
CHAPTER II
BACKGROUND AND LITERATURE SURVEY

2.1 Natural Rubber

T h e  m ilk y  a q u e o u s  d isp e r s io n  o f  rubber c a lle d  la te x  is  p r o d u c e d  b y  th e  tree  
Hevea brasiliensis ( B lo w  and H ep b u rn , 1 9 8 2 ). S o l id  n atural ru b b er (N R )  is  o b ta in ed  
b y  th e la te x  c o a g u la tio n  u s in g  s o m e  a c id s . R a w  N R  c o n ta in s  9 3 -9 5 %  c is -1 ,4 -  
p o ly is o p r e n e , 2 -3 %  p r o te in s , 2%  a c e to n e -s o lu b le  r e s in s  ( in c lu d in g  fa tty  a c id s),  
w a ter , sm a ll a m o u n ts  o f  su ga rs and  a litt le  m in era l m atter. T h e  h y d ro carb on  
c o m p o n e n t  o f  N R  w h ic h  c o n s is t s  o f  o v e r  9 9 .9 9 %  o f  lin e a r  c is - l ,4 - p o ly i s o p r e n e  
(L im -o c h a k u n , 2 0 0 0 )  is  sh o w n  in  F ig u re  2 .1 .
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Figure 2.1 C h e m ic a l structure o f  N R  ( c is - l ,4 - p o ly is o p r e n e )

T h e  a v e r a g e  m o le c u la r  w e ig h t  o f  th e  p o ly is o p r e n e  in  N R  ra n g es  from
200,000 to  4 0 0 ,0 0 0  w ith  a r e la t iv e ly  b road  m o le c u la r  w e ig h t  d is tr ib u tio n , le a d in g  to  
its  e x c e lle n t  p r o c e s s in g  b eh a v io r . T h ere  is  o n e  d o u b le  b o n d  fo r  e a c h  iso p r e n e  u n it  
w h ic h , a lo n g  w ith  th e  a -m e th y le n e  g ro u p s c o n ta in e d  in  an N R  m o le c u la r  c h a in  are  
r e a c tiv e  g ro u p s  for  v u lc a n iz a tio n  w ith  su lfu r. T h e  tra n sitio n  tem p era tu re  (Tg) o f  
u n cu red  N R  is  a p p r o x im a te ly  -72.6±0.5°c, far b e lo w  r o o m  tem p era tu re . A s  a resu lt, 
ru b ber is  s o f t  and  can  b e  m e lte d  b y  h ea t. O n  th e  o th er  h an d , it w i l l  b e  r ig id  and  
b rittle  at lo w  tem p era tu res. T h ere fo re , N R  ca n  b e  u t i l iz e d  in  a  n arro w  tem p era tu re  
ran ge (L im -o c h a k u n , 2000).
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T h e  th erm a l p ro p er tie s  o f  N R  c a n  b e  im p r o v e d  b y  v u lc a n iz a t io n  w ith  su lfur. 
A lth o u g h  th e  v u lc a n iz e d  rubber h a s  a d v a n ta g e s  su c h  a s  h ig h  im p a c t stren g th , lo w  Tg 
and  f le x ib i l i ty ,  it a lso  h a s m a n y  u n d e s ir a b le  p ro p er tie s  su c h  a s , lo w  h a rd n ess , 
s t if fn e s s , a b ra sio n , and  tear r e s is ta n c e . F ille r s  are th u s u t i l iz e d  to  im p ro v e  
p er fo r m a n c e  in  th e se  p ro p er tie s  (L im -o c h a k u n , 2 0 0 0 ) .

K o h j iy a  and  Ik ed a  ( 2 0 0 0 )  p ro d u ced  s i l ic a  in situ in  n atu ral ru b ber b y  the  
s o l -g e l  r e a c tio n  o f  te tr a e th o x y s ila n e  b e fo r e  c r o s s l in k in g . T h is  r e su lted  in  a 
h o m o g e n o u s  d isp e r s io n  o f  s i l ic a  p a r tic le s  in  th e  N R  m atr ix . It w a s  e s tim a te d  that th e  
c o n c e n tr a t io n  o f  s i la n o l gro u p s o n  th e  s i l ic a  su r fa c e  w a s  lo w e r  th an  th o se  o n  th e  
c o n v e n tio n a l s i l ic a  su rfa ce . T h e re fo re , th e  s i l ic a - s i l ic a  in te r a c tio n  o f  th e  in situ 
s il ic a s  s e e m s  to  b e  w e a k e r  than  that o f  s ilica -ru b b er , r e su lt in g  in  b e tte r  d isp e r s io n  
than  th e  c o n v e n tio n a l s il ic a s . T h e  resu lts  s u g g e s te d  that N R , w h ic h  i s  a r e n e w a b le  
r e so u rce , and  th e  in situ s i l ic a  c o m p o s ite  h a v e  c o n s id e r a b le  p o te n tia l as a  “ g r e e n ” 
m a ter ia l, u s e fu l for  s tu d y in g  th e  r e in fo r c e m e n t m e c h a n is m  o f  in o r g a n ic  f ille r s  in  N R .

