
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 C M C  d e te r m in a tio n  o f  su r fa c ta n ts

4 .1 .1  C M C  d e te r m in a t io n  o f  s u r f a c ta n ts  in  H L B  r a n g e  o f  1 -7
T h e  s u r f a c e  t e n s io n  v e r s u s  c o n c e n t r a t io n  c u rv e s  f o r  P lu ro n ic s  L 3 1  

( P E O 1P P O 17P E O 1, t r ib lo c k  c o p o ly m e rs ,  H L B  6 .8 )  a n d  P lu ro n ic s  1 7 R 2  
( P E O 15P P O 10P E O 15, r e v e r s e d  t r ib lo c k  c o p o ly m e rs ,  H L B  6 )  a t  2 9 ° c  a r e  s h o w n  in  
F ig u re s  4 .1  a n d  4 .2 , r e s p e c t iv e ly . T h e  r e s u l ts  s h o w  th a t  th e  C M C  o f  L 31  is  a p p r o x i 
m a te ly  0 .4 5  m M  a n d  t h a t  o f  1 7 R 2  is  a b o u t  0 .2 3  m M .
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F ig u re  4 .1  S u r f a c e  te n s io n  v e r s u s  c o n c e n t r a t io n  c u r v e  f o r  P lu ro n ic s  L 3 1.
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F ig u re  4 .2  S u r f a c e  te n s io n  v e r s u s  c o n c e n t r a t io n  c u rv e  f o r  P lu ro n ic s  1 7 R 2 .

4 .1 .2  C M C  d e te r m in a t io n  o f  s u r f a c ta n t s  in  H L B  r a n g e  o f  7 -1 2
T h e  s u r fa c e  t e n s io n  v e r s u s  c o n c e n t r a t io n  c u rv e s  o f  P lu ro n ic s  P I 2 3  

( P E O 19P P O 69P E O 19, t r ib lo c k  c o p o ly m e rs ,  H L B  8 )  a n d  o f  P lu ro n ic s  2 5 R 4  
( P E O 19P P O 33P E O 19, r e v e r s e d  t r ib lo c k  c o p o ly m e rs ,  H L B  8 )  a t  2 9 ° c  a r e  s h o w n  in  
F ig u re s  4 .3  a n d  4 .4 ,  r e s p e c t iv e ly . T h e  r e s u l ts  s h o w  th a t  t h e  C M C  o f  P I 23  is  a p 
p ro x im a te ly  0 .3 5  m M , w h ic h  r o u g h ly  c o r r e la te s  t o  th e  l i t e r a tu r e  v a lu e  o f  0 .1 2  m M  
(T s u ru m i  e t  a l ., ( 2 0 0 6 ) ) .  T h e  C M C  o f  2 5 R 4  is  a p p ro x im a te ly  0 .6 9  m M .

C oncentration  o f  P I 23  (m M )

Figure 4.3 Surface tension versus concentration curve for Pluronics P I23.
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C o n c e n tra tio n  o f 2 5 R 4  (m M )

F ig u re  4 .4  S u r f a c e  t e n s io n  v e r s u s  c o n c e n t r a t io n  c u r v e  fo r  P lu ro n ic s  2 5 R 4 .
4 .1 .3  C M C  d e te r m in a t io n  o f  s u r f a c ta n t s  in  H L B  r a n g e  o f  1 2 -1 8

T h e  s u r fa c e  te n s io n  v e r s u s  c o n c e n t r a t io n  c u r v e s  f o r  P lu ro n ic s  L 6 4  
( P E O 13P P O 30P E O 13, t r ib lo c k  c o p o ly m e rs ,  H L B  15) a n d  o f  P lu ro n ic s  10 R 5  
( P E O 8P P O 23P E O 8, r e v e r s e d  t r ib lo c k  c o p o ly m e rs ,  H L B  1 5 ) a t  2 9 ° c  a r e  s h o w n  in  
F ig u re s  4 .5  a n d  4 .6 ,  r e s p e c t iv e ly . T h e  C M C  o f  L 6 4  is  a p p ro x im a te ly  1 .7 2  m M , 
w h ic h  c o r r e la te s  w e l l  w i th  t h e  l i t e r a tu r e  v a lu e  o f  1 .6  m M  ( M a ta  e t  a l . ,  ( 2 0 0 5 ) ) .  T h e  
C M C  o f  1 0 R 5  is  a p p ro x im a te ly  2 .5 6  m M .
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Figure 4.5 Surface tension versus concentration curve for Pluronics L64.
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C oncentration  o f  1 0R 5  (m M )

F ig u re  4 .6  S u r f a c e  te n s io n  v e r s u s  c o n c e n t r a t io n  c u r v e  f o r  P lu r o n ic s  1 0 R 5 .

T h e r e f o r e ,  th e  C M C  o f  P lu r o n ic s  L 3 1 , 1 7 R 2 , P I 2 3 , 2 5 R 4 , 
L 6 4 , a n d  1 0 R 5  a p p e a r  to  b e  a b o u t  0 .4 5 , 0 .2 3 ,  0 .3 5 , 0 .6 9 , 1 .7 2 , a n d  2 .5 6  m M , r e s p e c 
t iv e ly  a s  s h o w n  in  F ig u r e  4 .7 .  T h e  f a c to r s  t h a t  c o n tr ib u te  to  C M C  a r e  th e i r  H L B  v a l 
u e s  a n d  P O  m o le c u la r  w e ig h t .  A s  th e  r e s u l t s  s h o w n  f o r  th e  s a m e  H L B  v a lu e s ,  th e  
h ig h e r  P O  m o le c u la r  w e ig h t  t e n d s  to  h a v e  a  lo w e r  C M C . T h e  in f lu e n c e  o f  E O /P O  
ra t io  is  l e s s  p r o n o u n c e d  th a n  t h a t  o f  th e  P O  m o le c u la r  w e ig h t  in  th is  c a s e .

