
C H A P T E R  II  
L I T E R A T U R E  R E V I E W

2.1  S u r f a c t a n t  C h a r a c t e r i s t i c s

S u r fa c ta n ts  ( o r  s u r f a c e  a c t iv e  a g e n ts )  a re  o r g a n ic  c o m p o u n d s  w ith  a t  le a s t  
o n e  ly o p h i l ic  ( s o lv e n t - lo v in g )  g ro u p  a n d  o n e  ly o p h o b ic  ( s o lv e n t- f e a r in g )  g ro u p  in  th e  
m o le c u le .  I f  th e  s o lv e n t  w h ic h  th e  s u r f a c ta n t  is  to  b e  u se d  is w a te r  o r  a n  a q u e o u s  
s o lu t io n , th e n  th e  te rm s  h y d r o p h i l ic  a n d  h y d r o p h o b ic  a re  u se d  r e s p e c t iv e ly .  In  th e  
s im p le s t  te r m ,  a  s u r f a c ta n t  c o n ta in s  a t  le a s t  o n e  n o n - p o la r  g ro u p  a n d  o n e  p o la r  g r o u p  
a n d  is r e p r e s e n te d  in  a  f o rm  s h o w n  in  F ig u r e  2.1 (F a rn , 2 0 0 8 ).

F ig u r e  2 .1  S im p l i f ie d  s u r f a c ta n t  s t r u c tu r e  (F a rn , 2 0 0 8 ) .

D e p e n d in g  o n  th e  h y d r o p h i l ic  h e a d  g r o u p s , s u r fa c ta n ts  a r e  c la s s i f ie d  a s  
f o l lo w s  ( F a r n ,  2 0 0 8 ):

1. Anionic surfactants. W h e n  th e y  a re  in  w a te r ,  th e  h y d r o p h i l ic  h e a d  is 
n e g a t iv e ly  c h a rg e d . A n io n ic  s u r f a c ta n ts  a re  th e  m o s t  c o m m o n  a n d  in e x p e n s iv e  
s u r f a c ta n t  a rid  m a in ly  u s e d  in  d e te rg e n c y  a n d  p e r s o n a l  c a re  p ro d u c ts .

2 . Cationic surfactants. W h e n  th e y  d is s o c ia te  in  w a te r , th e  h y d r o p h i l ic  h e a d  
is  p o s i t iv e ly  c h a rg e d . T h e y  a re  g e n e ra l ly  u s e d  a s  f a b r ic  s o f te n e rs ,  h a i r  c o n d i t io n e r s  
a n d  a n t ib a c te r ia l  a g e n ts .

3 . Non-ionic surfactants. T h e y  d o  n o t  d is s o c ia te  in  w a te r  a n d  th e  
h y d r o p h i l ic  h e a d  h a s  a  n e u tr a l  c h a rg e . N o n io n ic  s u r f a c ta n ts  a re  c o m m o n ly  u s e d  in  
th e  f o r m u la t io n  o f  e m u ls i f i e r ,  d i s p e r s a n t  a n d  lo w  te m p e ra tu re  d e te rg e n ts .

Hydrophile Hydrophobe
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2 .2  A d s o r p t i o n  o f  S u r f a c t a n t s  a t  t h e  S o l i d - L iq u id  I n t e r f a c e

S u r f a c ta n ts  - a d s o rp t io n  is  a  p r o c e s s  fo r  t r a n s f e r r in g  o f  s u r f a c ta n t  m o le c u le s  
f ro m  th e  b u lk  p h a s e  o n to  th e  s u r fa c e  in te r fa c e . T h e  p h e n o m e n o n  o f  s u r f a c ta n t  
a d s o r p t io n  is  s tu d ie d  in  o r d e r  to  u n d e r s ta n d :  ( 1 ) a  m e a s u r e  o f  th e  a m o u n t  o f  
s u r f a c ta n ts  o n  s u r fa c e  th a t  c a n  b e  id e n t i f ie d  th e  p e r f o r m a n c e  o f  s u r f a c ta n t ;  a n d  (2 ) 
th e  o r ie n ta t io n  o f  s u r fa c ta n t  m o le c u le s  o n  th e  s u r fa c e  th a t  c a n  be  id e n t i f i e d  th e  e f f e c t  
o f  a d s o r p t io n  o n  s u r fa c e s  ( P a r ia  a n d  K h i la r ,  2 0 0 4 ) .

T h e  a d s o rp t io n  o f  s u r f a c ta n ts  a t  th e  s o l id - l iq u id  in te r fa c e  is s t r o n g ly  
in f lu e n c e d  b y  a  n u m b e r  o f  f a c to r s  (R o s e n  a n d  K u n ja p p u ,  2 0 1 2 ): (1 )  th e  n a tu r e  o f  th e  
s u r fa c e ;  (2 )  th e  m o le c u la r  s t r u c tu r e  o f  th e  s u r f a c ta n t ;  a n d  (3 )  th e  e n v i r o n m e n ta l  o f  th e  
a q u e o u s  p h a s e  s u c h  a s  p H , te m p e r a tu r e ,  a n d  e le c t ro ly te  c o n te n t  o r  a n y  a d d i t iv e s .

2 .2 .1  M e c h a n is m s  o f  S u r fa c ta n t  A d s o r p t io n
T h e re  a re  n u m b e r  m e c h a n is m s  b y  w h ic h  s u r f a c e - a c t iv e  m o le c u le s  

m a y  a d s o rb  o n to  th e  s o l id  s u b s tr a te s  f ro m  a q u e o u s  s o lu tio n . In  g e n e ra l ,  th e  
a d s o r p t io n  o f  s u r f a c ta n ts  in v o lv e s  s in g le  io n s  r a th e r  th a n  m ic e l le s  ( P a r ia  a n d  K h ila r ,  
2 0 0 4 ;  R o s e n  a n d  K u n ja p p u , 2 0 1 2 ) .

1. Ion exchange. R e p la c e m e n t  o f  x o u n t e r  io n s  a d s o rb e d  o n to  th e  
s u b s tr a te  f ro m  th e  s o lu t io n  b y  s im ila r ly  c h a r g e d  s u r f a c ta n t  io n s .

2 . Ion pairing. A d s o r p t io n  o f  s u r f a c ta n t  io n s  f ro m  s o lu t io n  o n to  
o p p o s i te ly  c h a r g e d  s ite s  b y  c o u n te r  io n s .

3. Hydrophobic bonding. A d s o r p t io n  o c c u rs  w h e n  th e re  is  a n  
a t t r a c t io n  b e tw e e n  a h y d r o p h o b ic  g ro u p  o f  a d s o rb e d  m o le c u le  an d  a  m o le c u le  p r e s e n t  
in  th e  s o lu t io n .

4 . Adsorption by polarization o f ท electrons. W h e n  th e  s o l id  s u r fa c e  
h a s  s t r o n g ly  p o s i t iv e  s i te s  a n d  th e  s u r f a c ta n t  c o n ta in s  e le c t ro n - r ic h  a r o m a t ic  n u c le i ,

4. A tn p h o te r ic  su r fa c ta n ts . The hydrophilic head of amphoteric surfactants
has a positive, negative or both positive and negative charges depending on pH. They
are widely used in toiletries, baby shampoos, and daily cleaners.
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th e  a t t r a c t io n  b e tw e e n  e le c tro n  r ic h  a r o m a t ic  n u c le i  o f  th e  a d s o rb a te  a n d  p o s i t iv e  
s i te s  o f  th e  a d s o r b e n t  r e s u lts  in  a d s o rp t io n .

5 . Adsorption by dispersion forces. A d s o r p t io n  b y  L o n d o n - v a n  d e r  
W a a ls  fo rc e  b e tw e e n  a d s o rb a te  a n d  a d s o r b e n t  in c re a s e s  w ith  th e  in c re a s in g  
m o le c u la r  w e ig h t  o f  th e  a d s o rb a te .

