
C H A PT E R  II 
L IT E R A T U R E  SU R V E Y

2.1 S urfactant and Its A ggregation  in A queous Solution

Surfactants are wetting agents that lower the surface tension of a liquid, 
allowing easier spreading, and lower the interfacial tension between two liquids. 
Surfactants are usually organic compounds that are amphiphilic, meaning they 
contain both lyophilic (solvent loving) and lyophobic (solvent hating) group. When 
the solvent is water, these terms become hydrophobic and hydrophilic. In this case, 
the hydrophobic hydrocarbon chains are termed "tails" and the hydrophilic groups 
"heads" (Rosen, 2004). Therefore, they are soluble in both organic solvents and 
water.

A surfactant can be classified by the presence of formally charged groups in 
its head. A nonionic surfactant has no charge groups in its head. The head of an ionic 
surfactant carries a net charge. If the charge is negative, the surfactant is more 
specifically called anionic; if the charge is positive, it is called cationic. If a 
surfactant contains a head with two oppositely charged groups, it is termed 
zwitterionic. In this dissertation, only one surfactant has been used for all studies, the 
cationic surfactant cetylpyridinium chloride, as shown in Figure 2.1.

F igure 2.1 Molecular Structure of Cetylpyridinium Chloride.

Surfactants reduce the surface tension of water by adsorbing at the liquid- 
gas interface. They also reduce the interfacial tension between oil and water by 
adsorbing at the liquid-liquid interface. Many surfactants can also assemble in the 
bulk solution into aggregates. Some of these aggregates are known as micelles. The



4

concentration at which surfactants begin to form micelles is known as the critical 
micelle concentration or CMC shown in Figure 2.2.

Surfactant Concentration (mg/L)

F igure 2.2 Determination of the critical micelle concentration of surfactant in water 
at 20 °c.

F igure 2.3 Typical micelle (spherical) structure.
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A  ty p ic a l m ic e l le  in  a q u e o u s  s o lu t io n  fo rm s an  a g g r e g a te  w ith  the  
h y d r o p h ilic  "head" r e g io n s  in  c o n ta c t  w ith  su rrou n d in g  s o lv e n t , s e q u e s te r in g  the  
h y d r o p h o b ic  ta il r e g io n s  in  th e  m ic e l le  cen tre  ( s e e  F ig u re  2 .3 ) .

M ic e l le s  are o f te n  g lo b u la r  and r o u g h ly  sp h er ica l in  sh a p e , b u t e ll ip s o id s ,  
c y lin d e r s , and  b ila y e r s  are a lso  p o s s ib le .  T h e  sh a p e  and  s iz e  o f  a  m ic e l le  is  a  fu n c tio n  
o f  th e  m o le c u la r  g e o m e tr y  o f  its  su rfactan t m o le c u le s  and s o lu t io n  c o n d it io n s  su ch  as  
su rfactan t c o n c e n tr a tio n , tem p era tu re , p H , an d  io n ic  stren g th . T h e  p r o c e s s  o f  fo rm in g  
m ic e l le s  is  k n o w n  a s m ic e l l iz a t io n .

In d iv id u a l su rfactan t m o le c u le s  th at are in  th e  c o l lo id  but are n o t  part o f  a  
m ic e l le  are c a lle d  " m on om ers."  In w a ter , th e  h y d r o p h ilic  "heads" o f  su rfactant  
m o le c u le s  are a lw a y s  in  c o n ta c t  w ith  b u lk  so lv e n t , r e g a r d le ss  o f  w h e th e r  the  
su rfa cta n ts e x is t  as m o n o m e r s  o r  a s  part o f  a  m ic e l le . H o w e v e r , th e  h y d r o p h o b ic  
"tails" o f  su rfa cta n t m o le c u le s  h a v e  le s s  c o n ta c t  w ith  w a ter  w h e n  th e y  are part o f  a 
m ic e l le .  In a m ic e l le ,  th e  h y d r o p h o b ic  ta ils  o f  sev era l su rfa cta n t m o le c u le s  a sse m b le  
in to  an  o i l- l ik e  co r e  that h a s le s s  c o n ta c t  w ith  w a ter . In co n tra st, su rfactan t m o n o m e r s  
are su rrou n d ed  b y  w a te r  m o le c u le s  that c rea te  a "cage" o f  m o le c u le s  c o n n e c te d  by  
h y d r o g e n  b o n d s. T h is  w a ter  c a g e  is  s im ila r  to  a c la th ra te  and  h a s an ic e - l ik e  crystal 
stru ctu re.