Surface tension measurement of surfactants

♦  L64 
ร 10R5 
A P123 
» 25R4 
X  L31
• 17R2

Surfactant concentration (mM)

F ig u re  4 .7  S u r f a c e  t e n s io n  v e r s u s  c o n c e n t r a t io n  c u r v e  c o m p a r is o n  f o r  t h e  in v e s t i 
g a te d  s u r fa c ta n ts .
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4 .2  A d so r p tio n  o f  su r fa c ta n ts  o n to  silica

4 .2 .1  A d s o r p t io n  i s o th e r m s  o f  s u r f a c ta n t s  w i th  H L B  in  a  r a n g e  o f  1 -7
T h e  a d s o r p t io n  i s o th e r m  o f  P lu r o n ic s  L 3 1  ( P E O i P P O n P E O i ,  t r ib lo c k  

c o p o ly m e rs ,  H L B  6 .8 )  a n d  P lu r o n ic s  1 7 R 2  ( P P O 15P E O 10P P O 15, r e v e r s e d  t r ib lo c k  

c o p o ly m e rs ,  H L B  6 )  o n to  s i l i c a  a t  2 9 ° c  a re  s h o w n  in  F ig u r e s  4 .8  a n d  4 .9 ,  r e s p e c 

t iv e ly .

F ig u re  4 .8  A d s o r p t io n  i s o th e r m  o f  P lu r o n ic s  L 3 1  o n to  s i l ic a  a t  2 9 ° c .

F ig u re  4 .9  A d s o r p t io n  i s o th e r m  o f  P lu r o n ic s  17R 2 o n to  s i l ic a  a t  2 9 ° c .

P lu r o n ic s  L 3 1  a n d  P lu r o n ic s  1 7 R 2  d o  n o t  s ig n i f ic a n t ly  a d s o r b  o n to  th e  
s i l ic a  s u r f a c e  u n d e r  th e s e  c o n d i t io n s ,  w h ic h  is  c o n s is te n t  w i th  th e ir  c o n f ig u r a t io n s .  
P lu r o n ic s  L 3 1 ; t r ib lo c k  c o p o ly m e r s ;  h a s  a  lo w  n u m b e r  o f  E O  u n i t s  a n d  th u s  th e r e  is
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i n s u f f ic ie n t  in te r a c t io n  b e tw e e n  th e  p o la r  E O  p o r t io n  o f  t h e  s u r f a c ta n t  m o le c u le  a n d  
th e  p o la r  s i l ic a  s u r fa c e . P lu r o n ic s  1 7 R 2 ; a  r e v e r s e d  t r ib lo c k  c o p o ly m e r s ;  d o e s  n o t  a d 
s o rb  w e l l  d u e  t o  th e  lo w  n u m b e r  o f  E O  u n i t s  a n d  th e  lo c a t io n  o f  t h e  P E O  g r o u p s  in  
th e  m id d le  o f  t h e  s t r u c tu re ,  w h ic h  in h ib i t s  in te r a c t io n s  w i th  th e  s u r fa c e .

4 .2 .2  A d s o r p t io n  i s o th e r m s  o f  s u r f a c ta n t s  w i th  H L B  in  a  r a n g e  o f  7 -1 2
T h e  a d s o r p t io n  i s o th e r m s  o f  P lu r o n ic s  P 1 2 3  ( P E O 19P P O 69P E O 19, 

t r ib lo c k  c o p o ly m e r s ,  H L B  8 )  a n d  P lu r o n ic s  2 5 R 4  ( P E O 19P P O 33P E O 19, r e v e r s e d  
t r ib lo c k  c o p o ly m e rs ,  H L B  8 )  a t  2 9 ° c  a r e  s h o w n  in  F ig u r e s  4 .1 0  a n d  4 .1 1 , r e s p e c 
t iv e ly . F o r  P lu r o n ic s  P 1 2 3 ,  t h e  m a x im u m  s u r f a c ta n t  a d s o r p t io n  o c c u r s  a t  th e  e q u i l ib 
r iu m  c o n c e n t r a t io n  o f  0 .4 2  r a M  a n d  t h e  m a x im u m  a d s o r b e d  s u r f a c ta n t  is  0 .0 8  m m o l  
o f  s u r f a c ta n t  p e r  g r a m  o f  s i l ic a .  F o r  P lu r o n ic s  2 5 R 4 , th e  m a x im u m  s u r f a c ta n t  a d s o r p 
t io n  o c c u r s  a t  a n  e q u i l ib r iu m  c o n c e n t r a t io n  o f  0 .8 5  m M  a n d  th e  m a x im u m  a d s o r b e d  
s u r f a c ta n t  i s  a ro u n d  0 .0 6 4  m m o l  o f  s u r f a c ta n t  p e r  g r a m  o f  s il ic a .

F ig u re  4 .1 0  A d s o r p t io n  i s o th e r m  o f  P lu r o n ic s  P 1 2 3  o n to  s i l ic a  a t  2 9 ° c .
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F i g u r e  4 .1 1  A d s o r p t io n  i s o th e r m  o f  P lu r o n ic s  2 5 R 4  o n to  s i l ic a  a t  2 9 ° c .

4 .2 .3  A d s o r p t io n  i s o th e r m s  o f  s u r f a c ta n t s  w i th  H L B  in  a  r a n g e  o f  1 2 -1 8  
T h e  a d s o r p t io n  i s o th e r m s  o f  P lu r o n ic s  L 6 4  ( P E O 13P P O 30P E O 13, 

t r ib lo c k  c o p o ly m e r s ,  H L B  1 5 ) a n d  P lu r o n ic s  1 0 R 5  ( P E O 8P P O 23P E O 8, r e v e r s e d  
t r ib lo c k  c o p o ly m e r s ,  H L B  1 5 ) a t  2 9 ° c  a re  s h o w n  in  F ig u r e s  4 .1 2  a n d  4 .1 3 , r e s p e c 
t iv e ly . F o r  P lu r o n ic s  L 6 4 , t h e  m a x im u m  s u r f a c t a n t  a d s o r p t io n  o c c u r s  a t  th e  e q u i l ib 
r iu m  c o n c e n t r a t io n  o f  1 .75  m M  a n d  th e  m a x im u m  a d s o r b e d  s u r f a c ta n t  is  0 .0 8  m m o l 
o f  s u r f a c ta n t  p e r  g r a m  o f  s i l ic a .  F o r  P lu r o n ic s  1 0 R 5 , th e  m a x im u m  s u r f a c ta n t  a d s o r p 
t io n  o c c u r s  a t  t h e  e q u i l ib r iu m  c o n c e n t r a t io n  o f  2  m M  a n d  th e  m a x im u m  a d s o rb e d  
s u r f a c ta n t  is  0 .1 2  m m o l o f  s u r f a c ta n t  p e r  g r a m  o f  s il ic a .