2 .2 .2  A d s o r p t io n  I s o th e rm
A n  a d s o rp t io n  i s o th e r m  is  a  c u r v e  fo r  d e s c r ib in g  th e  p h e n o m e n o n  

g o v e r n in g  th e  m o b i l i ty  o f  a  s u b s ta n c e  f ro m  th e  a q u e o u s  s o lu t io n  to  a  s o l id  p h a s e  a t  a  
c o n s ta n t  te m p e r a tu r e  a n d  p H . W h e n  a n  a d s o r b a te  is  c o n ta c te d  w ith  th e  a d s o r b e n t  fo r  
s u f f ic ie n t  t im e , a n d  th e  a d s o rb a te  c o n c e n t r a t io n  in  th e  b u lk  s o lu t io n  is  in  a  d y n a m ic  
b a la n c e  w ith  th e  in te r f a c e  c o n c e n t r a t io n ,  th is  s i tu a t io n  is  c a l l  a d s o rp t io n  e q u i l ib r iu m .

In  g e n e ra l ,  th e  m a th e m a t ic a l  m o d e ls  s u c h  a s  L a n g m u ir ,  F re u n d l ic h ,  
B r u n a u e r - E m m e t t - T e l l e r ,  a n d  R e d l i c h -  P e te r s o n  a re  th e  m o d e l in g  a n a ly s is  w h ic h  is  
u s e d  to  c o n s tr u c t  a n d  d e s ig n  th e  e q u i l ib r iu m  is o th e r m  (F o o  a n d  H a m e e d , 2 0 1 0 ) .

2 .3  C r i t i c a l  M ic e l le  C o n c e n t r a t i o n  o f  S u r f a c t a n t s

T h e  c r i t i c a l  m ic e lle  c o n c e n t r a t io n  (C M C )  is d e f in e d  a s  th e  s u r f a c ta n t  
c o n c e n t r a t io n  a t w h ic h  m ic e l le s  f o rm  a n d  f u r th e r  s u r f a c ta n ts  a d d e d  to  th e  s y s te m  g o  
to  m ic e l le s .  In  g e n e ra l ,  m ic e l le s  a r e  a r r a n g e d  w i th  h y d r o p h o b ic  ta i ls  o r ie n te d  in s id e  
a n d  h y d r o p h i l ic  h e a d s  o r ie n te d  to w a r d  th e  a q u e o u s  s o lu t io n . T h e re  a re  a  n u m b e r  o f  
e x p e r im e n ta l  m e th o d s  to  d e te rm in e  th e  C M C  o f  a  s u r fa c ta n t  s u c h  a s  c o n d u c t iv i ty - a n d  -  
s u r f a c e  te n s io n . T h e  m e th o d  o f  c h o ic e  d e p e n d s  o n  th e  a v a i la b i l i ty  o f  th e  v a r io u s  
t e c h n iq u e s  a n d  th e  r e la t io n s h ip  b e tw e e n  th e  te c h n iq u e  a n d  th e  u l t im a te  a p p l ic a t io n  
( M y e r s ,  2 0 0 5 ) .

2 .3 .1  S u r fa c e  T e n s io n  o f  S u r fa c ta n t  S o lu t io n
T h e  C M C  is d e te r m in e d  b y  m e a s u r in g  th e  s u r f a c e  te n s io n  o f  a  s e r ie s  

o f  s u r f a c ta n t  c o n c e n t r a t io n .  A s  p u r e  w a te r ,  th e  s u r fa c e  t e n s io n  r e a c h e s  th e  h ig h e s t  
v a lu e . A d d i t io n a l  s u r f a c ta n t  c a u s e  a  d e c r e a s e  in  s u r fa c e  te n s io n .  A b o v e  th e  C M C , th e  
s u r f a c e  te n s io n  is  in d e p e n d e n t  o f  th e  s u r f a c ta n t  c o n c e n t r a t io n  th a t  is n e a r ly  c o n s ta n t .
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T h e  C M C  is  o b ta in e d  f ro m  th e  s u r f a c e  te n s io n  v s . lo g  c o n c e n t r a t io n  p lo t ,  s h o w n  in  
F ig u r e  2 .2 , a s  th e  in te r s e c t io n  p o in t  b e tw e e n  th e  tw o  b e s t  l in e a r  f i t t in g  f o r  lo w  a n d  
h ig h  c o n c e n t r a t io n s .

Concentration

Figure 2.2 S im p le  p lo t  b e tw e e n  s u r f a c e  te n s io n  a n d  a  s e r ie s  o f  s u r f a c ta n t  s o lu t io n  
( K R U S S ) .

2 .3 .2  W i lh e lm y  P la te  M e th o d
T h e  W ilh e lm y  p la te  m e th o d  is  o n e  o f  w id e ly  te c h n iq u e s  f o r  th a t  

m e a s u r e s  c o n ta c t  a n g le  o n  a  so l id  s a m p le  a s  w e l l  a s  th e  s u r fa c e  te n s io n  a c t in g  o n  th e  
p e r im e te r  o f  a  p la te .  A s  th e  p la te  is  m o v e d  in to  a n d  o u t o f  a  l iq u id , th e  c h a n g e  in  
fo rc e , F , d u e  to  th e  a d h e s io n  te n s io n  is  s h o w n  in  E q u a t io n  2.1 (T ia b  a n d  D o n a ld s o n ,  
2 0 1 2 ;  Y u a n  a n d  L e e , 2 0 1 3 ) .

F = yP c o s  0 (2 .1 )

; w h e re  y is  th e  l iq u id  s u r fa c e  te n s io n ,  p  is  th e  p e r im e te r  o f  c o n ta c t  lin e , a n d  9 is  th e  
c o n ta c t  a n g le . T h e  e x p e r im e n ta l  s e tu p  is  s h o w n  in  F ig u re  2 .3 . T h e  p la te  is  a t t a c h e d  to  
a  m ic r o b a la n c e  a n d  th e  m o v e m e n t r a te  is  d e te rm in e d  b y  a  c o m p u te r .
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Figure 2.3 W ilh e lm y  p la te  m e th o d  s e tu p  ( T ia b  a n d  D o n a ld s o n ,  2 0 1 2 ) .

2.4 Quartz Crystal Microbalance with Dissipation

A  q u a r t z  c ry s ta l  m ic r o b a la n c e  w i th  d is s ip a t io n  (Q C M -D )  is a  d e v ic e  w h ic h  
m e a s u r e s  in te r f a c ia l  c h a n g e s  th ro u g h  th e ir  im p a c t  o n  p ie z o  o s c i l la t io n . T h e  Q C M - D  
h a s  b e e n  u s e d  to  d e te rm in e  c h a n g e s  in  m a s s  lo a d in g s  f ro m  c h a n g e s  in  o s c i l la t io n  
f r e q u e n c y .  Q C M - D  c o n s is ts  o f  a  d is k  o f  s in g le  c ry s ta l  q u a r tz  w ith  m e ta l  e le c t ro d e s  
d e p o s i te d  o n  e a c h  s id e  o f  th e  d is k . Ill g e n e ra l ,  g o ld  q u a r tz  is  u s e d  b e c a u s e  it p r o v id e s  
a  m o r e  c h e m ic a l ly  s ta b le  s u r fa c e  (B in k s , 1 9 9 9 ).

Q C M - D  m e a s u re s  th e  c h a n g e  in  r e s o n a n c e  f r e q u e n c y  o f  c ry s ta l  q u a r tz  a n d  
e n e r g y  d i s s ip a t io n .  T h e  c h a n g e  in  r e s o n a n c e  f re q u e n c y  r e la te s  to  th e  a m o u n t  o f  
a d s o rb e d  m a s s  w h ic h  c a n  b e  c a lc u la te d  u s in g  S a u e rb re y  e q u a t io n  s h o w n  in  E q u a t io n
2 .2  (R o d a h l  et a l, 1 9 9 5 ; M e r ta  e t  al., 2 0 0 4 ) .

Am = “ “  <2'2)

In  E q u a t io n  2 .2 , A m  is  th e  a d s o rb e d  m a s s ,  c  is  a  c o n s ta n t  c h a r a c te r i s t ic  o f  
th e  c ry s ta l  ( C  =  17 .7  n g c m ^ H z ’ 1 fo r  th e  c ry s ta ls  u s e d  a t 5 M H z ) , A/  is  th e  
d i f f e r e n c e  b e tw e e n  th e  r e s o n a n t  f re q u e n c y  o f  th e  c ry s ta l  s e n s o r  ( /)  a n d  i ts  n o m in a l  
v a lu e  (fo),Af = f  -  fo, a n d  ท is  th e  o v e r to n e  n u m b e r  (ท =  1, 3 , 5 , . . . ) .  T h is  r e la t io n  
b a s e d  o n  th e  a s s u m p t io n s  th a t  th e  a d s o rb e d  m a s s  fo rm s  a  th in  r ig id  f d m  a n d  u n ifo rm
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d i s t r ib u t io n  o n  th e  w h o le  s u r fa c e . In  a d d i t io n ,  e q u a t io n  (1 )  is  a ls o  s a t i s f ie d  w h e n  th e  
d i s s ip a t io n  is  2 X 10 ' 6 o r  le s s  (V o g t et a l, 2 0 0 4 ) .