2.2 Silica Fillers

S il ic a  f ille r s  can  b e  c la s s if ie d  as e ith er  n atu ral or sy n th e tic , w h ic h  c o m p r ise  
th e  c r y s ta llin e  and  a m o rp h o u s fo r m s, r e sp e c t iv e ly . A m o n g  th e  sy n th e tic  s il ic a s ,  
p rec ip ita te d  s i l ic a s  are m a n u fa ctu red  w ith  a w id e  ran g e  o f  p a r tic le  s iz e s  an d  sp e c if ic  
su r fa ce  areas for  d ifferen t a p p lic a tio n s . R e in fo r c in g  f ille r s  a c c o u n t  fo r  90 %  o f  th e  
to ta l y e a r ly  s i l ic a  u sa g e  in  ru b ber (H e w itt , 2 0 0 0 ) .  T w o  fu n d a m en ta l p ro p er tie s  o f  
s il ic a s  that in f lu e n c e  th eir  u se s  in  ru b ber c o m p o u n d s  r e in fo r c e m e n t are p a r tic le  s iz e  
and  th e  e x te n t  o f  h y d ra tio n  (M ark  et a l, 1 9 9 4 ). T h e  s p e c if ic  su r fa c e  area  o f  th e  s il ic a  
h a s a lso  b e e n  sh o w n  to  b e  a g o o d  in d ica to r  o f  s i l ic a  p e r fo r m a n c e  a s  f il le r  (W a d d e ll,  
1 9 9 5 ). In a d d it io n  to  r e in fo r c e m e n t, d is p e r s ib il ity  an d  fr e e d o m  fro m  d u stin g  are 
im p o rtan t p ra ctica l ch a ra c te r is tic s , w h ic h  are r e la ted  to  s i l ic a  m a n u fa c tu r in g  
o p era tio n s . S u p p r e ss io n  o f  g e l d u r in g  p r e c ip ita tio n  p r e v e n ts  fo r m a tio n  o f  large  
p a rtic le s , v is ib le  in  m ix e d  c o m p o u n d s , w h ic h  c o n ta in  u n -m ille d  s il ic a .

O n e  o f  im p o rtan t s i l ic a  p ro p er tie s  r e le v a n t to  ru b ber r e in fo r c e m e n t is  
p a rtic le  s iz e .  T h e  sm a lle s t  s iz e  o f  s i l ic a  p r o v id e s  th e  h ig h e s t  te n s i le , tear stren g th , 
and  ab ra sio n  r e s is ta n c e . T h e  a ctu a l s iz e  o f  th e  r e in fo r c in g  u n it, h o w e v e r , is  n o t  that
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o f  th e  in d iv id u a l p a r tic le , b u t that o f  a g g lo m e r a te . S m a ll p a r t ic le s  p r o d u c e  sm a ll 
a g g lo m e r a te s ;  w h i le  la rg e  p a r tic le s  p r o d u c e  la rg e  a g g lo m e r a te s . A lth o u g h  p a r tic le  
s iz e  is  th e  e s s e n tia l s i l ic a  p rop erty , w h ic h  g o v e r n s  its  p e r fo r m a n c e  in  rubber, a  m o re  
u su a l, an d  c o n v e n ie n t , m e a n s  o f  c la s s if ic a t io n  is  su r fa ce  area , e x p r e s s e d  in  sq u are  
m eters  p er  gram .

S e c o n d  o n  th e  l is t  o f  ch a ra c ter is tic  s i l ic a  p ro p er tie s  is  w a ter , e ith er  in  th e  
fo rm  o f  t ig h t ly  b o u n d  s ila n o l g ro u p s or  as lo o s e ly  h e ld  free  m o is tu r e . F ree  w a ter  
c o n te n t u s u a lly  5 to  7% , a s  sh ip p e d , ten d s to  rem a in  in  e q u ilib r iu m  w ith  re la tiv e  
h u m id ity . B o u n d  w a te r  in  th e  term  o f  s ila n o l g ro u p s  is  th e  so u r c e  o f  m u c h  s in g u la r  
b e h a v io r  or  s i l ic a  in  rubber.

P r e c ip ita te d  s il ic a s  are o f te n  u se d  in  th e  p r o d u ctio n  o f  tra n slu cen t and  
c o lo r e d  p r o d u c ts . U s in g  a d m ic e lla r  p o ly m e r iz a t io n -m o d if ie d  s i l ic a  in  rubber  
c o m p o u n d in g  s ig n if ic a n t ly  r e d u c e s  cu re  t im e s , in c r e a se s  te n s i le  s tre n g th , an d  lo w e r s  
th e  c o m p r e s s io n  se t  an d  h ea t b u ild u p  co m p a r e d  to  c o m p o u n d s  m a d e  w ith  u n m o d if ie d  
s i l ic a s  (W a d d e ll, 1 9 9 5 ). P r ec ip ita ted  s il ic a s  are u se d  in  b o th  t ire s  and  sh o e  s o le s  
a p p lic a t io n s . In c o m b in a tio n  w ith  r e in fo r c in g  b la c k s  th e y  im p r o v e  tear re s is ta n c e  
and  a d h e s io n  to  fa b r ic s . H y d rated  s i l ic a s  retard th e  cu re  t im e  an d  req u ire  th e  u se  o f  
an  a cc e le r a to r  or  th e  a d d itio n  o f  m a ter ia ls  su c h  as g ly c o ls  or  a m in e s  to  p r o m o te  
c u r in g  (K a tz , 1 9 8 7 ).

S il ic a s  are c o n s id e r e d  as p o ly m e r s  o f  s i l ic ic  a c id , in  w h ic h  th e  b u lk  structure  
is  p r o d u c e d  b y  in te r lin k in g  S i 0 4 tetrah ed ra ls. A t  th e  su r fa c e , th e  stru ctu re c o n s is t s  o f  
s ilo x a n e  g ro u p s  ( -S i- O - S i- )  and o n e  o f  th e  s e v e r a l fo rm s o f  s i la n o l g r o u p s  ( -S i-O H )  
is  sh o w n  in  F ig u r e  2 .2 . T h e  s ila n o l gro u p s m a k e  p rec ip ita te d  s i l ic a s  h y d r o p h ilic . 
U n m o d if ie d  s i l ic a s  d o  n o t in teract w e l l  w ith  m o s t  p o ly m e r s , req u ir in g  h ig h  a m o u n ts  
o f  sh ear  an d  e n e r g y  to  in co rp o ra te  th e m  e v e n ly  (W a g n e r , 1 9 7 6 ).

S i-O -H  
H— O -Si

Figure 2.2 T h e  s ila n o l to  s ila n o l r ea c tio n  b y  h y d r o g e n  b o n d in g .