Figure 4.12 Adsorption isotherm of Pluronics L64 onto silica at 2 9 ° c .
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F i g u r e  4 .1 3  A d s o r p t io n  i s o th e r m  o f  P lu ro n ic s  1 0 R 5  o n to  s ilic a  a t  2 9 ° c .

T h e  a d s o r p t io n  o f  b lo c k  c o p o ly m e r s  o n to  h y d r o p h i l i c  s i l i c a  o c c u r s  f o r  th o s e  
t e s te d  c o p o ly m e r s  w h ic h  f a l l  in to  th e  H L B  r a n g e  o f  7 -1 8 . T h e  r e s u l t s  s h o w  th a t  
b lo c k  c o p o ly m e r s  w i th  H L B  v a lu e s  lo w e r  th a n  7  d o  n o t  a p p r e c ia b ly  a d s o rb  d u e  to  
th e  s m a l l  n u m b e r  o f  E O  g r o u p s  c a p a b le  o f  i n te r a c t in g  w i th  th e  s i l i c a  s u r fa c e . D . 
T s u r u m i  e t  a l. ( 2 0 0 6 )  s h o w e d  th a t  b lo c k  c o p o ly m e r s  w i th  H L B  v a lu e s  h ig h e r  th a n  18 
d o  n o t  a d s o rb  w e l l  o n to  s i l i c a  d u e  t o  th e i r  h ig h  a f f in i ty  f o r  th e  a q u e o u s  p h a s e . T h u s , 
th e  o p t im u m  r a n g e  o f  H L B  v a lu e  w h ic h  a l lo w s  b lo c k  c o p o ly m e r s  t o  a d s o rb  o n to  s il 
ic a  is  7 -1 8 .

T h e  a d s o r p t io n  i s o th e r m s  o f  b lo c k  c o p o ly m e r s  i l l u s t r a te  L a n g m u i r  c h a r a c 
te r i s t ic ,  in c r e a s in g  w i th o u t  a p p a re n t  b r e a k s  u n t i l  i t  r e a c h e s  a  p la te a u .  T h e  L a n g m u i r  
e q u a t io n  is  e x p r e s s e d  as:

a «  K c (1 )1+  K - C
w h e r e  K  =  L a n g m u i r  e q u i l ib r iu m  c o n s ta n t  ( m M '1) ,  c  =  a q u e o u s  c o n c e n t r a t io n  (m M ) , 
Q  =  a m o u n t  a d s o r b e d  ( m m o l /g ) ,  a n d  Qmax =  m a x im u m  a m o u n t  a d s o r b e d  (m m o l/g ) .  
T h e  L a n g m u i r  p a r a m e te r s  f o r  th e  a d s o r p t io n  o f  b lo c k  c o p o ly m e r  s u r f a c ta n t s  o n to  s il
ic a  s u r f a c e ,  w h ic h  a re  d e r iv e d  b y  l in e a r  r e g r e s s io n  o f  L a n g m u i r  e q u a t io n  f r o m  th e  
e x p e r im e n ta l  v a lu e s ,  a r e  s h o w n  in  T a b le  4 .1 .
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T a b l e  4 .1  T h e  L a n g m u i r  p a r a m e te r s  f o r  th e  a d s o r p t io n  o f  b lo c k  c o p o ly m e r  s u r f a c 
t a n t s  o n to  s i l ic a  s u r fa c e

C o p o ly m e r  su r fa c ta n ts L a n g m u ir  p a r a m e te r s
Q m a x  (m m o l/g  o f  s ilic a ) K  (m M  *)

L 6 4 0 .0 9 6 4 1 .3 9 5 9

10 R 5 0 .1 5 7 9 1 .6 3 6 3

P 1 2 3 0 .1 0 2 3 3 .5 3 4 4

2 5 R 4 0 .0 7 7 2 2 .8 7 0 1

T h e  L a n g m u i r  p a r a m e te r s  i l lu s t r a te  t h e  a d s o r p t io n  c h a r a c te r i s t ic  o f  c o p o ly 
m e r  s u r f a c ta n t s  o n to  h y d r o p h i l i c  s il ic a . T h e  L a n g m u i r  e q u i l ib r iu m  c o n s ta n t  (K )  
s h o w s  th e  a f f in i ty  o f  s u r f a c ta n t s  to  a d s o rb  o n to  th e  s o lid  s u r fa c e . T h e  h ig h e r  K  v a lu e  
e x p r e s s e s  s t r o n g e r  in te r a c t io n s  w i th  th e  s u r fa c e . T h e  d a ta  s h o w s  th a t  P lu r o n ic s  P I 23  
h a s  th e  s t r o n g e s t  in te r a c t io n ,  f o l lo w e d  b y  P lu r o n ic s  2 5 R 4 , P lu r o n ic  1 0 R 5 , a n d  
P lu r o n ic s  L 6 4 , r e s p e c t iv e ly .  M o r e o v e r ,  th e  m a x im u m  a m o u n t  o f  a d s o r b e d  s u r f a c 
t a n ts ,  d e r iv e d  f r o m  th e  L a n g m u i r  e q u a t io n ,  c o r r e la te s  w e l l  w i th  th e  e x p e r im e n ta l  v a l 
u e s .