W h e n  th e  d i s s ip a t io n  is la r g e r  th a n  2 X 1 0 '6, th e  a d s o rb e d  f i lm  is d e f in e d  a s  
s o f t  la y e r  (v is c o e la s t ic ) .  T h e  V o ig t  m o d e l  is a p p l ie d  fo r  v is c o u s  a d s o rb e d  la y e r .  T h e  
a d d i t io n a l  p a r a m e te r s  s u c h  a s  an  e f f e c t iv e  la y e r  d e n s i ty ,  la y e r  th ic k n e s s ,  s h e a r  e la s t ic  
( s to r a g e )  m o d u lu s ,  a n d  s h e a r  v i s c o s i ty  ( lo s s  m o d u lu s )  a re  a d d e d  (L a r s s o n  et al, 
2 0 0 3 ; K o u  et al, 2 0 1 0 ) .

T h e  e n e rg y  d i s s ip a t io n  r e f le c t s  th e  v i s c o e la s t ic i ty  o f  th e  a d s o rb e d  f i lm s  a n d  
is  m e a s u r e d  b a s e d  o n  th a t  w h e n  th e  d r iv in g  p o w e r  to  a n _ o s c i l la to r  is  tu rn e d  o f f , th e  
v o l ta g e  o v e r  th e  c ry s ta l  d e c r e a s e s  e x p o n e n t ia l ly  a n d  a  d a m p e d  o s c i l la t in g  s ig n a l  is 
r e c o rd e d . T h e  d is s ip a t io n  f a c to r  is  s h o w e d  in  E q u a t io n  2 .3  (S tâ lg r e n  et a l, 2 0 0 2 ) .

Q  _  E d i s s i p a t e d  ( 2 . 3 )
^ n E stored

; w h e re  Edissipated is  th e  d is s ip a te d  e n e r g y  d u r in g  o n e  o s c i l la t io n  a n d  E slored is  th e  
s to re d  e n e r g y  d u r in g  th e  o s c i l la t io n  c y c le . W ith  th e  Q C M -D , th e  c h a n g e  in  th e  
d i s s ip a t io n  f a c to r , A D  =  D  - D o ,  is  m e a s u r e d , w h e r e  D  is  th e  d i s s ip a t io n  f a c to r  a t  a n y  
g iv e n  t im e  d u r in g  th e  e x p e r im e n t  a n d  D o  is th e  d is s ip a t io n  f a c to r  o f  a  c le a n  c ry s ta l  
im m e rs e d  in  th e  s o lv e n t .

A  s m a ll  A D  r e p r e s e n ts  fo r  a  r ig id  a d s o rb e d  s tru c tu re . A  la rg e  v a lu e  f o r  A D  

r e p r e s e n ts  f o r  a  la rg e  e n e r g y  lo s s , w h ic h  is  a  s o f t  f i lm  a tta c h e d  to  th e  q u a r tz  c ry s ta l .  
T h e  e x a c t  l im its  o f  th is  q u a l i ta t iv e  d i s c r im in a t io n  d e p e n d  o n  th e  ra t io  b e tw e e n  
v is c o s i ty  a n d  e la s t ic i ty  o f  th e  a d s o rb e d  f i lm  ( V o in o v a  et al, 1 9 9 9 ; S h i et a l, 2 0 0 9 ) .

2.5 Surface Characterization

2 .5 .1  A to m ic  F o r c e  M ic ro s c o p y  (A F M )
T h e  a to m ic  fo rc e  m ic r o s c o p y  ( A F M )  f ir s t  a p p e a re d  in  1 9 8 6  a s  a n  

e v o lu t io n  f ro m  s c a n n in g  tu n n e l in g  m ic r o s c o p y  ( S T M ) . T h e  A F M  w a s  u s e d  to  
c h a r a c te r iz e  th e  m o le c u le s  o f  s u r f a c ta n t s  a d s o rb e d  o n  s u r fa c e  (B in k s ,  1 9 9 9 ). T h e  
h e a d  g r o u p s  o f  a d s o rb e d  s u r fa c ta n t  m u s t  to w a r d  s o lu t io n  in  o r d e r  to  p r o v id e  a
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r e p u ls io n  fo rc e . F o r  b i la y e r  a d s o rb e d  s u r fa c ta n t ,  o u ts id e  la y e r  is  s c a n n e d , b u t  in n e r  
la y e r  is  s t i l l  q u e s t io n a b le .  H o w e v e r ,  w h e n  A F M  re s u lt s  a re  in c lu d e d  w i th  o th e r  
in f o r m a t io n  s u c h  a s  a d s o r p t io n  d a ta , th e  s u r f a c ta n t  s tru c tu re  c a n  b e  p r e d ic te d  w i th  
s tro n g ly  r e a s o n a b le  ( A tk in  et al, 2 0 0 3 ) .

T h e  a d s o rp t io n  a n d  m o r p h o lo g y  o f  th e  c a t io n ic  s u r f a c ta n t  ( C T A B )  
a d s o rb e d  o n to  th e  g r a p h i te  w e re  in v e s t ig a te d  b y  M a n n e  et al. ( 1 9 9 4 )  u s in g  A F M . 
T h e y  p r o p o s e d  th a t th e  s u r fa c e  m o r p h o lo g y  o f  C T A B  o n  g r a p h i te  w a s  a 
h e m ic y l in d r ic a l  h e m im ic e lle s .  T h e  m o d e l  a g r e e d  w i th  th e ir  o b s e rv a t io n s :  (1 )  th e  
m o d e l  f o l lo w e d  L a n g m u ir  is o th e rm  d a ta ,  a n d  (2 )  g ra p h ite  s u r f a c e  b e c a m e  m o re  
h y d r o p h i l ic  w i th  in c re a s in g  C T A B  c o n c e n t r a t io n  d u e  to  e x p o s in g  o f  c a t io n ic  
h e a d g r o u p s  to  th e  a q u e o u s  e n v i r o n m e n t  te s t if ie d  b y  th e  r e d u c t io n  o f  c o n ta c t  a n g le . 
A t lo w  s u r f a c ta n t  c o n c e n t r a t io n s  ( b e lo w  t h e 'C M C ) ,  C T A B  a r r a n g e d  a  m o n o la y e r  
s t r u c tu r e  p a r a l l e l  to  th e  g ra p h ite .  T h e y  p r e s u m e d  th a t  h e m im ic e l le s  fo rm a t io n  w a s  
b a s e d  o n  th is  m o n o la y e r  fo rm  so  th a t  th e  h e m ic y l in d r ic a l  s h a p e  d id  n o t n e e d  to  r e la te  
to  m ic e l le  in  b u lk  s o lu tio n .

D u c k e r  a n d  G ra n t  ( 1 9 9 6 )  p r e s e n te d  th e  s u r fa c e  a g g re g a te  o f  th e  
z w i t te r io n ic  s u r fa c ta n t ,  D D A P S , o n  d if f e r e n c e  ty p e s  o f  s u r f a c e s .  T h e y  u s e d  
h y d r o p h o b ic  s u r fa c e , g r a p h i te ,  a n d  n e g a t iv e ly  c h a r g e d  h y d ro p h il ic  s u r fa c e , m ic a  a n d  
s i l ic o n  n i t r id e .  S ilic o n  n i t r id e  w a s  u s e d  to  c o m p a re  w i th  m ic a  in  te r m  o f  th e  e f f e c t  o f  
s u r fa c e  r o u g h n e s s .  T h e  D D A P S  a d s o rb e d  o n  g r a p h i te  s h o w e d  a  h e m ic y l in d e r  s h a p e  
a n d  a  lo w e r  c u rv a tu re  w h e n  c o m p a r in g  to  m ic a  r e s u l t in g  in  a g g re g a te  s h a p e  c o u ld  
c o v e r  m o r e  s u r fa c e  le a d in g  to  th e  r e d u c t io n  o f  th e  c o n ta c t  b e tw e e n  s u r fa c e  a n d  w a te r .