6

T o  in c r e a se  s il ic a -p o ly m e r  b o n d in g , s ila n e  c o u p lin g  a g e n ts  p r o v id e  a u n iq u e  
and  e x tr e m e ly  e f f e c t iv e  m eth o d . T h e  c o u p lin g  a g e n t is  c a p a b le  o f  fo r m in g  n e w  
c h e m ic a l b o n d s  at e a c h  en d , o n e  to  th e  s i l ic a  su r fa c e  and  th e  o th e r  to  th e  p o ly m e r . 
T h e  p r o c e s s  ty p ic a lly  ta k es  p la c e  d u r in g  th e  in it ia l m ix in g , b u t th e  e x te n t  o f  th e  
p o ly m e r  b o n d in g  v a r ie s  a c c o r d in g  to  p o ly m e r  ty p e s  and  m o d if ic a t io n  m e th o d s. F or  
e x a m p le , u n cu r ed  m erca p ta n  m o d if ie d  n e o p r e n e  rea c ts  to  c o u p lin g  d u r in g  m ix in g ,  
b u t su lfu r  m o d if ie d  ty p e s  sh o w  n o  e v id e n c e  o f  c o u p lin g  u n til c u r in g  o c c u r s . It w a s  
rep orted  th at th ere  are se v e r a l c o m p e t in g  c o m p o u n d  in g r e d ie n ts  in te r fe r in g  w ith  
s ila n o l c o u p lin g  su c h  as fa tty  a c id s  an d  z in c  c o m p o u n d s  that are u s u a lly  p resen t in  
th e  p o ly m e r  fo r m u la tio n  ร. M o r e o v e r , th is  p r o c e s s  in c r e a se s  th e  p r o d u c tio n  c o s t  
b e c a u se  o f  th e  h ig h  p r ic e  o f  th e  r e a g e n ts  and  s y n th e s is  p r o c e s s  (B a r lo w , 1 9 9 3 ).

A n  a ltern a tiv e  to r e p la c e  s ila n e  c o u p lin g  a g e n ts  is  th e  a d m ice lla r  
p o ly m e r iz a t io n  p r o c e s s  (W a d d e ll et a i,  19 95 ; T h a m m a th a d a n u k u l et al., 1 9 9 6 ; and  
C h in p a n , 1 9 9 6 ) . It w a s  rep orted  that m o d if ie d - s i l ic a s  m a y  o f fe r  grea ter  o v e r a ll  
im p r o v e m e n ts  in  n atural rubber c o m p o u n d  p e r fo r m a n c e s  th a n  th e  s ila n e -m o d if ie d  
s i l ic a  (T h a m m a th a d a n u k u l et a l,  1 9 9 6 ). F or in s ta n c e , th e  a d m ic e lla r  p o ly m e r iz a t io n  
m o d if ie d  s i l ic a s  in c r e a se  co m p o u n d  cu re  ra tes d r a m a tic a lly  w h e n  c o m p a r e d  to  the  
rates o f  th e  s ila n e -m o d if ie d  m ix tu res . H e n c e , th e  u s e  o f  th e  m o d if ie d - s i l ic a s  can  
red u ced  th e  e n e r g y  c o n su m e d  in  th e  c o m p o u n d in g  p r o c e s s  as w e l l  as th e  
c o m p o u n d in g  tim e .

2.3 Surfactant Structure

S u rfa cta n t is  an a b b rev ia tio n  o f  “ su r fa ce  a c t iv e  a g e n t” . S u rfa cta n ts  are a  
v e r y  v e r sa tile  c la s s  o f  c h e m ic a l c o m p o u n d s  d u e  to  th e ir  c h e m ic a l  stru ctu res. A  
su rfactan t m o le c u le  c o n s is t s  o f  a h y d r o p h ilic  h e a d  gro u p  c o m p o s in g  o f  a w a ter  
so lu b le  s p e c ie s  and  a h y d r o p h o b ic  ta il c o m p o s in g  o f  o r g a n ic  d e r iv a t iv e  gro u p s, 
u s u a lly  w ith  th e  ca rb o n  n u m b ers grea ter  than  e ig h t. T h is  d u a l-n a tu r ed  stru ctu re is  
referred  to  as amphiphilic, and th u s su rfa cta n ts  are a lso  c a l le d  amphiphiles. 
D e p e n d in g  o n  th e  n atu re o f  th e  h y d r o p h ilic  gro u p , su rfa cta n ts  are c la s s if ie d  as  
a n io n ic , c a t io n ic , n o n io n ic  or z w itte r io n ic  (R o se n , 1 9 8 9 ).
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2.4 Cationic Surfactant Salt

T h e  term  “c a t io n ic  su rfa cta n t sa lt” is  u se d  to  d e n o te  an  io n ic  c o m p o u n d  in  
w h ic h  th e  c a t io n  is  a m p h ip a th ic  an d  s tr o n g ly  su r fa c e -a c tiv e . C o n s id e r in g  th e  e f fe c t  
o f  p H  o n  m o le c u la r  stru ctu re and p h y s ic a l c h e m is tr y , th e  c a t io n ic  h y d r o p h ilic  gro u p s  
(w a te r - lo v in g )  can  b e  d iv id e d  in to  tw o  su b -g r o u p s: n eu tra l and a c id ic .
C e ty ltr im e th y la m m o n iu m b r o m id e  (C T A B ) is  a fa m ilia r  c a t io n ic  su rfa cta n t sa lt in  th e  
n eutra l su b -g r o u p  ( s e e  F ig u re  2 .3 ) .