T h e  a d s o r p t io n  i s o th e r m s  o f  th e  v a r io u s  c o p o ly m e r  s u r f a c ta n t s  o n to  s il ic a  
s u r f a c e  m a y  b e  c o m p a r e d  in  F ig u r e  4 .1 4

♦  L64 
■  10R5 
XP123 
O 25R4

F i g u r e  4 .1 4  C o m p a r is o n  o f  th e  a d s o r p t io n  i s o th e rm s .
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T h e  f o u r  f a c to r s  c o n s id e r e d  in  th i s  s tu d y  fo r  th e  a d s o r p t io n  o f  b lo c k  c o 
p o ly m e r s  o n to  s i l ic a  a r e  H L B  v a lu e ,  c o n f ig u r a t io n ,  E O /P O  ra t io ,  a n d  m o le c u la r  
w e ig h t .  L o w e r  H L B  v a lu e s  t e n d  t o  h a v e  h ig h e r  in  a d s o r p t io n  a f f in i ty  th a n  th o s e  w i th  
th e  lo w e r  H L B  v a lu e s .  F o r  a  g iv e n  H L B  v a lu e  b u t  d i f f e r e n t  in  c o n f ig u r a t io n ,  th e  a f 
f in i ty  a n d  th e  a m o u n t  o f  a d s o r b e d  s u r f a c ta n t  o n to  a  s i l ic a  p a r t i c le  a re  in f lu e n c e d  b y  
t h e  E O /P O  ra t io  o f  s u r f a c ta n ts  m o r e  th a n  th e i r  m o le c u la r  w e ig h t  w h e r e  th e  a f f in i ty  
s h o w s  th e  s a m e  t r e n d  w i th  i t s  L a n g m u i r  p a r a m e te r .  T h e  a d s o r p t io n  b y  s u r f a c ta n ts  
c o n ta in in g  a  h ig h e r  E O /P O  r a t io  s h o w s  t h a t  th e  p r e s e n c e  o f  P E O  g r o u p s  f a c i l i ta te s  
a d s o r p t io n  o n to  th e  s i l ic a  s u r f a c e ,  as is  e x p e c te d .  C o n f ig u r a t io n  a ls o  s e e m s  to  b e  a  
f a c to r ,  s in c e  th e  r e v e r s e d  t r ib lo c k  c o p o ly m e r s  a r e  m o r e  d i f f ic u l t  to  a d s o rb  o n to  th e  
s i l i c a  s u r f a c e  b e c a u s e  th e  P E O  g r o u p s  a r e  in  th e  m id d le  o f  th e  s tr u c tu re .  T h e y  r e q u i r e  
h ig h e r  e q u i l ib r iu m  s u r f a c ta n t  c o n c e n t r a t io n  in  o r d e r  to  r e a c h  m a x im u m  a d s o rp tio n ,  
w h ic h  is  c o r r e la te d  t o  th e  h ig h e r  C M C  re q u i r e d .  C h a n g in g  H L B  v a lu e s  d o e s  n o t  h a v e  
a n  im p a c t  o n  th e  m a x im u m  a d s o r p t io n ,  t h o u g h  th o s e  w i th  l o w e r  C M C  v a lu e s  a d s o rb  
m o r e  r e a d i ly  a t  l o w e r  c o n c e n t r a t io n s ,  a s  is  e x p e c te d .

T h e  m a x im u m  a m o u n t  o f  a d s o r b e d  s u r f a c ta n t  is  t h u s  a f f e c te d  b y  th e  c o 
p o ly m e r  c o n f ig u r a t io n ,  E O /P O  ra t io ,  a n d  m o le c u la r  w e ig h t .  T h e  lo w e s t  m o le c u la r  
w e ig h t  a n d  th e  h ig h e s t  E O /P O  ra t io  ( P lu r o n ic s  1 0 R 5 )  h a v e  th e  l a r g e s t  a d s o rb e d  
a m o u n ts .  T h is  is  m o s t  l ik e ly  b e c a u s e  th e  s m a l l  m o le c u le  c a n  e a s i ly  a d s o rb  o n to  th e  
s u r f a c e  a n d  th e  h ig h  E O /P O  r a t io  m e a n s  i t  in te r a c ts  w e l l  w i th  t h e  p o la r  s i l i c a  s u r fa c e . 
T h e  n o r m a l  t r ib lo c k  c o p o ly m e r s  w i th  d i f f e r e n t  H L B  v a lu e s  ( P lu r o n ic s  L 6 4  [H L B  15 ] 
a n d  ( P lu r o n ic s  P I 2 3  [H L B  8 ] )  a l l  h a v e  s im i la r  m a x im u m  a m o u n t s  o f  a d s o r b e d  s u r 
f a c ta n t ,  e v e n  th o u g h  th e y  h a v e  d i f f e r e n t  E O /P O  ra t io s  a n d  m o le c u la r  w e ig h ts .  P lu 
r o n ic s  L 6 4  h a s  th e  lo w e r  m o le c u la r  w e ig h t  a n d  th e  h ig h e r  E O /P O  ra t io ,  p r o m o t in g  
a d s o r p t io n .  P lu r o n ic s  P I 2 3 , w h ic h  h a s  a  l o w e r  E O /P O  ra t io  a n d  a ls o  a  h ig h e r  m o 
l e c u l a r  w e ig h t ,  a ls o  h a s  a  lo w  H L B  v a lu e  a n d  C M C . I t  a d s o r b s  a t  lo w e r  c o n c e n t r a 
t io n s  a n d  r e a c h e s  t h e  s a m e  p la te a u  a m o u n t  a s  P lu r o n ic s  L 6 4 . P lu r o n ic s  2 5 R 4 , w h ic h  
h a s  t h e  lo w e s t  E O /P O  ra t io  a n d  r e v e r s e d  s t r u c tu r e ,  d o e s  n o t  a d s o rb  r e a d i ly  d u e  t o  th e  
s m a l l  n u m b e r  o f  E O  u n i t s  in  th e  m o le c u le .
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4 .3  A d so lu b iliz a t io n  o f  o rg a n ics

4 ,3 ,1  A d s o lu b i l i z a t io n  o f  o r g a n ic s
T h e  p la te a u  a m o u n ts  o f  a d s o rb e d  c o p o ly m e r  s u r f a c t a n t s  o n to  s i l ic a  a re  

s h o w n  in  T a b le  4 .2 .  P lu r o n ic s  1 0 R 5  h a s  th e  h ig h e s t  a d s o r p t io n  a m o u n ts ,  fo l lo w e d  b y  
P lu r o n ic s  L 6 4  a n d  P lu r o n ic s  P 1 2 3 ,  a n d  P lu r o n ic s  2 5 R 4 , r e s p e c t iv e ly .