M o re o v e r , D u c k e r  a n d  W a n le s s  ( 1 9 9 6 )  a lso  in v e s t ig a te d  a d s o rb e d  
s u r f a c ta n t  s t r u c tu r e  u s in g  m ix tu r e s  o f  c a t io n ic  a n d  z w i t te r io n ic  s u r fa c ta n t ,  D T A B  a n d  
D D A P S  r e s p e c t iv e ly ,  o n  n e g a t iv e ly  c h a r g e d  h y d r o p h i l ic  s u r fa c e , m ic a . T h e y  v a r ie d  
c o n c e n t r a t io n s  o f  D T A B  a n d  f ix e d  a  c o n c e n t r a t io n  o f  D D A P S . T h e  r e s u l t  fo r  p u re  
D D A P S  s h o w e d  th a t th e re  a re  2 d im e n s io n s  p a ra l le l  to  th e  m ic a  w i th  th e  le n g th  o f  
e a c h  d im e n s io n  a b o u t 5 n m . W h e n  th e  c o n c e n t r a t io n  o f  D T A B  w a s  in c re a s e d ,  o n e  
d im e n s io n  b e c a m e  lo n g e r  w h e re a s  th e  o th e r  k e p t  c o n s ta n t  le n g th . T h e  a u th o r s  
e x p la in e d  th a t  th e  s h a p e  o f  a d s o rb e d  s u r f a c ta n t  w a s  a n  in te r m e d ia te  b e tw e e n  s h a p e s  
o f  e a c h  s u r f a c t a n t  an d  d e p e n d e d  o n  th e  c o n c e n t r a t io n  o f  D T A B .



G r a n t  et al. ( 2 0 0 0 )  p r o p o s e d  th e  e f f e c t  o f  h y d r o p h o b ic i ty  o n  th e  
a d s o rb e d  n o n io n ic  s u r f a c ta n t ,  o c ta ( o x y e th y le n e )  n - d o d e c y l  e th e r  ( C ^ E g ) ,  o n  g o ld  
s u r fa c e . T h e y  m o d if ie d  th e  s u r fa c e  b e c a m e  m o r e  h y d r o p h o b ic  b y  v a r ie d  
th io h e x a d e c a n e  g ro u p s  f r o m  0 % , 2 5 % , 5 0 % , 7 5 % , a n d  1 0 0 %  ( c o n ta c t  a n g le s  
in c re a s e d  l in e a r ly  f ro m  2 5 °  to  11 0 °). T h e y  m e a s u r e d  a t  th e  s u r f a c ta n t  c o n c e n t r a t io n  
tw ic e  o f  C M C . T h e  o v e ra l l  r e s u l t s  w e r e  s h o w n  in  F ig u r e  2 .4 . F o r  th e  0 %  a n d  2 5 %  o f  
th io h e x a d e c a n e ,  th e re  w a s  w e a k  in te r a c t io n  b e tw e e n  th e  s u r fa c ta n t  a n d  s u r fa c e ;  
h e n c e  w a t e r  c o u ld  c re a te  th e  h y d r o g e n  b o n d  o n  s u r fa c e . O n  th e  5 0 %  th io h e x a d e c a n e ,  
th e  in te r a c t io n  b e tw e e n  h e a d  g ro u p  o f  s u r f a c ta n t  a n d  s u r fa c e  w a s  in c r e a s e d  so  th a t  
c lo s e - p a c k e d  m ic e l la r  s t r u c tu r e  w a s  o c c u r r e d .  W h e n  th e  d e g re e  o f  th io h e x a d e c a n e  
w a s  in c r e a s e d  to  7 5 % , s u r f a c ta n t  s t r u c tu r e  f o rm e d  a  b i la y e r .  A t 1 0 0 %  
th io h e x a d e c a n e ,  a  m o n o la y e r  w a s  o b s e rv e d  w ith  t a i l - d o w n  a n d  h e a d -u p  s tru c tu ré .

(a)
D if fu s e  m ic e l la r  

c o v e ra g e

' ' ^ .  \  \  \  \

(ช)
D e n s e  m ic e l la r  

c o v e ra g  9

\  \  \  \

0% and 25% surfaces 50% surface

(c) *B ila y e r  c o v e ra g e r
(d)

M o n o la y e r  c o v e ra g e

WAW(W พ m พทิไ
75% surface 100% surface

Figure 2.4 P r o p o s e d  s u r f a c ta n t  s tru c tu re  o n  g o ld  s u r fa c e  a t  d i f fe re n t  h y d r o p h o b ic i ty  
( G ra n t  et a l,  2 0 0 0 ) .

V e le g o l  et al. (2 0 0 0 )  s tu d ie d  th e  in f lu e n c e  o f  c o u n te r io n s  o n  
s u r f a c ta n t  a d s o r p t io n  a n d  a d s o rb e d  la y e r  o f  s u r f a c ta n t s  o n  a  s i l ic a  s u r fa c e . T h e  
c a t io n ic  s u r f a c t a n t s  w e r e  C lô T A B  a n d  C iô T A C  a n d  th e  e le c t ro ly te s  w e r e  K B r  a n d  
K C 1. F o r  th e  r e s u l t s  o f  C if tT A B , it f o rm e d  s h o r t  ro d s  a t b e lo w  th e  C M C  (0 .9  X C M C )  
w h e re a s  it f o r m e d  w o r m lik e  m ic e l le s  o n to  s i l ic a  a t a b o v e  th e  C M C  (1 0  X C M C )  f o r  
b o th  th e  p r e s e n c e  a n d  a b s e n c e  o f  K B r. A s  a  r e s u lt  o f  th e  d i f fe re n c e  o f  A F M  im a g e s
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f o r  b o th  c a s e s ,  th is  in d ic a te d  th a t  th e  m e c h a n is m  o f  a d s o rp t io n  o n to  s i l ic a  c h a n g e d  
n e a r  th e  C M C . W h e n  th e  e le c t ro ly te  w a s  c h a n g e d  b y  K C 1 in s te a d  o f  K B r , a d s o rb e d  
C iô T A C  m o r p h o lo g y  s h o w e d  th e  s p h e r ic a l  s h a p e  fo r  b o th  c o n c e n t r a t io n s .  B e s id e s ,  
th e  p r e s e n c e  a n d  a b s e n c e  o f  KC1 d id  n o t  a f fe c te d  th e  s e l f - a s s e m b ly  o f  s u r f a c ta n t  o n to  
s il ic a .

A F M  s tu d ie s  o f  c a t io n ic  s u r f a c ta n t ,  C T A C 1 , a n d  c a t io n ic  
p o ly e le c t r o ly te ,  p o ly ( d ia l ly ld im e th y la m o n iu m  c h lo r id e )  o r  P D A D M A C , o n to  s i l ic a  
w e re  p r e s e n te d  b y  L iu  et al. ( 2 0 0 1 ) .  F o r  p u re  C T A C 1  a d s o r p t io n ,  it f o r m e d  a  
s p h e r ic a l  s h a p e  a t  s i l i c a - w a te r  in te r f a c e  r e s u l t in g  f ro m  e le c t ro s ta t ic  fo rc e  a n d  th e n  
h y d r o p h o b ic  in te r a c t io n . F o r  p u re  P D A D M A C  a d s o rp t io n ,  th e y  c a n n o t  f in d  a n y  
s t r u c tu r e s  o n  th e  s il ic a . T h e y  p o in te d  o u t  th a t  P D A D M A C  f o rm e d  a  m o n o la y e r  o n  
th e  s il ic a . F o r  p r e - a d s o r b e d  s u r f a c ta n t  th e n  p o ly e le c t r o ly te ,  C T A C 1  o b s t r u c te d  th e  
a d s o rp t io n  o f  P D A D M A C  b e c a u s e  C T A C 1  fo rm e d  th e  s p h e re  f ir s t  w h ic h  s h o w e d  th e  
p o s i t iv e  c h a r g e  to w a rd  b u lk  s o lu t io n  s o  th a t  th e re  w e r e  a  r e p u ls io n  f o rc e  to  a g a in s t  
th e  p o ly e le c t r o ly te .  O n  th e  c o n tr a ry , fo r  p r e - a d s o r b e d  p o ly e le c t r o ly te  th e n  s u r f a c ta n t ,  
C T A C 1  a d s o r b e d  o n  to p  o f  th e  p o ly e le c t r o ly te  b e c a u s e  th e  n e g a t iv e  c h a r g e  o f  th e  
s i l ic a  s u r f a c e  w a s  n e u t r a l iz e d  b y  th e  p o s i t iv e  c h a r g e  o f  th e  p o ly m e r  a n d  th e  s u r f a c e  
b e c a m e  m o r e  h y d r o p h o b l ic .  T h e  a g g r e g a te  o f  C T A C 1 , a s  s h o w n  in  F ig u re  2 .5 ,  w a s  
th e  h e m is p h e r ic a l  s h a p e  o n  th e  p o ly e le c tr o ly te .