M ic e lle s  c o m p o s e d  o f  io n ic  su rfa cta n ts  are su rrou n d ed  b y  a "cloud" o f  io n s. 
B e c a u se  th e se  io n s  h a v e  a  c h a rg e  o p p o s ite  or  co u n ter  to  th e  ch a rg e  o f  th e  io n ic  
su rfactan t, th e y  are c a lle d  c o u n te r io n s . A lth o u g h  th e  b o u n d  c o u n te r io n s  p artia lly  
n eu tr a liz e  a c h a r g e d  m ic e l le  (b y  u p  to  9 0 % ), th e  e f fe c t s  o f  m ic e l le  c h a rg e  m a y  a ffe c t  
th e  stru ctu re o f  th e  su rrou n d in g  s o lv e n t  at a p p r e c ia b le  d is ta n c e s  from  th e  m ic e lle . 
Io n ic  m ic e l le s  ca n  in f lu e n c e  m a n y  p ro p er tie s  o f  th e  m ix tu r e , in c lu d in g  its  e lec tr ic a l  
c o n d u c tiv ity . A d d in g  sa lt  to  a c o l lo id  c o n ta in in g  m ic e l le s  ca n  d e c r e a se  th e  strength  
o f  e le c tr o s ta t ic  in te r a c t io n s  and le a d  to  the fo r m a tio n  o f  larger  io n ic  m ic e l le s .

2.2 Surfactant A dsorption  Isotherm

The adsorption of ionic surfactant onto an oppositely charged solid surface
has been extensively studied. When a mineral oxide surface is brought into contact
with an aqueous solution, the adsorption of H3Û+ or OH' ions from the solution onto
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th e  su r fa ce  ca n  c a u s e  v a r ia tio n s  in  th e  su rfa ce  ch arg e . A s  th e  p H  o f  th e  s o lu t io n  is  
lo w e r e d , th e  m in era l o x id e  su rfa ce  w il l  u su a lly  b e c o m e  m o r e  p o s it iv e ly  c h a r g e d  (or  
le s s  n e g a t iv e ly  c h a r g e d ) b e c a u se  o f  th e  a d so rp tio n  o f  th e  H 30 + io n s  o n to  th e  su r fa ce , 
w ith  th e  c o n s e q u e n c e  o f  an  in c r e a se  in  th e  a d so rp tio n  o f  a n io n ic  su rfa cta n ts  and  a 
d e c r e a se  in  th e  a d so rp tio n  o f  c a t io n ic  su rfa cta n ts. T h e  r e v e r se  is  true w h e n  th e  p H  o f  
s o lu t io n  is  ra ised .

L o g  (e q u ilib r iu m  su rfactan t co n c e n tr a tio n )

F igure 2 .4  A d so r p tio n  iso th erm  fo r  an  io n ic  su rfa cta n t o n  an o p p o s ite ly  ch a rg ed  
su b strate .

A d so r p tio n  data  h a v e  u s u a lly  b e e n  p resen ted  a s  a lo g - lo g  p lo t  o f  th e  
su rfa cta n t a d so rp tio n  (a m o u n t o f  su rfactan t a d so rb ed  p er  gram  o f  a d so rb en t) v e r su s  
th e  e q u ilib r iu m  c o n c e n tr a tio n  o f  th e  su rfactan t in  b u lk  so lu t io n . A d so r p tio n  
iso th e r m s  u su a lly  tak e  o n  v e r y  ch a ra c ter is tic  sh a p e s , d e p e n d in g  u p o n  th e  su rfactan t 
and su b stra te . R o s e n  ( 2 0 0 4 )  d e sc r ib e d  th e a d so rp tio n  iso th e r m  o f  io n ic  su rfa cta n ts  
o n to  an o p p o s ite ly  ch a r g e d  su b strate  and a lso  s o m e t im e s  -  but n o t a lw a y s  -  n o n io n ic  
su rfa cta n ts  are ty p ic a lly  S -sh a p e d . ( s e e  F ig u re  2 .4 )  In c a s e  o f  n o n io n ic  su rfa cta n ts , 
an e th o x y la te d  n o n y lp h e n o l, for e x a m p le , w i l l  e x h ib it  a s im ila r  iso th erm  o n  s il ic a ,  
but w i l l  n ot ad so rb  s u ff ic ie n t ly  s tr o n g ly  to  s h o w  all th e  d e ta ils  o f  su ch  an iso th e r m  on
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a lu m in a . C o m m o n ly , S -sh a p e d  iso th erm  can  b e  d iv id e d  in to  fou r  r e g io n s  a s  s h o w n  
in  F ig u r e  2 .4  and  in  ea ch  th e se  r e g io n s  c o rr esp o n d s  to  a  d ifferen t m e c h a n is m  o f  
su rfactan t ad so rp tio n .

