to  9 w h ile  th e  
w o rse  p ro p e rtie s  w ere  rep re sen ted  by  v a lu e  1. a fte r  th a t, all sco res  from  each  
p ro p e rtie s  w e re  su m m arized , an d  th e  fina l v a lu e  w a s  u sed  to  re p re se n t o v era ll 
p e rfo rm an ce  o f  th e  m o d ified  ru b b e r as sh o w  in  T ab le  4 .3 .

F o r o v e ra ll, th e  o v e ra ll p e rfo rm a n c e  o f  ru b b e r  o b ta in  fro m  m o n o lay e r 
s tru c tu re  w as b e tte r  th an  th o se  b ilay e r s tru c tu re .



Table 4.4 Q u alita tiv e  su m m ary  o f  su rface -m o d ified  s ilica  ru b b e r p h y sica l p ro p ertie s  as  co m p ared  to  th e  m o d if ie d  s ilicas  o f  
th e  p rev io u s  b a tch  sy stem  (T h am m ath ad an u k u l e t  a l . , 1996)

P roperty B01 M 13 B 13 M i l B l l M 31 B31 M 10 B01

C ure  tim e +1 -1 0 0 -1 0 -1 -1 -1

10 0 % M o d u lu s  @ befo re  ag in g -1 +1 +1 -1 0 +1 +1 0 +1
2 0 0 % M o d u lu s  @ b efo re  ag ing -1 +1 0 -1 -1 0 0 -1 0
3 0 0 % M o d u lu s  @ befo re  ag in g -1 0 0 0 -1 0 0 -1 0
T en sile  S tren g th  @ befo re +1 +1 +1 +1 +1 +1 +1 +1 0
T ear S tren g th  @ b efo re  ag in g -1 0 0 -1 -1 0 -1 -1 -1

A b rasio n +1 +1 +1 +1 +1 +1 +1 +1 +1
R esilien ce +1 +1 0 0 +1 +1 +1 0 0
C o m p ress io n  set +1 +1 +1 +1 +  1 +1 +1 +1 +1
Comparative Score +1 -4-4 +4 -1 0 +5 +3 -2 +1
01,13,11,31,10 ะ ratio of surfactants, CTAB:Triton X-100 molar ratio 
M,B : type of adsorption structure, monolayer, bi-layer, respectively
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T he e ffec ts  o f  ty p e  o f  su rfac tan ts  a d so rp tio n  s tru c tu res  an d  th e  m o la r ra tio  
o f  m ix ed  su rfac tan ts  o f  th e  m o d ified  s ilic a  on  v a rio u s  p h y s ica l p ro p e rtie s  o f  th e  
ru b b e r  co m p o u n d  a re  sh o w n  q u a lita tiv e ly  in  T ab le  4 .4 , in  w h ic h  a  “+ ” in d ica tes  
g re a te r  th an  10%  im p ro v e m e n t in  th e  p ro p e rty  o v e r u n m o d ified  s ilica , a  in d ica te s  
a  g re a te r  th a n  10%  n eg a tiv e  im p ac t o n  th e  p ro p e rty , and  an  in d ica te s  no  
s ig n ific an t d iffe ren ce . A  “+ ” is g iv en  a  v a lu e  o f  1; a  is  g iv en  a  v a lu e  o f -1; and  
an  “ = ” is g iv e n  a  0 v a lu e s  fo r q u a lita tiv e  ca lcu la tio n  o f  o v e ra ll im p ro v e m e n t re la tiv e  
to  th e  re sp ec tiv e  u n m o d ifie d  silicas.

T h e  s ilic a  m o d ific a tio n  by  th e  n o n io n ic  su rfa c ta n t is su c c e ssfu lly  u sed  to  
m o d ify  ru b b e r co m p o u n d . T h e  p ro p e rtie s  o f  ru b b e r co m p o u n d  m o d if ie d  b y  s ilica  
u s in g  th e  n o n io n ic  su rfac tan t m ix ed  w ith  th e  ca tio n ic  su rfac tan t in  m o n o lay e r 
ad so rp tio n  s tru c tu re  are  a ccep tab le  co m p ared  to  th o se  o f  ru b b e r c o m p o u n d  m o d ified  
b y  s ilic a  u s in g  p u re  ca tio n ic  su rfac tan t (b ilay e r ad so rp tio n  stru c tu re ). H o w ev e r, th e  
u se  o f  n o n io n ic  su rfac tan t can  red u ce  th e  c o s t o f  th e  m o d ifie d  s ilic a  ab o u t 3 tim e  less 
th a n  th e  m o d ifie d  s ilic a  u s in g  th e  p u re  ca tio n ic  su rfac tan t.
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