c h 3
n-C16H33-N+-ÇH3, Br-

CH3

Figure 2 .3  T h e  stru ctu re o f  C T A B

Q u atern a ry  a m m o n iu m  io n s  h a v e  fou r c a rb o n s b o n d  to  a p o s it iv e  n itro g en  
atom . Q u atern a ry  a m m o n iu m  su rfa cta n ts  w i l l  h a v e  o n e  or m o r e  o f  th e s e  su b stitu en t  
gro u p s b e  ly p o p h ilic  (o i l  lo v in g ) . T h e  c a t io n ic  m o le c u le  e x is t s  p a ired  w ith  an a n io n ic  
m o le c u le  in  an e le c tr ic a lly  n eu tra l sa lt. T h e  q u atern ary  a m m o n iu m  n itr o g e n  in  C T A B  
d isp la y s  sp3 b o n d in g . T h is  c a t io n ic  m o le c u le  la c k s  b o th  a c id ic  p ro to n s  and  
n o n b o n d in g  e le c tr o n  pairs; th ere fo re , it is  “n eu tra l” (n o n a c id ic  and  n o n b a s ic )  in  
w a ter , from  an a c id -b a se  p e r sp e c tiv e . I f  th e  a n io n ic  partner in  su ch  a  sa lt is  a lso  
n eith er  a c id ic  n or  b a s ic , as is  true o f  b r o m id e , th e  m o le c u la r  stru ctu re o f  th is  sa lt is  
in d e p e n d e n t o f  p H  (R u b in g n  and  H o lla n d , 1 9 9 0 ).

Ism a il et al. (1 9 9 7 )  รณ d ie d  th e e f fe c t s  o f  a c a t io n ic  su rfa cta n t (fa tty  
d ia m in e ) , term ed  a  m u ltifu n c tio n a l a d d it iv e  (M F A ) , and  a c o m m e r c ia l s ila n e  
c o u p lin g  a g en t o n  th e  p ro p er tie s  o f  a s i l ic a  f ille d  natu ral ru b ber c o m p o u n d . U s in g  o f  
th e  M F A  and  th e  s ila n e  c o u p lin g  a g en t n o t  o n ly  c o n tr ib u tes  to  a b etter  s il ic a -  
e la s to m e r  a d h e r e n c e  b ut a lso  im p r o v e s  d isp e r s io n , w h ic h  r e su lts  in  a lo w e r  
h y ste r e s is .
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2.5 Surfactant Adsorption

T h e  a d so rp tio n  o f  an io n ic  su rfactan t o n  o p p o s ite ly  ch a r g e d  su r fa ces  
in v o lv e s  m a n y  m e c h a n ism s . H o w e v e r , o n ly  a f e w  p a ra m eters  a f fe c t  th e  ad so rp tio n , 
in c lu d in g  (1 )  th e  nature o f  th e  structural g ro u p s o n  th e  s o l id  su rfa ce; (2 )  th e  
m o le c u la r  stru ctu re o f  th e  a d so rb a te  (th e  su rfactan t b e in g  a d so rb ed ); and (3 )  th e  
e n v ir o n m e n t o f  th e  a q u e o u s  p h a se  su c h  as p H  (R o se n , 1 9 8 9 ).

D a ta  fro m  ad so rp tio n  e x p e r im e n ts  are n o r m a lly  e x p r e s se d  in  an  a d so rp tio n  
iso th erm , w h ic h  s h o w s  th e re la tio n sh ip  b e tw e e n  th e  am o u n t o f  a d so rb ed  su rfactant  
and th e  e q u ilib r iu m  co n ce n tr a tio n  o f  th e  su rfa cta n t in  th e  liq u id  p h a se . T h e  
ad so rp tio n  iso th e r m  for  an io n ic  su rfactan t o n to  an o p p o s ite ly  c h a r g e d  su b strate  is  
ty p ic a lly  S -sh a p e d  and  ca n  b e  d iv id e d  in to  fou r  d is t in c t  r e g io n s  (R o s e n , 1 9 8 9 )  as 
sh o w n  in  F ig u r e  2 .4 .

Log equilibrium surfactant concentration
Figure 2.4 A d so r p tio n  iso th erm  for an io n ic  su rfa cta n t o n  an o p p o s ite ly  ch arg ed  
su b strate.

R e g io n  I, c o r r e sp o n d in g  to  b o th  v e r y  lo w  b u lk  su rfactan t c o n c e n tr a tio n  and  
lo w  a d so rp tio n  o f  th e  su rfactan t, is  c o m m o n ly  referred  to as th e  H e n r y ’s la w  reg io n . 
B e c a u se  th e  in tera c tio n  b e tw e e n  m o le c u le s  o f  th e  su rfa cta n ts  is  n e g l ig ib le ,  the
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a d so rb ed  su rfa cta n ts  in  th is  r e g io n  are v ie w e d  as b e in g  a d so rb ed  a lo n e  and  n o t  
fo r m in g  a n y  a g g r e g a te s .

R e g io n  II is  d is t in g u ish e d  b y  a  sh a rp ly  in c r e a se d  iso th e r m  s lo p e  r e la tiv e  to  
th e  s lo p e  o n  th e  r e g io n  I. T h is  in d ic a te s  th e  b e g in n in g  o f  la tera l in te r a c t io n s  b e tw e e n  
th e  su rfa cta n t m o le c u le s ,  w h ic h  r esu lts  in  th e  fo r m a tio n  o f  su rfa cta n t a g g r e g a te s  on  
th e  m o st  e n e r g e t ic  su r fa ce  p a tc h e s . T h e se  a d so rb ed  su rfa cta n t a g g r e g a te s  are c a lle d  
a d m ic e lle s  or  h e m im ic e l le s  d e p e n d in g  u p o n  w h e th e r  th e  a g g r e g a te s  are v ie w e d  as 
b ila y e r s  o r  m o n o la y e r . T h e  a d m ic e lle  is  a lo c a l b ila y e r  stru ctu re w ith  a lo w e r  la y er  o f  
h ea d  g ro u p s a d so rb ed  o n  th e su b stra te  su r fa ce  and  an u p p er  la y e r  o f  h ea d  grou p s  
e x p o s e d  to  th e  s o lu t io n . T h e  h e m im ic e l le  is  a m o n o la y e r  stru ctu re h a v in g  th e  h ea d  
gro u p s a d so rb ed  o n  th e  su r fa ce  w h ile  th e  ta il g ro u p s e x p o s e  to  th e  so lu t io n . T h e  
tra n sitio n  p o in t  fro m  th e  r e g io n  I to  r e g io n  II, r e p r e se n tin g  th e  eq u ilib r iu m  
c o n c e n tr a t io n  at w h ic h  th e first fo rm a tio n  o f  a d so rb ed  su rfa cta n t a g g r e g a te s , is  c a lle d  
th e  cr itica l a d m ic e lle  co n ce n tr a tio n  (C A C ) or th e  h e m im ic e l le  c o n c e n tr a t io n  (H M C ). 
D u r in g  a g g r e g a te  fo rm a tio n , th e  o r ig in a l ch a rg ed  o n  th e  s o l id  m a y  b e  n eu tr a liz e d  and  
e v e n tu a lly  r e v e rsed . T h u s, b y  th e en d  o f  th is  r e g io n , th e  s o l id  su r fa c e  u su a lly  h a s th e  
sa m e  s ig n  o n  its  o v e r a ll  ch a rg e  as th e  su rfa cta n t io n s .