Figure 2.5 T h e  h e m is p h e r e  o f  C T A C 1  o n  p r e - a d s o r b e d  P D A D M A C  o n  s i l ic a  ( L iu  et 
ฟ., 2001).
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2 .5 .2  C o n ta c t  A n g le  M e a s u r e m e n t
C o n ta c t  a n g le  is  th e  a n g le  b e tw e e n  a  s o l id  s u r f a c e  a n d  ta n g e n t  o f  

l iq u id  d ro p le t . T h e  v a lu e  o f  c o n ta c t  a n g le  c a n  in te rp re t  f o r  c h a r a c te r iz in g  s u r fa c e  
p r o p e r t ie s  su c h  a s  w e t t in g ,  h y d r o p h o b ic i ty ,  a n d  th e  s o l id - v a p o r  o r  s o l id - l iq u id  
in te r f a c ia l  te n s io n s  ( G a r b a s s i  a n d  O c c h ie l lo ,  1 9 9 8 ).

T h e  c o n ta c t  a n g le  m e a s u r e m e n t  d e p e n d s  o n  a n  e q u i l ib r iu m  r e la t io n  
w h ic h  is  c a lle d  Y o u n g ’s e q u a t io n  b y  Y o u n g  in  1 8 0 5 . T h e  "co n tac t a n g le  ( 6 ) o f  a  
l iq u id  d r o p  o n  a  s o l id  s u r fa c e  is  d e f in e d  b y  th e  th re e  p h a s e  e q u i l ib r iu m  o f  th e  d ro p  
u n d e r  th e  a c tio n  o f  in te r fa c ia l  te n s io n s :  s o l id - l iq u id  (Ysi), s o l id - v a p o r  (y SP), a n d  
l i q u id - v a p o r  (Yiv), s h o w n  in  F ig u re  2 .6  ( K w o k  a n d  N e u m a n n , 1 9 9 9 ). T h e  Y o u n g ’s 
e q u a t io n  is  sh o w n  in  E q u a t io n  2 .4 .

Yiv c o s  0 = YSV- y si (2 .4 )

Figure 2.6 A  s e s s i le - d r o p  c o n ta c t  a n g le  s y s te m  ( K w o k  a n d  N e u m a n n , 1 9 9 9 ).

T h e  lo w  v a lu e , o f  c o n ta c t  a n g le  in d ic a te s  th a t  th e  l iq u id  s p r e a d s  w e ll  
(h ig h  w e t ta b i l i ty )  o n  s u r fa c e , w h e r e a s  h ig h  v a lu e  p o in ts  th a t  le s s  c o m p le te  w e t t in g  
( lo w  w e t ta b i l i ty ) .  I f  th e  c o n ta c t  a n g le  is  le s s  th a n  9 0 ° , it m e a n s  th a t  th e  s u r f a c e  is  th e  
w e t t in g  s u r fa c e . O n  th e  o th e r  h a n d , i f  th e  c o n ta c t  a n g le  is  m o r e  th a n  9 0 ° , it  m e a n s  
th a t  th e  s u r fa c e  is  th e  n o n - w e t t in g  s u r fa c e .

C o n ta c t  a n g le s  a r e  m e a s u r e d  o n  m a c ro s c o p ic ,  s m o o th , n o n p o r o u s ,  
p l a n a r  s u r fa c e s  b y  d r o p p in g  th e  l iq u id  o r  s o lu t io n  o n  s u r fa c e s  a n d  d e te r m in in g  th e  
c o n ta c t  a n g le . T h e re  a r e  v a r io u s  te c h n iq u e s  to  d e te rm in e  th e  c o n ta c t  a n g le  n a m e ly  
G o n io m e te r  o r  s e s s i le  d r o p  m e th o d , a n d  W i lh e lm y  m e th o d . In  g e n e ra l ,  th e  u s e  o f
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m ic r o s c o p e  o r  p h o to g r a p h in g  th e  d r o p le t  c a n  u s e  fo r  m e a s u r in g  th e  c o n ta c t  a n g le  
( R o s e n  a n d  K u n ja p p u ,  2 0 1 2 ) .

2.6 Adsorption of Surfactant Mixtures

T h e  ro le  o f  m ix e d  s u r f a c ta n t  a d s o rp t io n  s h o u ld  b e  b a s e d  o n  th e  
c o m p r e h e n s io n  o f  th e  m e c h a n is m s  o f  a d s o r p t io n  a n d  m ic e l le  f o rm a t io n  o f  s in g le  
s y s te m  (O g in o  a n d  A b e ,  1 9 93 ). In  th e  in d u s tr ia l  p ro d u c ts ,  th e re  a re  v e r y  p o p u la r  to  
u s e  th e  m ix tu r e s  o f  v a r io u s  ty p e s  o f  s u r f a c ta n t s ;  a s  a  r e s u l t ,  th e  m ix tu r e s  s h o w  th e  
s y n e r g i s t i c  in te r a c t io n  (R o s e n  a n d  K u n ja p p u , 2 0 1 2 ) .  T h e  in te r a c t io n s  b e tw e e n  th e  
c o m b in a t io n s  o f  s u r f a c ta n ts  a t  s o l id - a q u e o u s  in te r f a c e  a re  d e s c r ib e d  b e lo w .

2 .6 .1  A n io n ic  -  C a t io n ic  S u r fa c ta n t  M ix tu r e s
H u a n g  et al. ( 1 9 8 9 )  s h o w e d  th e  a d s o rp tio n  b e h a v io r s  o f  tw o  m ix e d  

s u r f a c t a n t  s y s te m s , D T A B  -  S D B S  a n d  D P B  -  S D S  m ix tu re , o n  s i l ic a  s u r f a c e .  T h e y  
f o u n d  th a t  th e  c a t io n ic  s u r fa c ta n ts ,  D T A B  a n d  D P B , w e re  s t r o n g ly  a d s o r b e d  o n to  
s i l ic a ,  b u t  th e  a n io n ic  s u r fa c ta n ts ,  S D B S  a n d  S D S , w e re  n o t a d s o rb e d  o n to  s i l ic a  fo r  
in d iv id u a l  s y s te m s . H o w e v e r ,  in  th e  m ix e d  s y s te m s ,  th e  a d s o r p t io n  a m o u n ts  o f  b o th  
c a t io n ic  a n d  a n io n ic  s u r fa c ta n ts  w e r e  in c re a s e d  a n d  th e  e x c e s s  a d s o rp t io n  o f  c a t io n ic  
io n s  w a s  e q u a l to  e x c e s s  a d s o rp t io n  o f  a n io n ic  io n s . T h e y  c o n c lu d e d  th a t  c a t io n ic  
s u r f a c t a n t s  c o - a d s o rb e d  w ith  a n io n ic  s u r f a c ta n t s  a s  io n  p a i r s  o n to  u n c h a r g e d  s i l ic a  
v ia  V a n  d e r  W a a ls  fo rc e s .