T a b le  4 .2  T h e  m a x im u m  a d s o rb e d  c o p o ly m e r  s u r f a c ta n ts  o n to  s i l ic a

C o p o ly m e r  su r fa c ta n ts M a x im u m  a d so rb ed  su r fa c ta n ts  (m m o l/g  o f  s ilica )
P lu r o n ic s  L 6 4 0 .0 8

P lu r o n ic s  1 0 R 5 0 .1 2

P lu r o n ic s  P I 23 0 .0 8
P lu r o n ic s  2 5 R 4 0 .0 6 4

4 .3 .1 .1  A d s o lu b i l i z a t io n  o f  p h e n o l
P h e n o l  w a s  f o u n d  n o t  to  a d s o rb  in  a n y  s ig n i f ic a n t  d e g r e e  d i 

r e c t ly  o n to  th e  b a r e  s i l ic a  s u r f a c e  (G .M . F o r la n d  a n d  A .M . B lo k h u s ,  2 0 0 7 ) .  T h e r e 
fo re ,  th e  a m o u n t  o f  a d s o lu b i l i z e d  p h e n o l  v e r s u s  i ts  r e d u c e d  b u lk  c o n c e n t r a t io n  (b u lk  
c o n c e n t r a t io n  /  w a t e r  s o lu b i l i ty )  is  s h o w n  in  F ig u r e  4 .1 5 . T h e  d a ta  i l lu s t r a te s  th a t  th e  
m a x im u m  p h e n o l  a d s o lu b i l i z e d  in  th e  a d s o rb e d  la y e r s  o f  P lu r o n ic s  L 6 4 , P lu r o n ic s  
1 0 R 5 , P lu r o n ic s  P 1 2 3 ,  a n d  P lu r o n ic s  2 5 R 4  a re  1 .1 3 , 0 .6 5 , 0 .7 4 ,  a n d  0 .7 0  m m o l  o f  
p h e n o l /g  o f  s i l ic a ,  r e s p e c t iv e ly .  T h e  m a x im u m  v a lu e s  o f  t h e  r a t io  o f  a d s o lu b i l i z e d  
p h e n o l  t o  a d s o r b e d  s u r f a c ta n t  a r e  c o m p a r e d  in  T a b le  4 .3  f o r  t h e  v a r io u s  c o p o ly m e rs .  
T h e  m a x im u m  r a t io  a p p e a r s  to  b e  5 -  14  m m o l o f  a d s o lu b i l iz e d  p h e n o l /m m o l  o f  a d 
s o rb e d  s u r f a c ta n t ,  w h ic h  is  s ig n i f ic a n t ly  h ig h  c o m p a r e d  to  p h e n o l  a d s o lu b i l i z a t io n  in  
o th e r  c o n v e n t io n a l  s u r f a c ta n t s  [0 .1 8  m m o l  o f  p h e n o l  a d s o lu b i l i z e d /m m o l  o f  S D S , in  
s u r f a c ta n t - m o d if ie d  a lu m in a  (A d a k  e t  a l . ,  ( 2 0 0 5 ) ) ] .  T h e  r e a s o n  f o r  th i s  w a s  d is c u s s e d  
b y  N a g a r a j a n  e t  a l .  ( 1 9 8 5 )  th a t  a ro m a tic  c o m p o u n d s  fo u n d  in  t h e  n o n - p o la r  r e g io n  o f  
c o p o ly m e r  t a i l s  m o r e  c o m p a t ib le  t h a n  th e  n o n - p o la r  p o r t io n  o f  o th e r  c o n v e n t io n a l  
s u r f a c ta n ts .  I n  a d d it io n ,  P lu r o n ic s  L 6 4  s e e m s  t o  h a v e  th e  h ig h e s t  a m o u n t  o f  p h e n o l
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ad solu b ilized  in  its adsorbed layer com pared to  other ty p es o f  b lock  cop olym ers in  
this study.

« L64
.  10R5 
â P123 
° 23R-I

F ig u r e  4 .1 5  T he adsolubilization o f  phenol in the exam ined surfactants.

T a b le  4 .3  T he m axim um  ad solu b ilized  p henol w ith  respect to  surfactant concentra
tion

C o p o ly m e r  su r fa c ta n ts M a x im u m  a d so lu b iliza tio n  ra tio  
(m m o l o f  a d so lu b iliz e d  p h e n o l/  
m m o l o f  a d so r b e d  su r fa c ta n t)

P lu ron ics L 64 14 .14
P lu ron ics 10R5 5.41
P luron ics P I 23 9 .2 7
P luron ics 25R 4 10.92