T h e  rap id  d e c r e a se  in  th e  s lo p e  o f  th e  iso th e r m  in d ic a te s  th e  b e g in n in g  o f  
r e g io n  III. T h is  d e c r e a se  in  s lo p e  is  th o u g h t to b e  c a u se d  b y  th e  r e p u ls io n  b e tw e e n  
th e  l ik e -c h a r g e s  h ea d  g ro u p s o n  th e su r fa c e  o f  th e  b e g in n in g  o f  a d so rp tio n  o n  lo w e r  
e n e r g y  su r fa c e  p a tc h e s , so  a d d itio n a l a d so rp tio n  b e c o m e s  m o r e  d if f ic u lt .

R e g io n  IV  is  th e  p la tea u  a d so rp tio n  r e g io n , h a v in g  a lm o s t  co n sta n t  
su rfactan t a d so rp tio n  w ith  in c r e a s in g  su rfactan t co n c e n tr a tio n . T h e  tr a n sitio n  p o in t  
from  r e g io n  III to  r e g io n  IV , r e p resen tin g  th e  eq u ilib r iu m  c o n c e n tr a t io n  at w h ic h  
m ic e l le s  fir st fo rm , is  th e  cr itica l m ic e l le  c o n c e n tr a tio n  (C M C ).

N u n n  et al. ( 1 9 8 2 )  d em o n stra ted  th e  su r fa c e  s o lu b i liz a t io n  o f  th e  d y e  
p in a c y a n o l h y d r o c h lo r id e  b y  su rfactan t a g g r e g a te s  a d so rb ed  at th e  a lu m in a -a q u e o u s  
so lu t io n  in ter fa ce . T h e  d y e , w h ic h  is  p u rp le  in  a q u e o u s  m e d ia , b e c o m e s  lig h t  b lu e  as 
it p artit io n s in to  th e  o rg a n ic  e n v ir o n m e n t o f  th e  a d so rb ed  su rfa cta n t a g g r e g a te s , 
p r o d u c in g  lig h t  b lu e  p a rtic le s.

Y e s k ie  et al. ( 1 9 8 8 )  fou n d  that w h i le  th ere  are c o n d it io n s  u n d er  w h ic h  a 
se c o n d  la y e r  o f  su rfa cta n t w il l  a lw a y s  form  s im u lta n e o u s ly  w ith  th e  first la y er  o f
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su rfactan t (a d m ic e lle  fo rm a tio n ), th ere  is  a lso  a w ild  ra n g e  o f  c o n d it io n s  u n d er  w h ic h  
h e m im ic e l le  w i l l  form , i .e .,  u n d er  certa in  c o n d it io n s , su rfa cta n ts  w i l l  a g g r e g a te  to  
form  a first la y er  w ith o u t  th e  s im u lta n e o u s  fo rm a tio n  o f  s e c o n d  la y er . T h is  w a s  
sh o w n  to  b e  b e c a u s e  th e  e le c tr o sta tic  co n tr ib u tio n s  to  th e  free  e n e r g y  o f  tran sferrin g  
a m o n o m e r  from  a h e m im ic e l le  to  an a d m ic e lle  are p o te n tia lly  m u c h  larger in  
m a g n itu d e  than  th e  la rg est p o s s ib le  h y d r o p h o b ic  co n tr ib u tio n s  to  th e  free  e n e r g y  o f  
transfer. In a d d it io n , w h e n  a d m ic e lle s  d o  form , th ere  is  litt le  i f  a n y  in terp en etra tin g  
o f  th e  h y d ro ca rb o n  ta ils  o f  th e  s e c o n d  la y e r  o f  su rfa cta n t m o n o m e r s  b e tw e e n  th e  
h y d ro ca rb o n  ta ils  o f  th e  first la yer , b e c a u se  th e  e le c tr o s ta t ic  r e p u ls io n  b e tw e e n  th e  
tw o  la y ers  o f  h e a d  gro u p s is  larger than  th e la rg est p o s s ib le  g a in  in  h y d ro p h o b ic  
b o n d in g  that c o u ld  resu lt  from  th e  in terp en etratin g .