T h e  f o rm a t io n  o f  m ix e d  a n io n ic  a n d  c a t io n ic  s u r f a c ta n t s  o n  la p o n i te  
c la y  w h ic h  w a s  a  n e g a t iv e ly  c h a r g e d  s u r f a c e  w a s  in v e s r ig a te d  b y  C a p o v i l l a  et al. 
( 1 9 9 1 ) .  S o d iu m  d o d e c y l  s u lfa te  ( S D S )  a n d  c e ty lp y r id in iu m  b r o m id e  ( C P B r )  w e r e  
u s e d  a s  th e  a n io n ic  a n d  c a t io n ic  s u r fa c ta n t ,  r e s p e c t iv e ly . T h e  r e s u lt s  s h o w e d  th a t  
S D S  f a v o r  ta i l - ta i l  a d s o rp t io n  th ro u g h  V a n  d e r  W a a ls  in te r a c t io n s  w ith  a  m o n o la y e r  
o f  a d s o r b e d  C P B r  o n to  la p o n ite  c la y . T h e y  p r o p o s e d  th e  m o d e l  th a t  th e  lo w e r  la y e r  
C P B r  h e a d  g ro u p s  a d s o rb e d  o n to  n e g a t iv e ly  c h a r g e d  c la y  a n d  th e  h e a d  g r o u p s  o f  th e  
u p p e r  l a y e r  S D S  to w a r d  a q u e o u s  s o lu t io n  fo rm e d  in  b i la y e rs .

P a r ia  et al. (2 0 0 4 )  s tu d ie d  th e  e f f e c t  o f  c a t io n ic  s u r fa c ta n t ,  C T A B , to  
a n io n ic  s u r fa c ta n t ,  N a D B S , o n  c e l lu lo s e  s u r fa c e , w h ic h  h a d  a  n e g a t iv e  c h a r g e .  T h e y
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te s te d  in  b o th  C T A B  p r e - a d s o r b e d  a n d  m ix tu re .  T h e  re su lts  r e v e a le d  th a t  th e  r a te  o f  
a d s o r p t io n  a n d  th e  a m o u n t  o f  a d s o rp t io n  w e re  in c re a s e d  in  c a s e  o f  C T A B  p r e 
a d s o rb e d  m o r e  th a n  th e  m ix tu r e .  T h e  r e a s o n  w a s  th a t  C T A B  w a s  e x p e c te d  to  c h a n g e  
s u r fa c e  c h a r g e  o f  c e l lu lo s e  to  h y d r o p h o b ic  s ite  a n d  fo l lo w e d  b y  N a D B S . M o re o v e r ,  
b o th  s u r f a c ta n t s  fo rm e d  io n  p a i r  a n d  h a d  a lm o s t  n o  c h a rg e  in  th e  m ix tu r e ,  w h ic h  it 
im p e d e d  th e  a d s o rp t io n  o n  n e g a t iv e ly  c h a r g e d  s u r fa c e .

2 .6 .2  A n io n ic  -  N o n io n ic  S u r fa c ta n t  M ix tu r e s
E s u m i et al. (1 9 9 0 )  in v e s t ig a te d  th e  a d s o rb e d  s t r u c tu r e  o f  m ix e d  

s u r f a c ta n t s  o n  p o s i t iv e ly  c h a rg e d  a lu m in a . L i th iu m  d o d e c y l s u l f a te  ( L iD S )  a n d  
l i th iu m  p e r f lu o r o - l - o c t a n e s u l f o n a t e  ( L iF O S )  w e r e  u se d  a s  a n io n ic  s u r f a c ta n ts .  
S o d iu m  d o d e c y l  s u l f a te  p o ly (o x y e th y le n e )  n o n y lp h e n y l  e th e r  ( N P )  w ith  d i f f e r e n t  
c h a in  le n g th s ,  7 .5 , 10 , a n d  2 0  w e re  u s e d  a s  n o n io n ic  s u r fa c ta n ts . I n d iv id u a l  L iD S  o r  
L iF O S  a d s o r b e d  o n  a lu m in a  b e c a m e  f lo c c u la t io n .  F u r th e r  a d d i t io n  o f  N P  w ith  
d i f f e r e n t  c h a in  le n g th s  r e s u l te d  in  th e  m ix e d  b i la y e r ,  a s  sh o w n  in  F ig u r e  2 .7 . T h e s e  
b i la y e r s  w e r e  fo rm e d  e a s i ly  w h e n  th e  le n g th  o f  N P  c h a in  d e c r e a s e d ;  n e v e r th e le s s ,  
th e y  m a d e  th e  r e d is p e r s io n  o f  a lu m in a  p a r t ic le s  s im p ly  w ith  an  in c re a s e  in  N P  c h a in  
le n g th  b e c a u s e  o f  th e  s te r ic  r e p u ls io n s  a s s o c ia te d  w i th  th e  c h a in  le n g th .

N o n i o n i c  s u r f a c t a n t

A n t o n i e  s u r f a c t a n t

Figure 2.7 A  m o d e l o f  m ix e d  b i la y e r  o n  a lu m in a  ( E s u m i et al, 1 9 9 0 ).

T h e  b e h a v io r  o f  m ix e d  s u r f a c ta n ts  s y s te m , a n  a n io n ic  s u r f a c ta n t  
s o d iu m  d o d e c y l  s u l f a te  ( S D S )  a n d  a  n o n io n ic  s u r fa c ta n t  p e n ta e th y le n e  g ly c o l  
m o n o d e c y l  e th e r  ( C 10E 5 ) w a s  r e v e a le d  o n  th e  s i l ic a  s u r fa c e  b y  T h ib a u t  et al. ( 2 0 0 0 ) .  
T h e y  o b s e r v e d  th a t  C 10E 5 i t s e l f  c o u ld  a d s o rb  o n to  s i l ic a ,  b u t n o  a d s o rp t io n  f o r  th e
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SDS. In  th e  m ix tu r e s ,  w h e n  SDS e x is te d ,  th e  a d s o rp t io n  o f  C10E5 w a s  l im i te d  o w in g  
to  th e  f a c t  th a t  th e re  w a s  th e  m ix e d  m ic e l le s  f o rm a t io n . A s  a  c o n s e q u e n c e ,  th e  
a d s o rp t io n  o f  C 10E 5 d e c r e a s e d  in  th e  m ix tu r e s .  T h e i r  f u r th e r  in v e s t ig a t io n  w a s  th a t  
th e  p r e a d s o r b e d  o f  C 10E 5 , f o l lo w e d  b y  th e  a d d i t io n  o f  SDS-CioE.s m ix tu r e s .  T h e  
r e s u l t s  s h o w e d  th a t  th e  C io E s -p re a d s o rb e d  o n to  s i l ic a  w a s  d e s o rb e d  d u e  to  th e  m ix e d  
m ic e l le s  f o r m a t io n  a s  w e ll .

P e n fo ld  et al. (2 0 0 2 )  d e te rm in e d  th e  a d s o rp t io n  m e c h a n is m  a n d  
s t r u c tu r e  o f  m ix e d  a n io n ic  s u r fa c ta n t ,  s o d iu m  d o d e c y l  s u lfa te  ( S D S ) ,  a n d  n o n io n ic  
s u r f a c ta n t ,  h e x a e th y le n e  g ly c o l  m o n o d o d e c y l  e th e r  ( C 12E 6 ), o n  n e g a t iv e ly  c h a r g e d  
s i l ic a  s u r fa c e . T h e y  fo u n d  th a t  in d iv id u a l  S D S  d id  n o t  a d s o rb  o n to  s i l ic a  w h e re a s  
C 12E 6 a d s o r b e d  b y  th e  f o rm a t io n  o f  h y d r o g e n  b o n d  b e tw e e n  e th e r  o x y g e n s  o f  
e th y le n e  o x id e  g ro u p  o f  C 12E 6 a n d 'O H  g r o u p s  o n  s i l ic a  s u r fa c e . In  th e  p r e s e n c e  o f  
C 12E 6 , S D S  c a n  c o a d s o rb  w i th  C 12E 6 o n to  s il ic a . I n c r e a s in g  S D S  m o la r  r a t io  in  
m ix tu r e s ,  th e  a d s o rb e d  a m o u n ts  o f  s u r f a c ta n t  d e c r e a s e d . F u r th e rm o r e , th e  S D S  w a s  
n o t  n e x t  to  th e  s il ic a  s u r f a c e  b u t  it w a s  in  o u te r  la y e r  o f  s u r fa c e  la y e r  f o rm e d  l ik e  
b i la y e r .