In r e g io n  I th e  su rfa cta n t ad so rb s m a in ly  b y  io n  e x c h a n g e  an d  a ls o  th e  
ch a rg e  d e n s ity , or p o ten tia l at th e  S te m  la y er  o f  th e  s o l id , re m a in s  a lm o s t  c o n sta n t. 
T h is  r e g io n  c o rr esp o n d s  to  v e r y  lo w  a d so rp tio n  d e n s it ie s  an d  is  s o m e t im e s  referred  
to a s  th e  H e n r y ’s la w  r e g io n . T h e  m o st  im p o rtan t p o in t  is  that th ere  are n o  
a g g r e g a te s  o f  a d so rb ed  su rfa cta n ts  in  th is  r e g io n  and  m a y  n o t e v e n  b e  d e te c ta b le  
b e c a u se  it o c c u r s  at su ch  lo w  su rfactan t c o n cen tra tio n s .

In r e g io n  II th ere  is  a m ark ed  in crea sed  in  a d so r p tio n  as th e  eq u ilib r iu m  
c o n c e n tr a tio n  o f  su rfactan t in c r e a se s . It is  b e l ie v e d  that th is  in c r e a se  is  c a u se d  b y  th e  
in te r a c tio n s  o f  th e  h y d r o p h o b ic  c h a in s  o f  o n c o m in g  su rfa cta n t io n s  w ith  th o se  o f  
p r e v io u s ly  a d so rb ed  su rfactan t an d  w ith  th e m s e lv e s , w h ic h  c a u se d  th e  a d so rb ed  
su rfa cta n ts  to  fo rm  a g g r e g a te s  o n  th e  su rfa ce . T h is  a g g r e g a tio n  o f  th e  h y d r o p h o b ic  
g ro u p s h a s b e e n  term ed  h e m im ic e l le  or a d m ic e lle  d e p e n d in g  u p o n  w h e th e r  the  
a g g r e g a te s  are v ie w e d  as m o n o la y e r s  or  b ila y ers . T h e  fo r m a tio n  o f  th e se  a g g r e g a te s  
lo c a lly  o r  p a tc h w ise  at th e  in te r fa c e  is  d u e  to  th e  h e te r o g e n e ity  o f  th e  su r fa ce . T h e  
o r ig in a l ch a rg ed  su r fa ce  o f  th e  s o l id  i s  n eu tra lized  b y  th e  a d so rp tio n  o f  o p p o s ite ly  
ch a rg ed  su rfactan t io n s  and e v e n tu a lly  r ev e rse , in d ic a te  th e  e n d  o f  r e g io n  II.

H o w e v e r , r e g io n  III is  ch a ra cter ized  b y  a r e d u c e d  s lo p e  in  th e  a d so rp tio n  
iso th e r m  n o t o n ly  b e c a u se  a d so rp tio n  m u st o v e r c o m 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  o n c o m in g  io n s  and  th e  id e n t ic a lly  ch a rg ed  h e a d  g ro u p s o n  th e  su r fa c e s , b u t a lso  
b e c a u se  a d so rp tio n  is  n o w  ta k in g  p la c e  o n  th e  m o re  and  m o r e  s im ila r ly  ch a rg ed  
su r fa c e s . A s  th e  e q u ilib r iu m  co n ce n tr a tio n  o f  su rfa cta n t further in c r e a se s  and  
e v e n tu a lly  a p p r o a c h e s  th e  c r it ic a l m ic e l le  co n ce n tr a tio n  (C M C ), a d so rp tio n  is  u su a lly  
c o m p le te d . T h e  b e g in n in g  o f  co n sta n t a d so rp tio n  m ark s th e  o n se t  o f  r e g io n  IV .

R e g io n  IV  is  referred  to  a s  th e  p la tea u  a d so rp tio n  r e g io n  and in  th is  r e g io n  the  
su r fa ce  c o n c e n tr a tio n  o f  su rfa cta n t h a s  reach ed  sa tu ra tion . T h e  a d so rp tio n  d o e s  n o t  
in c r e a se  w h ile  th e  eq u ilib r iu m  c o n c e n tr a tio n  o f  su rfa cta n t i s  ra ised  a b o v e  th e  C M C . 
F urther a d d itio n  o f  su rfa cta n ts  o n ly  co n tr ib u te s  to  th e  fo rm a tio n  o f  a d d itio n a l 
m ic e l le s  in  th e  b u lk  so lu t io n . In m o s t  s y s te m s  th e  tra n sitio n  o f  r e g io n  III /r e g io n  IV  
o c c u r s  n ear  th e  C M C  o f  th e  su rfa cta n ts .
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2.3 Structure o f  A dsorbed Surfactant A ggregates at S olid /A queous Interface