L e e  et al. ( 1 9 9 0 )  s h o w e d  that th e  b e h a v io r  o f  a d so rb ed  su rfactan t  
a g g r e g a te s , a d m ic e lle s , w a s  fou n d  to  b e  v e r y  s im ila r  to  that o f  m ic e l le s  in  th e  
p r e se n c e  o f  a lk a n es . H o w e v e r , p e c u lia r  p h e n o m e n a  w e r e  o b se r v e d  in  th e  
in co rp o ra tio n  o f  a lc o h o ls  in to  m ic e lle s :  ( i)  v e r y  h ig h  ra tio s  o f  a lc o h o l to  su rfactan t  
a d so rp tio n  at lo w e r  c o v e r a g e , ( i i)  rem ark a b le  in c r e a se s  o f  su rfa cta n t ad so rp tio n  
b e lo w  th e  C M C , and  ( i i i )  a s lig h t  d e c r e a se  o f  p la tea u  a d so rp tio n . T h e  h y p o th e s is  is  
that w h ile  th e  a lk a n e s  are a d s o lu b iliz e d  o n ly  in  th e  h y d ro ca rb o n  c o r e  o f  the  
a d m ic e lle , th ere  are tw o  s ite s  at w h ic h  a lc o h o ls  are a d s o lu b iliz e d , at th e  c o r e  and  at 
th e  h y d r o p h o b ic  p er im eter  o f  th e  a d m ic e lle .

O ’H a v e r  et al. (1 9 9 6 )  s h o w e d  that th e  p e r fo r m a n c e  o f  ru b b er c o m p o u n d in g  
w a s  im p r o v e d  b y  u s in g  p rec ip ita ted  s il ic a s  as a r e in fo r c in g  f ille r . T h e  s i l ic a  su rfa ce  
w a s  d ir e c t ly  m o d if ie d  b y  ( i)  a d so rp tio n  o f  a  su rfa cta n t o n to  th e  su r fa ce , ( ii)  
a d so lu b iliz a t io n  o f  an o rg a n ic  m o n o m e r , ( i i i )  in situ p o ly m e r iz a t io n  o f  th e  m o n o m e r  
in  th e  su rfactan t b ila y e r , and ( iv )  partia l su rfa cta n t r e m o v a l. S i l ic a s  w e r e  th u s  
su r fa ce  m o d if ie d  w ith  p o la r  c o p o ly m e r s . W ith  u s in g  th e  m o d if ie d  s i l ic a s  in  rubber  
c o m p o u n d s , th e  cu re  t im e s  w e r e  d e c r e a se d , an d  b reak  stren g th , tear en e r g y , 
e lo n g a t io n  to  b reak , and  cu t g ro w th  r e s is ta n c e  w e r e  in c r e a se d .

A  fo u r -r e g io n  m o d e l b a se d  o n  e le c tr o s ta t ic  and  h y d r o p h o b ic  in tera ctio n s  
a d e q u a te ly  e x p la in s  ad so rp tio n  o f  a n io n ic  su rfa cta n ts  o n  p o s it iv e ly  ch a rg ed  so lid s  
su ch  as a lu m in a . F an  et al. ( 1 9 9 7 )  s tu d ied  th e  c a t io n ic  su rfa cta n ts  a d so rp tio n  on  
n e g a t iv e ly  ch a r g e d  a lu m in a  at p H  10  and at a co n sta n t io n ic  s tren g th  o f  0 .0 3  M  N a C l.
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In th is  c a s e , o n ly  th ree  d istin c t r e g io n s  w e r e  o b se r v e d  in  th e  a d so r p tio n  iso th erm s  
an d  th ere  s e e m e d  to  b e  la ck  o f  a d so rp tio n  r e g io n  in. A lth o u g h  th e  a d so rp tio n  r e g io n  
III m a y  s t i ll  e x is t , th e  d if f ic u lty  in  d e te c t in g  it from  th e  a d so r p tio n  iso th erm  is  
p r o b a b ly  th e  resu lt  o f  s im ila r  s lo p e s  for  r e g io n s  II an d  III. A n d  th is  m a y  b e  attributed  
to  th e  lo o s e  an d  in terp en etra tin g  c o l lo id  stru ctu re in  th e  c a s e  o f  th e  c a t io n ic  
a m in e /n e g a t iv e ly  ch a r g e d  a lu m in a  sy ste m .

2.6 Solubilization

S o lu b i liz a t io n  is  an im p o rtan t p rop erty  o f  su rfa cta n ts  that is  d ir e c t ly  re la ted  
to  th e  p r e se n c e  o f  m ic e l le s .  S u rfa cta n t so lu t io n s  a b o v e  th e ir  C M C s  ca n  d is s o lv e  
c o n s id e r a b ly  la rger  q u a n titie s  o f  o rg a n ic  m a te r ia ls  th an  p u re  w a te r  or  su rfactant 
s o lu t io n s  w ith  c o n c e n tr a tio n s  b e lo w  th e  C M C s. A  la rge  c a p a c ity  in  s o lu b iliz a t io n  is  
attr ib uted  b y  s o lu b i l iz in g  th e  so lu te  in  th e  m ic e l le s .  R o s e n  ( 1 9 8 9 )  d e fin e s  
s o lu b iliz a t io n  a s  “th e  sp o n ta n e o u s  d is s o lv in g  o f  su b sta n c e  ( s o l id , liq u id , or g a s)  b y  
r e v e r s ib le  th e r m o d y n a m ic a lly  s ta b le  iso tr o p ic  so lu t io n  w ith  r e d u c e d  th e r m o d y n a m ic  
a c t iv ity  o f  th e  s o lu b i l iz e d  m a ter ia l” . C o n se q u e n tly , a  w a te r - in s o lu b le  m ater ia l in  a 
d ilu te  su rfa cta n t so lu t io n  c o u ld  a p p r e c ia b ly  in c r e a se s  it s  s o lu b i l i ty  w h e n  th e  
su rfactan t c o n c e n tr a tio n  su rp a sse s  th e  C M C . S o lu b i l ity  in c r e a se s  a p p r o x im a te ly  
l in e a r ly  w ith  th e  c o n c e n tr a tio n  o f  su rfactan t a b o v e  th e  C M C . T h e r e  are a n u m b er  o f  
d ifferen t s ite s  in  a m ic e l le :  (1 )  o n  th e  su r fa ce  o f  m ic e l le ;  (2 )  b e tw e e n  th e  h y d r o p h ilic  
h ea d  grou p ; (3 )  in  th e  p a lisa d e  la y e r  o f  th e  m ic e l le  lo c a te d  b e tw e e n  th e  h y d r o p h ilic  
g ro u p s and  th e  first f e w  carb o n  a to m s o f  th e  h y d r o p h o b ic  g ro u p s an d  (4 )  in  th e  in n er  
c o r e  o f  th e  m ic e l le .  D e p e n d in g  o n  th e  n atu re o f  th e  m a ter ia l s o lu b i l iz e d  (th e  
s o lu b iliz a te ) , th e  e x a c t  lo c a t io n  in th e  m ic e l le  at w h ic h  s o lu b i l iz a t io n  o c cu rs  can  
vary.