4 . 3 . 1 . 2  A d s o l u b i l i z a t i o n  o f  2 - n a p h t h o l

K. E su m i e l  a l . ,  (2 0 0 7 )  found that 2-naphthol w a s not ad
sorbed in any sign ifican t degree directly on to  the bare s ilica  surface. Therefore, the  
ad solub ilized  2-naphthol versu s its reduced bulk concentration is  sh o w n  in F igure  
4 .1 6 . The data illustrate that the m axim um  2-naphthol ad so lu b ilized  in  the adsorbed
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layers o f  P luron ics L 64 , P lu ron ics 10R5, P luron ics P 1 2 3 , and P luronics 25 R 4  are
0 .1 7 , 0 ,06 , 0 .0 6 , and 0 .0 8  m m ol o f  2 -naphth ol/g  o f  s ilica , respectively . T he m axi
m um  va lu es o f  the ratio o f  ad so lu b ilized  2-naphthol to  adsorbed surfactant are com 
pared in T able 4 .4  for the various copolym ers. T h e m axim um  ratio appears to  be 0.5  
-  2 m m ol o f  ad so lu b ilized  2-n aphth ol/m m ol o f  adsorbed surfactant, w h ich  is  sign ifi
cantly h igh  com pared to  2-naphthol adsolub iliza tion  in other conventional surfactants  
[0 .0 6  m m ol o f  2-naphthol ad so lu b ilized /m m ol o f  2R enQ , in  surfactant-m odified  la- 
p on ite  (E sum i e t  a l ., (1 9 9 9 )) , 0.1 m m ol o f  2-naphthol ad so lu b ilized /m m ol o f  S D S , in  
surfactant-m odified  TiC>2 (E sum i e t  a l . ,  (1 9 9 8 )) ,] . The reason  for th is w a s d iscu ssed  
by N agarajan e t  a l .  (1 9 8 5 )  as described above. In addition, P luronics L 64  again  
seem s to  have the h igh est am ount o f  2-naphthol adso lub ilized  in its adsorbed layer 
com pared to  other typ es o f  b lock  cop olym ers in  th is study.

♦  L64
- 10R5
* PI 23 
° 2?R4

Equilibrium concentration of 2-naphthol'maximum solubility
F ig u r e  4 .1 6  T he adsolubilization o f  2-naphthol in the exam ined surfactants.

T a b le  4 .4  T he m axim um  ad so lu b ilized  2-naphthol w ith  resp ect to surfactant concen
tration

C o p o ly m e r  su r fa c ta n ts M a x im u m  a d so lu b iliza tio n  ratio  
(m m o l o f  a d so lu b iliz e d  2 -n a p h th o l/  

m m o l o f  a d so r b e d  su r fa c ta n t)
P luronics L 64 2 .1 6
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Pluronics 10R5 0 .5 2
Pluronics P I 23 0 .73
Pluronics 2 5 R 4 1.25

4 . 3 . 1 . 3  A d s o l u b i l i z a t i o n  o f  n a p h t h a l e n e

T he ad so lu b iliza tion  o f  naphthalene versus its reduced bulk  
concentration  is  sh ow n  in  F igure 4 .1 7 . The data sh o w s that the m axim um  adsolub ili
zation  o f  naphthalene in  the adsorbed layers o f  P luronics L 64, P luronics 10R 5, Plu- 
ronics P 123 , and P lu ron ics 25R 4  are 0 .0 1 5 , 0 .0 0 9 , 0 .0 0 7 , and 0 .0 0 5  m m ol o f  naph- 
thalene/g  o f  s ilica , resp ectively . T h e m axim um  ratios o f  ad so lu b ilized  naphthalene to  
adsorbed surfactant are com pared in  T able 4 .5 . The ratios range from  0 .08  -  0 .18  
m m ol o f  ad so lu b ilized  naphth alen e/m m ol o f  adsorbed surfactant, w h ich  is  approxi
m ately  the sam e to  ratios observed  for naphthalene in  con ven tion a l surfactants [0 .03  
m m ol o f  naphthalene ad so lu b ilized /m m ol o f  IR Q , in  surfactant-m odified TiC>2 

(E su m i e t  a l . ,  (1 9 9 7 )), 0 .1 4  m m ol o f  naphthalene ad so lu b ilized /m m ol o f  2R enQ , in  
surfactant-m odified  TiC>2 (E sum i e t  a l . ,  (1 9 9 7 ))]. In addition, P luronics L 64  again  
seem s to  have the h igh est am ount o f  2-naphthol ad so lu b ilized  in its adsorbed layer  
com pared to  other types o f  b lock  cop o lym ers in  th is study.

♦  L64
- 10R5
* P123
O 25R4

Equilibrium concentration of Naphthalene/maximum 
solubility

F ig u re  4 .1 7  T he adsolubilization o f  naphthalene in the exam ined surfactants.
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T a b le  4 .5  T he m axim um  ad solu b ilized  2-naphthol w ith  resp ect to  surfactant concen
tration

C o p o ly m e r  su r fa c ta n ts M a x im u m  a d so lu b iliza tio n  ratio  
(m m o l o f  a d so lu b iliz e d  n a p h th a le n e /  

m m o l o f  a d so rb ed  su r fa c ta n t)
P luronics L 64 0 .1 8 8
P luronics 10R5 0 .075
Pluronics P I 23 0 .085
Pluronics 2 5R 4 0.081

B lo c k  cop o lym er surfactants appear to  have higher ad so lu b iliza tion  
capacities for arom atic com pound s, esp ec ia lly  w ith  sm all organic m o lecu les  or polar  
substances, than the adsorbed layers o f  other conventional surfactants. T his is be
cau se sm all m o lecu les  can ea sily  be ad so lu b ilized  and polar m o lecu les  strongly in 
teract w ith  the polar portions o f  the adsorbed b lock  cop olym ers. In addition, the bet
ter com patib ility  o f  arom atic com p ou n d s in  the non-polar reg ion  o f  cop o lym er ta ils  
than in th e non-polar portion o f  other conventional surfactants is  the m ain  reason for  
the higher am ounts o f  organics ad so lu b iliza tion  (N agarajan e l  a l . ,  1985).