T h e  in te r a c t io n  fo rc e s  f o r  m ix e d  s u r f a c ta n t  a d s o rp t io n  o n  a lu m in a  
w e r e  p r o p o s e d  b y  S a k a i et al. (2 0 0 3 ) . A n io n ic  s o d iu m  d o d e c y l s u l f a te  ( S D S )  a n d  
n o n io n ic  h e x a o x y e th y le n e d o d e c y l  e th e r  ( C 12E 6 ) w e r e  u se d  in  th is  s tu d y . T h e y  
p o in te d  o u t  th a t  th e  c o a d s o r p t io n  o f  b e tw e e n  S D S  a n d  C 12E 6 c a u s e d  th e  s y n e rg is m  
f ro m  th e  h y d r o p h o b ic  in te r a c t io n  o f  th e  s u r fa c ta n ts .  A t  lo w e r  C 12E 6  C o n c e n tra t io n s , 
th e r e  is  th e  s t r o n g e r  S D S  a d s o rp t io n  r e s u l t in g  f ro m  th e  re d u c t io n  o f  e le c t ro s ta t i c  
fo rc e s  b e tw e e n  io n ic  h e a d g r o u p s  o f  S D S  a d m ic e l le s .  W ith  in c re a s in g  in  C ^ E ô  
c o n c e n t r a t io n s ,  th e  f o rm a t io n  o f  th e  c lo s e d  p a c k e d  a d la y e r s  w a s  f o rm e d  a s  c o m p a re d  
to  in d iv id u a l  S D S  a d m ic e lls .

2 .6 .3  C a t io n ic  -  N o n io n ic  S u r fa c ta n t  M ix tu re s
T h e  a d s o rp t io n  b e h a v io r s  o n  a lu m in a  s u r fa c e  o f  m ix e d  s u r f a c ta n t  

u s in g  th e  c a t io n ic  s u r fa c ta n t ,  te t r a d e c y l  t r im e th y l  a m m o n iu m  c h lo r id e  ( T T A C ) ,  a n d  
th e  n o n io n ic  s u r fa c ta n t ,  p e n ta d e c y le th o x y la te d  n o n y l p h e n o l  (N P -1 5 )  w e r e  m e a s u r e d  
b y  H u a n g  et al. (1 9 9 6 ) . T h e  r e s u lt s  s h o w e d  th a t  T T A C  a d s o rb e d  o n to  n e g a t iv e ly  
c h a rg e d  a lu m in a  w ith  th e  e le c t ro s ta t ic  f o rc e  w h e re a s  n o  a d s o rp t io n  o f  N P -1 5  w a s
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d e te c te d  in  th e  in d iv id u a l  s y s te m . F o r  th e  a d s o rp t io n  is o th e rm s  o f  T T A C  in  th e  
p r e s e n c e  o f  N P - 1 5 ,  th e  a d s o rp t io n  o f  T T A C  in c re a s e d  b e lo w  s a tu ra t io n  a d s o r p t io n  
b e c a u s e  th e  s y n e rg is m  o f  T T A C  a n d  N P - 1 5  to  r e d u c e  th e  r e p u ls io n  a m o n g  th e  T T A C  
h e a d g r o u p s  a n d  d e c r e a s e d  it a b o v e  d u e  to  th e  c o m p e t i t io n  o f  b u lk y  N P - 1 5 . F o r  th e  
a d s o r p t io n  is o th e r m s  o f  N P - 1 5  in  th e  p r e s e n c e  o f  T T A C  w ith  in c re a s in g  in  T T A C  
m o la r  r a t io ,  th e  a d s o rp t io n  o f  N P -1 5  w a s  in c re a s e d  d u e  to  th e  c o - a d s o rp t io n  o f  N P -  
15 w ith  T T A C  a g g re g a te s .

S o b o le v a  et al. ( 2 0 0 4 )  p r e s e n te d  th e  s tu d y  o f  a d s o r p t io n  b e h a v io r  o f  
m ix e d  s u r f a c ta n t s .  T h e  c a t io n ic  t e t r a d e c y l  t r im e th y l  a m m o n iu m  b r o m id e  ( T T A B )  
a n d  n o n io n ic  p - t r e t - o c ty lp h e n y l  e th e r  o f  d e c a (e th y le n e  g ly c o l)  ( T X -1 0 0 )  w e r e  u s e d  
fo r  a d s o r p t io n  o n to  s i l ic a .  A t lo w  c o n c e n t r a t io n s  o f  s u r fa c ta n t ,  a  s y n e r g is t i c  
in te r a c t io n  b e tw e e n  th e  h y d r o c a r b o n  c h a in s  o f  b o th  s u r fa c ta n ts  o c c u r r e d  a n d  th e  
c o n ta c t  a n g le s  in  th is  r e g io n  r e a c h e d  m a x im u m  v a lu e s . W h e n  s u r f a c ta n t  
c o n c e n t r a t io n s  w e re  in c re a s in g ,  th e  c o n ta c t  a n g le s  d e c r e a s e d  b e c a u s e  th e  a g g r e g a t io n  
o f  m ix e d  s u r f a c ta n ts  w h ic h  p o la r  g r o u p s  o r ie n te d  to w a r d  th e  a q u e o u s  s o lu t io n  w a s  
fo rm e d  o n to  s i l ic a  a s  s h o w n  in  F ig u re  2 .8 .

Figure 2.8 T h e  s tru c tu re  o f  m ix e d  s u r f a c ta n t  o n  s i l ic a  a t  h ig h  c o n c e n t r a t io n s  
( S o b o le v a  et a l, 2 0 0 4 ).

T h e  e f fe c t  o f  p H  o n  th e  a d s o rp t io n  o f  s u r fa c ta n t  m ix tu r e s  o f  c a t io n ic  
d o d e c y lp y r id in iu m  b r o m id e  (D D P B )  a n d  n o n io n ic  p - t r e t - o c ty lp h e n y l  e th e r  o f  
d e c a ( e th y le n e  g ly c o l)  ( T X - 1 0 0 )  o n  s i l ic a  w a s  s tu d ie d  b y  K h a r i to n o v a  et al. ( 2 0 0 5 ) .  
T h e y  s tu d ie d  th e  a d s o rb a b i l i ty  a t pF l 3 .6 , 6 .5 , a n d  10. T h e  r e s u l t  s h o w e d  th a t  th e
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s y n e r g is t i c  in te r a c t io n s  o c c u r r e d  a t  e n t ir e  r a n g e  o f  p H  u s e d . A t h ig h e r  p H  v a lu e s ,  
th e y  o b s e r v e d  th a t  D D P B  a d s o r b e d  m o re  a n d  T X - 1 0 0  a d s o rb e d  le s s  th a n  lo w e r  p H  
v a lu e s .  T h e s e  a r e  c o n s is te n t  w i th  A tk in  et al. (2 0 0 3 )  th a t  th e  n e g a t iv e ly  c h a rg e d  
d e n s i t i e s  r e m a in e d  lo w  u n ti l  th e  s o lu t io n  p H  r e a c h e s  6 , b u t  in c re a s e d  d r a m a t ic a l ly  
b e tw e e n  p H  6  a n d  11.

T h e  in te r a c t io n  e n e r g y  b e tw e e n  th e  m ix tu r e s  o f  s u r f a c ta n t s  o n  
h y d r o p h o b ic  s i l ic a  w a s  in v e s t ig a te d  b y  I v a n o v a  et al. ( 2 0 0 7 ) .  T h e y  s tu d ie d  b o th  
in d iv id u a l  s u r f a c ta n t s  a n d  th e i r  m ix tu r e s  u s in g  d o d e c y lp y r id in iu m  b r o m id e  (D D P B )  
a n d  p - t r e t - o c ty lp h e n y l  e th e r  o f  d e c a (e th y le n e  g ly c o l)  ( T X -1 0 0 )  w h ic h  a r e  a  c a t io n ic  
a n d  n o n io n ic ,  r e s p e c t iv e ly .  T h e  r e s u l t s  d e m o n s tr a te d  th a t  th e  in te r a c t io n  e n e r g ie s  fo r  
th e  m ix e d  s u r f a c ta n t s  w e re  lo w e r  th a n  th e  in d iv id u a l  s u r fa c ta n t  so  th a t  th e  s y n e rg is t ic  
fo rc e  o f  b o th  s u r f a c ta n t s  to o k  p la c e .  T h e  R u b in -R o s e n  m o d e l  w a s  u se d  to  id e n t i f y  th e  
a d s o r b e d  la y e r . I t w a s  s h o w n  th a t  th e  T X - 1 0 0  a d s o rb e d  a d ja c e n t  to  h y d r o p h o b ic  
s i l ic a  s u r fa c e . T h e  c a u s e  o f  th is  s y n e rg is m  c a m e  f ro m  c h a in - c h a in  in te r a c t io n s  
b e tw e e n  D D P B  a n d  T X -1 0 0 .