2.7 Adsolubilization

S im ila r  to  th e  so lu b iliz a t io n  o f  o r g a n ic s  in to  m ic e l le s ,  o r g a n ic  m o le c u le s  
w il l  b e  in co rp o ra ted  in to  su rfactan t a g g r e g a te s  a d so rb ed  at th e  so l id - l iq u id  in ter fa ce . 
T h is  p h e n o m e n o n  is  term ed  adsolubilization. A d s o lu b il iz a t io n  is  d e f in e d  as “the
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incorporation o f compounds into surfactant aggregates adsorbed on surfaces, of 
which compounds would not be in excess at the solid-solution interface in the 
absence o f the surfactant” (S c a m e h o m  and H a r w e ll, 1 9 8 8 )  as sh o w n  in  F ig u re  2 .5 . 
T h is  d e f in it io n  c o n v e y s  th e  id ea  that th e  p articu lar  so lu te  o f  in terest d o e s  n ot ad sorb  
o n to  th e ad so rb en t su r fa ce  b y  it s e lf , or  that is  a d so rb s  to  a m u c h  lo w e r  d e g r e e . T h e  
r e m o v a l o f  th e  so lu te  from  b u lk  s o lu t io n  o c cu rs  b e c a u s e  o f  th e  p r e se n c e  o f  ad so rb ed  
su rfactan t a g g r e g a te s  and the in co rp o ra tio n  o f  th e  so lu te  in to  th e  a g g r e g a te s .

1 %
4

Solubilization

ร รรร ร
Adsolubilization

Figure 2.5 T h e  p h e n o m e n a  o f  so lu b iliz a t io n  and  a d so lu b iliz a t io n .

T h e  a d so lu b iliz a t io n  o f  s ty ren e , iso p r e n e , and  m ix tu r e s  o f  sty ren e  and  
iso p r e n e  in to  C T A B  b ila y e r s  (a d m ic e lle s )  o n  p rec ip ita ted  s il ic a s  w a s  in v e s t ig a te d  b y  
K itiy a n a n  et al. ( 1 9 9 6 ) .  T h e s ty ren e  a d so lu b iliz a t io n  co n sta n t is  n e a r ly  u n ch a n g ed  
w ith  in c r e a s in g  sty r e n e  eq u ilib r iu m  c o n c e n tr a tio n  in  th e  a q u e o u s  p h a se  w h ile  the  
iso p r e n e  a d so lu b iliz a t io n  con sta n t in c r e a se s  w ith  in c r e a s in g  iso p r e n e  p artia l p ressu re . 
T h e  a d so lu b iliz a t io n  c o n sta n ts  su g g e s t  that s ty ren e  a d s o lu b iliz e s  in to  b o th  th e  
p a lisa d e  la y er  and  th e  co re  o f  th e  a d m ic e lle  w h i le  iso p r e n e  a d s o lu b iliz e s  in to  th e  
p a lisa d e  layer .
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2.8 Ultra-Thin Film Formation

พน e t al. (1987) proposed that there are four steps involved in the formation 
of ultra-thin polymer films as shown in Figure 2.6. Step 1 consists of admicelle 
formation by the adsorption of a surfactant bilayer onto the surface of the substrate. 
Adsorption is accomplished through the use of a suitable surfactant under appropriate 
system conditions. The choice of a surfactant is influenced by the point of zero 
charge of the substrate, the chemical nature of the polymer to be formed, and the 
chosen polymerization initiator system. A study of the point of zero charge (PZC) 
for the substrate provides information on the pH ranges in which cationic or anionic 
surfactants may readily be utilized. At pH values below the PZC, the surface 
becomes protonated and more positively charged; above the PZC the surface is 
negatively charged. As a result, anionic surfactants adsorb well below the PZC, while 
cationic surfactants adsorb well above the PZC. For example, silica having 3 > PZC 
> 2 (Her, 1979) is negatively charged when the pH of the aqueous solution exceeds 3. 
Therefore, cationics such as CTAB adsorb readily on the surface of silica when the 
pH of the contacting aqueous phase is greater than 3. Care must be taken to keep the 
equilibrium concentration of surfactant below its critical micelle concentration in 
order to prevent the formation of micelles in the bulk solution. In the absence of 
micelles, the organic interior of the surfactant bilayer became the only locus for the 
adsolubilization of organic monomers.

Step 2 is the solubilization of monomer into the adnjicelle, a phenomenon 
called adsolubilization. Many organic monomers are nearly insoluble in water. 
Thus, when they are introduced into the system, they preferentially partition into the 
organic interior of the admicelle. Addition of monomer and surfactant solution may 
be simultaneous or sequential.

Step 3 is the in situ  polymerization of the monomer. This is done through 
the generation of free radicals capable of initiating the polymerization reaction. In 
some cases, the compatibility of the initiator system with anionic or cationic 
surfactants may also affect the choice of an appropriate surfactant and suitable 
reaction conditions. Once the reaction has started, additional monomer from the bulk
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solution diffuses into the admicelle O’Rear e t al. (1987). If the reaction is continues 
for a sufficient length of time, virtually all monomers can be converted to polymer.

Step 4 is the washing of the treated powder with water to remove as much as 
possible the outer surfactant layer in order to expose the polymer film. The powder 
is then dried in an oven at a suitable temperature to vaporize unreacted monomer and 
excess solvent, but not affect the properties of the polymer.