T he affin ity  o f  phenol, 2-naphthol, and naphthalene to  b e adsolubi
liz ed  onto  th e adsorbed layers o f  cop o lym er surfactants is  in flu en ced  b y  th e  num ber 
o f  PPO  grou p s and the m olecu lar w e ig h ts  o f  the cop olym ers th em selves. For a g iv en  
H L B  valu e, cop o lym ers w h ich  h ave larger num ber o f  PPO  groups and higher m o 
lecular w e ig h t appear to  ad so lu b ilize  organ ics appreciably m ore than th o se  w ith  a 
low er num ber o f  PPO  groups and low er m olecu lar w eigh t. T he m axim um  am ounts o f  
ad solu b ilized  organ ics are m ost lik e ly  to  be the sam e for the adsorbed layers o f  P lu- 
ron ics 10R 5, P 1 2 3 , and 25R 4. O n the other hand, P luronics L 64  is surprisingly d if
ferent. It appears to  have m any tim es h igher adso lub iliza tion  capacity for organics  
than the other tested  cop olym er surfactants. Som e p o ssib le  reasons are sh ow n  in ta
b le 4 .6 . For a g iv en  H L B  v a lu e  (H L B  15), although P luron ics L 64  has the sm aller
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lev e l o f  adsorption com pared to  P luronics 10R 5, it sh ow s m uch larger am ounts o f  
adsolub ilized  organics. It cou ld  be b ecau se  P lu ron ics L 64 has PO  segm en ts that are 
tw o  tim es th ose o f  P luronics 10R 5. C om paring P luronics L 64  and P lu ron ics 25R 4, 
they h ave a lm ost the sam e unit num bers o f  E O  and PO  portions in  the m olecular  
structures but sh o w  different am ounts o f  adsorption, P luronics 25R 4 has low er ad
sorption than P lu ron ics L 64 , w h ich  cou ld  contribute to the sam e outcom e. The dif
ference o f  organic ad so lu b ilized  o f  P luronics L 6 4  and P luron ics PI 23 is  a lm ost three 
tim es higher for P luronics L 64 . W e are unsure o f  the reason for th is though  it could  
be the con seq u en ce  o f  the d ifferen ce in E O /P O  ratio. P luron ics L 6 4  has higher  
E O /P O  ratio than that o f  P lu ron ics P I 23 , the h igh er ratio m eans the stronger surfac
tants bound to the s ilica  surface. Therefore, w h ile  organic so lu tes are b ein g  adsolub i
lized  in  the adsorbed layer, the interaction force  b etw een  non-polar portion o f  the 
solu te m o lecu les and the hydrophobic part o f  surfactants are increased. T his force  
m ight be higher than the attractive force b etw een  E O  portion o f  surfactants and the  
silica  surface. T his m ay ca u ses the d isp lacem en t o f  the adsorbed P luron ics P I 23 
from  silica  surface w h ich  result in  the le ss  num ber o f  organic ad so lu b ilized  in the 
adsorbed layer o f  P luronics P 123  than that in  the adsorbed layer o f  P luronics L 64.

T a b le  4 .6  C opolym ers properties

C o p o ly m e r
su r fa c ta n ts

H L B
v a lu e s

E O /P O
ra tio S tr u c tu r e s

M a x im u m
A d so r b e d  su r fa c ta n ts  

(m m o l/g  o f  s ilica )
P luronics L64 15 0 .6 6 2 9 E 0 1 3 - P 0 3 0 - E 0 1 3 0 .0 8
P luronics 10R5 15 0 .9 8 9 8 P 0 8 - E 0 2 3 - P 0 8 0 .1 2
P luronics P I 23 8 0 .4 2 8 6 EO  19 - P 0 6 9 - E 0 19 0 .08
P luronics 25R 4 8 0.25 P 0 1 9 - E 0 3 3 - P 0 1 9 0 .0 6 4
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4 .3 .2  The e ffec ts  o f  num bers o f  rings and p olarities to  the ad solub ilization  
behaviors

The ad solu b iliza tion  o f  phenol, 2-naphthol, and naphthalene in th e ad
sorbed layers o f  P luronics L 64 , P luron ics 10R 5, P luron ics P I 23, and P luronics 25R 4; 
are sh ow n  in F igures 4 .1 8 , 4 .19 , 4 .2 0 , and 4 .2 1 , resp ectively .

รฺรฺÜ

♦  Phenol 
■  2-naphthol 
A Naphthalene

Equilibrium concentration of organics/maximum 
solubility

F ig u re  4 .1 8  The adsolub iliza tion  o f  phenol, 2-naphthol, and naphthalene onto  the  
adsorbed layer o f  P luron ics L 64.
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F ig u r e  4 .1 9  T he adsolub iliza tion  o f  phenol, 2-naphthol, and naphthalene onto the  
adsorbed layer o f  P luronics 10R5.
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Figure 4.20 The adsolubilization of phenol, 2-naphthol, and naphthalene onto the
adsorbed layer of Pluronics PI 23.
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F ig u re  4 .21 The adsolub iliza tion  o f  phenol, 2-naphthol, and naphthalene onto the  
adsorbed layer o f  P luronics 25R 4.

T he m olecular s ize  o f  the solute, prim arily due to the num bers o f  
arom atic rings, has an enorm ous e ffect on  the am ounts o f  ad so lu b iliza tion , as is  e x 
pected. The sm aller m o lecu les  h ave h igher am ounts o f  ad so lu b iliza tion  than do the  
larger on es b ecau se they “fit” m ore ea sily  w ith in  the adsorbed layers and take up less  
o f  the ad so lu b iliza tion  capacity. T herefore, phenol, the sm allest so lu te  tested  and 
havin g  a sin g le  b en zen e ring, ad so lu b ilized  to  a m uch h igh er degree than did 2 -  
naphthol and naphthalene w h ich  have p olyarom atic ring structures.

T he effect o f  so lu te  polarity as seen  in  2-naphth ol and naphthalene, 
w h ich  have the sam e num bers o f  arom atic rings, has a sign ifican t im pact on  their ad
solubilization . N aphthalene has approxim ately 1710th the adso lub iliza tion  o f  2 -  
naphthol. This b e because polar com pound s are capable o f  ad so lu b iliz in g  in both the  
palisade and core regions o f  the adsorbed aggregates, w h ile  the non-polar so lu tes  
should partition prim arily o n ly  into the core  reg ions o f  the adsorbed aggregates. C on
sequently, both num bers o f  arom atic rings and polarities seem  to  be the factors that 
contribute to  the d ifferences in  the organic adso lub iliza tion  b ehaviors as is  expected .
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4 .4  D e te r m in a tio n  o f  su r fa ce  c h a r a c te r is t ic s  b y  u sin g  A F M

The topography im ages and the p hase im ages o f  u n m od ified  silica  are 
sh ow n  in figure 4 .2 2  and 4 .2 3 , respectively .