2.7 Surfactants Adsorption Kinetics

T h e  k in e t ic s  o f  s u r f a c t a n t  a d s o rp tio n  a t  th e  s o l id - w a te r  in te r f a c e  p la y s  an  
im p o r t a n t  ro le  in  a  w id e - r a n g e  o f  a p p l ic a t io n s  o f  s u r f a c ta n ts .  T h e  e x a m p le s  a re  th e  
w e t t in g  o f  f a b r ic s  in  d e te rg e n c y ,  th e  s p re a d in g  o f  a g r ic u l tu ra l  s p ra y s  o n  le a v e s ,  th e  
a d s o r p t io n  o f  c o l le c to r s  o n  o re  p a r t i c le s ,  a n d  th e  d e p o s i t io n  o f  c o n d i t io n e r s  o n  h a ir  
a n d  te x t i l e s  ( W o o d s  et al., .2 0 1 1 .) .

A  m o d e l  w h ic h  d e s c r ib e s  th e  k in e t ic  o f  a d s o rp t io n  o f  s in g le  n o n io n ic  
s u r f a c ta n t s  a t a  s i l ic a  s u r fa c e  w a s  p re s e n te d  b y  B r in c k  et al. (1 9 9 8 ) . A  s e r ie s  o f  
p o ly ( e th y le n e  g ly c o l)  m o n o a lk y l  e th e r s ,  C ioE 6, C12E5, C12E8, a n d  C14E6, w a s  u se d . 
T h e  m o d e l ,  a s  s h o w n  in  F ig u r e  2 .9 ,  w a s  d e s c r ib e d  a s  a  tw o - s te p  p ro c e s s  w h e re  th e  
f ir s t  s t e p  w a s  d i f f u s io n  o f  m o n o m e r  an d  m ic e l le  f ro m  th e  b u lk  s o lu t io n  to  a 
s u b s u r f a c e ,  a n d  th e  s e c o n d  s te p  w a s  th e  t r a n s p o r ta t io n  in to  th e  so l id  s u r fa c e . D u e  to  
s im u l ta n e o u s  o c c u r r e n c e  o f  b o th  s te p s ,  th e re  w a s  c o n t in u o u s  e q u i l ib r iu m  b e tw e e n  
m o n o m e r  a n d  m ic e l le .
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Solid surface Sub-surface Stagnant layer Bulk

Figure 2.9 T h e  s o lu t io n  p ro f i le  o u ts id e  th e  s i l ic a  s u r f a c e  (B r in c k  et al, 1 9 9 8 ).

B is w a s  a n d  C h a tto ra j  ( 1 9 9 8 )  s tu d ie d  th e  k in e t ic s  o f  a d s o r p t io n  o f  c a t io n ic  
s u r f a c ta n t s ,  C T A B , M T A B , a n d  D T A B , o n  th e  s i l ic a  s u r fa c e  a t  v a r io u s  v a lu e s  o f  
b u lk  c o n c e n t r a t io n ,  p H , io n ic  s t r e n g th ,  a n d  te m p e ra tu re .  I t  a p p e a re d  th a t  th e  
a d s o r p t io n  k in e t ic s  f o l lo w  th e  tw o - s te p s  f i r s t -o rd e r  k in e t ic  r a te  e q u a t io n  w i th  tw o  
d i f f e r e n t  r a te  c o n s ta n ts ,  k] a n d  k 2. T h e  r a te  c o n s ta n ts  o f  a d s o rp t io n  o n  s i l ic a  in c r e a s e d  
w ith  in c r e a s in g  te m p e ra tu re  a s  w e l l .

In  a d d i t io n ,  A tk in  et al. ( 2 0 0 0 )  s tu d ie d  th e  a d s o rp t io n  k in e t ic s  u s in g  a 
c a t io n ic  s u r f a c ta n t ,  C T A B , o n to  s i l ic a .  T h e  in itia l r a te  o f  a d s o rp t io n  w a s  e x p r e s s e d  as 
a  fu n c t io n  o f  C T A B  c o n c e n t r a t io n  in  th e  p r e s e n c e  a n d  a b s e n c e  o f  e le c t ro ly te .  T h e  
re s u lt  s h o w e d  th a t  w h e n  th e  C T A B  c o n c e n t r a t io n  in c re a s e d , th e  a d s o rp t io n  r a te  a ls o  
in c re a s e d . A b o v e  th e  C M C  fo r  b o th  s y s te m s  w h ic h  th e re  w a s  n o  in c r e a s e  in  
m o n o m e r  c o n c e n t r a t io n ,  th e  in i t ia l  r a te  o f  a d s o r p t io n  c o n t in u e d  in c re a s in g . T h e  
re a s o n  w a s  th a t  th e  m ic e l le s  t r a n s p o r te d  s u r f a c ta n t  m o n o m e rs  to  a  s u r fa c e  a n d  th e y  
th e n  le f t  th e  m ic e l le s  a n d  a d s o rb e d  o n  s u r fa c e  a s  m o n o m e rs .  H e n c e , th e  m o n o m e r s  in  
m ic e l le s  w o u ld  p e n e tr a te  th e  s u r f a c e  la y e r  m o r e  e f f e c t iv e ly  th a n  in d iv id u a l  
m o n o m e r .

T h e  a d s o rp t io n  a n d  d e s o r p t io n  k in e t ic s  o f  c a t io n ic  s u r f a c ta n t  o n to  s i l i c a  in  
th e  w a te r  a n d  th e  to lu e n e  s y s te m  w a s  in v e s t ig a te d  b y  T a b o r  et al. (2 0 0 9 ) . T h e y  u s e d  
th e  d ia lk y ld im e th y la m m o n iu m  b r o m id e  ( D i - C |2D A B ) . F o r  a  p a r t i c u la r  b u lk  
s u r f a c ta n t  c o n c e n t r a t io n ,  th e  k in e t ic  b e h a v io r  in  b o th  s o lv e n ts  h a d  th e  s a m e  t r e n d  a t 
th e  b e g in n in g  w h ic h  w a s  v e ry  r a p id .  T h e  e q u i l ib r iu m  a d s o rb e d  a m o u n t  f ro m  w a te r
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was twice as much as from toluene indicating that in water, surfactants form a 
bilayer, whereas they formed the monolayer in toluene. The desorption of Di- 
C 12DAB from aqueous system was rapid and seemed to be a single-rate process. In 
the contrary, the desorption from toluene was slower than water and consistent with 
two-rate model which was the faster step (the tightly bound mode) and the slower 
step (the loosely bound mode).

Furthermore, Tabor et al. (2009) also published another article related to 
the adsorption kinetics of nonionic surfactants onto silica in toluene. A range of 
Polyethylene glycol) monoalkyl ethers (CnEnis), C 12E3, C12E10, C12E23, and C 16E5, 
was used. The result showed that the initial rate of each surfactant was almost the 
same. They suggested that the adsorption process was limited by the hydrodynamics 
of the flow cell which was the transportation to the surface and the diffusion of 
surfactant molecules. They found that the larger “ท!” (more EO groups) could reach 
to the equilibrium more quickly. The explanation was that the surfactant which 
contained larger EO groups was required fewer molecules to adsorb all sites.

Recently, there was a series of two articles involved in surfactant adsorption 
kinetics had been published by Woods et al. (2011). The first one was the adsorption 
of pure surfactants on silica. The cationic surfactant, CTAB, and the nonionic 
surfactant, Triton X-100, were used in this study. For both surfactants, their data 
fitted the Frumkin isotherm. They adopt the kinetic equation from Curwen et al.
(2007) to investigate in their study. They pointed out that the rate constants of 
adsorption and desorption decreased with increasing surface coverage because of the 
steric hindrance to adsorption. The second one was the adsorption of CTAB and 
Triton X-100 mixtures on silica. For the various molar ratios of mixed surfactants, 
both types of surfactants showed a smooth increase in amount adsorbed with time. 
Besides, the rate of adsorption of Triton X-100 in mixtures was faster than pure 
component because small amounts of CTAB bounded electrostatically to the 
negatively charge of the silica surface.
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