Step 1 
Adsorption.

as MMfMMร ร ร ร
Step 2
Adsolubilization.

Step 3
Polymerization.

V ใ /
W ater +

44 *<Maaaaa< I
TP'-R

p-il ^  A  A  SteP4R_-W> Surfactant removal.๕ร่รุ>KgÆl

“ร”ร represent solute molecules, monomers.
“P”s connected by lines represent polymer chains formed during the reaction.

Figure 2.6 The admicellar polymerization process for the formation of a thin 
polymer film.



15

พ น  et al. (1 9 8 7 )  sh o w e d  that th e  rate o f  p o ly m e r iz a t io n  o f  sty ren e  
m o n o m e r s  in  an  a d so rb ed  tw o -d im e n s io n a l su rfa cta n t b ila y e r  s o lv e n t  (a d m ic e lle )  that  
u se d  a  w a te r /e th a n o l-so d iu m  d o d e c y l su lfa te -s ty r e n e -a lu m in a  s y s te m  w a s  fo u n d  to  b e  
p ro p o rtio n a l to  th e  first order o f  m o n o m e r  c o n c e n tr a t io n  an d  h a lf-o r d e r  o f  in itia to r  
c o n c e n tr a t io n  an d  th e  a v e r a g e  n u m b er  o f  ra d ica ls  p er  a lu m in a  p a r tic le  is  le s s  than  
u n ity . T h e  resu lts  fro m  p o ly m e r iz a tio n  o f  sty ren e  in  s o d iu m  d o d e c y l su lfa te  b ila y ers  
a d so rb ed  o n  a lu m in a  sh o w e d  75%  and  h ig h e r  c o n v e r s io n s  o f  a d s o lu b iliz e d  m o n o m e r  
to  p o ly m e r  a fter  2 5  m in . U n ifo r m  f ilm s  o f  3 .4 - 3 .6  n m  th ic k n e ss  w e r e  fo rm ed  o n  
a lu m in u m  o x id e  la y ers  o n  g la s s  s l id e s  for  r e a c tio n  t im e s  o f  3 0 -4 5  m in . U n d er  
v a r y in g  c o n d it io n s , f ilm  th ic k n e sse s  o f  1 3 .0  n m  w e r e  a lso  o b ta in a b le  ( O ’R ea r  et al. 
1 9 8 7 ).

W a d d e ll et al. ( 1 9 9 5 )  s h o w e d  that th e  p er fo r m a n c e  o f  a  ru b ber c o m p o u n d  
w a s  im p r o v e d  b y  u s in g  m o d if ie d  p rec ip ita ted  s i l ic a s  a s  r e in fo r c in g  f ille r . C o m p o u n d  
p h y s ic a l t e s t in g  sh o w e d  that cu re  t im e s  w e r e  d e c r e a se d , an d  b reak  stren g th , tear  
e n e r g y , e lo n g a t io n  to  b reak , and  cu t g ro w th  r e s is ta n c e  w a s  in crea sed .

T h am m a th a d a n u k u l et al. ( 1 9 9 6 )  s tu d ied  th e  c o m p a r iso n  o f  rubber  
r e in fo r c e m e n t u s in g  v a r io u s  s u r fa c e -m o d if ie d  p rec ip ita te d  s i l ic a s .  A l l  c o p o ly m e r -  
treated  s i l ic a s  o f fe r e d  greater im p r o v e m e n ts  in  th e  rubber p e r fo r m a n c e  than  th e  
s il ic a s  m o d if ie d  b y  th e  s ila n e  c o u p lin g  p r o c e ss . M o r e o v e r , th e  im p r o v e m e n t o f  
f i lle r -e la s to m e r  in tera c tio n  b y  th e  in situ p o ly m e r iz a tio n  p r o c e s s  d e p e n d s  o n  b o th  th e  
a m o u n t an d  ty p e  o f  p o ly m e r  d e v e lo p e d  o n  th e  s i l ic a  su rfa ce .

C h in p a n  ( 1 9 9 6 )  s tu d ied  th e a d m ic e lla r  p o ly m e r iz a t io n -m o d if ie d  s il ic a s  w ith  
u sed  b u ta d ien e  and  iso p r e n e  a s  c o -m o n o m e r s  w ith  s ty ren e . T h e  p o ly m e r  w a s  
c a p a b le  o f  fo r m in g  b o n d s  w ith  th e  rubber c o m p o u n d  d u r in g  th e  c u r in g  p r o c e ss . 
S ig n if ic a n t  im p r o v e m e n ts  in  th e  c o m p o u n d  p ro p er tie s  w e r e  a c h ie v e d , an d  it w a s  a lso  
fo u n d  that th o se  lo w e r  lo a d in g  o f  m o n o m e r  and  su rfa cta n t a c h ie v e d  th e  grea test  
im p r o v e m e n t in  th e  la rg est n u m b er o f  rubber p ro p erties .

T h e  s tu d y  o f  th e  e f fe c t  o f  re ten tio n  t im e  an d  m o n o m e r  lo a d in g  o n  th e  
p ro p erties  o f  s i l ic a s  m o d if ie d  b y  th e  in situ p o ly m e r iz a t io n  u s in g  a  c o n t in u o u s  sy s te m  
w a s  carr ied  o u t b y  C h a is ir im a h a m o ra k o t ( 2 0 0 1 ) .  It w a s  c o n c lu d e d  that the  
c o n tin u o u s  stirred  tan k  reactor  s y s te m  w a s  u se d  s u c c e s s fu lly .  T h e  resu lts  sh o w e d
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that th e  o p tim u m  c o n d it io n s  for  th e  m o d if ic a t io n  w e r e  5 g  o f  th e  m o n o m e r s  p er  k g  o f  
th e  s i l ic a  at 6 0  m in  res id en t t im e .
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