(a)

F ig u r e  4 .2 2  T opography im ages o f  u n m odified  silica: (a) 2 -d im en sion a l im age  
(lOOnm X lOOnm), (b) 3 -d im ensional im age (lOOnm X lOOnm X lOOnm).



43

F ig u re  4 .2 3  Phase im a g es o f  u n m odified  silica: (a ) 2 -d im en sion a l im age (lOOnm X 
lOOnm, 90°), (b) 3-d im en sion al im a g e  (lOOnm X lOOnm X 90°).

A F M  topography sh ow s co lo r  m apping for h eigh t im age  data in  n an o-sca le  
surfaces, and phase im a g e  detects variations in com p osition s and other properties  
inform ation about the surface structures. The topography im a g es  o f  the u n m od ified  
silica  in F igure 4 .2 2  sh o w s the d ifferen ces in  height due to  the curvature o f  s ilica  par
ticle. In addition, no sign ifican t phase variation o f  the u n m od ified  silica  is  observed  
in Figure 4 .2 3 .

T he topography im ages and the phase im a g es  o f  s ilica  m od ified  w ith  P lu- 
ronics L 64, P luronics 10R 5, P luronics P I 23 , and P luron ics 2 5 R 4  are sh ow n  in  F ig 
ures 4 .24 , 4 .2 5 , 4 .26 , and 4 .2 7 , respectively .
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(a)

(b)
F ig u r e  4 .2 4  Im ages o f  the s ilica  m odified  w ith  P luronics L64: (a) T opography im 
ages (lOOnm X lOOnm X lOOnm), (b) P hase im ages (lOOnm X lOOnm X 90°).
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(b)
F ig u re  4 .2 6  Im ages o f  the s ilica  m od ified  w ith  P luronics PI 23: (a) T opography im 
ages (lOOnm X lOOnm X lOOnm), (b) P hase im ages (lOOnm X lOOnm X 90°).

nm

(b)
F ig u re  4 .2 5  Im ages o f  the s ilica  m odified  w ith  P luronics 10R5: (a) T opography im 
ages (lOOnm X lOOnm X lOOnm), (b) P hase im ages (lOOnm X lOOnm X 90°).
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(b)
F ig u re  4 .2 7  Im ages o f  the s ilica  m od ified  w ith  P luronics 25R 4: (a) T opography im 
ages (lOOnm X lOOnm X lOOnm), (b) P hase im ages (lOOnm X lOOnm X 9 0 °).

T he silica  surfaces m odified  w ith  the various b lock  cop olym er surfactants 
appear to  have clusters o f  cop olym ers on  the silica  surfaces. The clusters arrange
m ents o f  P luron ics L 64  and P luronics P I 23 , w h ich  are the triblock cop olym ers, seem  
to  have better oriented patterns than th o se  o f  P luronics 10R 5 and P luron ics 25R 4 , 
w h ich  are the reversed trib lock cop olym er surfactants, as show n in  F igure 4 .28 . 
Therefore, the surfactant structures could b e the factors that contribute to  the cluster  
orientations o f  b lock  cop olym er surfactants onto hydrophilic silica. U nfortunately, 
the reason for this is still not yet understood.



47

F ig u r e  4 .2 8  P hase im ages o f  the s ilica  m od ified  w ith  P luronics L 64  (a), P luronics 
10R5 (b), P luronics P 123 (c), and P luronics 2 5 R 4  (d), at 3 0 0 n m x  300n m , 180°.

The p h ase im ages o f  surfactant-m odified  silica  after adso lub iliza tion  o f  or
gan ics are show n in F igures 4 .2 9  and 4 .30 . P henol w a s u sed  as a m od el organic ad- 
so lu b ilized , P luron ics L 64  (trib lock  cop olym ers) and P luron ics 10R5 (reversed tri- 
b olck  cop olym ers) w ere a lso  used  as the m odel o f  surfactants in surfactant-m odified  
silica.
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(a)

(b)
F ig u r e  4 .2 9  Phase im ages o f  the s ilica  m odified  w ith  P luronics L 64  (a), and phase  
im a g es o f  the silica  m od ified  w ith  P luronics L 64  after ad so lu b iliza tion  o f  p h en ol (b), 
at lO O nm x lOOnm, 90°.

(a)
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(b)

F ig u re  4 .3 0  Phase im ages o f  the silica  m odified  w ith  P luronics 10R5 (a), and phase  
im ages o f  the silica  m od ified  w ith  P luronics 10R5 after adsolub iliza tion  o f  phenol 
(b), at lO O nm x lOOnm, 90°.

A fter phenol is ad so lu b ilized  in an adsorbed layer o f  surfactant m odified  
silica , the cop olym er clusters on  the silica  surfaces tend to  change their m orp h ologies  
to  flatter structures than th o se  seen  w ith  adsorbed surfactant alone. M izutani and T o-  
kum oto (1 9 9 6 )  d iscussed  that the decrease in phase height resulted from  the reduc
tion o f  rep u lsive  forces b etw een  the hydrophilic parts o f  the adsorbed surfactants (in  
this case is  PE O  groups) and the hydrophobic parts o f  the adsorbed surfactants (in  
this case is  P P O  groups). Therefore, phenol w h ich  cou ld  be adsorbed in  the polar re
g io n  near th e PEO  groups can reduce th e rep u lsive  forces b etw een  the polar portions  
and non-polar portions o f  the adsorbed cop olym er surfactants, w h ich  could be th e  
reason o f  m orp h olog ica l ch an ges o f  the surfactants-m odified  silica  after organics b e 
ing adsolub ilized .
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