S ev e r a l s tu d ie s  h a v e  b e e n  d o n e  u s in g  A F M  to  im a g e  a d so rb ed  su rfa cta n t  
stru ctu res in  s i tu .  E arly  s tu d ie s  o f  a d so rb ed  su rfactan t stru ctu res w e r e  d o n e  b y  M a n n e  
an d  c o w o r k e r s  (M a n n e  e t  a l ,  1 9 9 4  an d  M a n n e  and G au b , 1 9 9 5 ) . T h e y  s h o w e d  that 
q u atern ary  a m m o n iu m  su rfa cta n ts  (m a in ly  C 14T A B ) fo rm ed  su r fa c e  a g g r e g a te s  at 
c o n c e n tr a t io n s  tw ic e  th e  C M C . A g g r e g a te  stru ctu res v a r ied  a c c o r d in g  to  su b strate . 
S p h e r ic a l a g g r e g a te s  w e r e  rep orted  o n  s il ic a , c y lin d r ic a l a g g r e g a te s  w e r e  fo u n d  on  
m ic a  and  fo r  gra p h ite  and  M o S 2 su r fa c e s  h e m i-c y lin d e r s  w e r e  rep o rted  (M a n n e  and

G a u b , 1 9 9 5 ). It m u st b e  n o te d  that A F M  d o e s  n o t p r o v id e  th e  a b ility  to  d isc r im in a te  
h e m i-sp h e r e s  or  h e m i-c y lin d e r s  fro m  fu ll sp h eres  or c y lin d e r s .

D u c k e r  and  c o -w o r k e r s  (S u b ra m a n ia n  and D u ck er , 2 0 0 0 ;  D u c k e r  an d  G rant, 
1 9 9 6 ; W a n le s s  e t  a l ,  19 97 ; L a m o n t and  D u ck er , 19 9 8  and L iu  an d  D u c k e r , 1 9 9 9 )  
h a v e  d o n e  e x te n s iv e  s tu d ie s  re la tin g  th e  e f fe c t  o f  su rfa ce , c o u n te r -io n , and  ad d ed  
e le c tr o ly te  c o m p o s it io n  o n  th e  stru ctu re o f  a d so rb ed  a g g r e g a te s . T h e y  fo u n d  a 
d e c r e a se  in  th e  a d so rb ed  a g g r e g a te  cu rva tu re as th e  su r fa ce  h y d r o p h o b ic ity  in c r e a se s  
in  z w itte r io n ic  sy s te m s  (D u c k e r  an d  G rant, 1 9 9 7 ). T h is  w a s  a ttr ib u ted  to  a fa v o r a b le  
d e c r e a se  in  th e  co n ta c t  b e tw e e n  th e  h y d r o p h o b ic  p ortio n  o f  th e  su rfa cta n t and  w a ter . 
L a m o n t and D u c k e r  (L a m o n t and D u c k e r , 1 9 9 8 )  a lso  s tu d ied  th e  e f f e c t  o f  a d d ed  sa lt  
o n  th e  o r g a n iz a tio n  o f  C i6T A B  a d so rb ed  to  m ica . T h e y  fo u n d  that a d d ed  sa lt  
in c r e a se s  th e  cu rva tu re  o f  th e  a g g r e g a te , and that th e  e f fe c t  in c r e a se s  a lo n g  th e  ord er  
L i+, K +, C s+. T h e  m o re  p o la r iz a b le  c o - io n  in  th is  c a se  in c r e a se s  cu rva tu re . T h is  is  in  
co n tra st to  th e  e f fe c t  o f  su rfactan t c o u n te r -io n s , w h ic h  d e c r e a se  th e  cu rva tu re  a s  th e  
p o la r iz a b ility  in c r e a se s  (S u b ra m a n ia n  and D u ck er , 2 0 0 0 ) . T h e  c a t io n  e f fe c t  is  d u e  to  
th e  a d so r p tio n  o f  th e se  c o - io n s  to  th e  so lu t io n -m ic a  in ter fa ce .

S u b ra m an ia n  and D u c k e r  (S u b ra m a n ia n  and D u c k e r , 2 0 0 0 )  h a v e  p o s tu la te d  
that th e  “h ard ” or “ s o f t” n atu re o f  th e  c o u n te r -io n  d ic ta te s  th e  cu rva tu re  o f  th e  
a d so rb ed  stru ctu re. “ S o f t” io n s  are m o r e  p o la r iz a b le  and ca n  m o r e  e f f e c t iv e ly  sh ie ld  
h ea d  g ro u p s le a d in g  to  a le s s  cu rv ed  structure. “H ard ” io n s  o n  th e  o th er h a n d , are 
h ig h ly  h yd ra ted  and ca n n o t ap p ro ach  th e h ead  gro u p s a s  c lo s e ly . T h is  le a d s  to  a le s s  
s h ie ld e d  r e p u ls io n  b e tw e e n  h ead  g ro u p s  and th ere fo re  m o re  c u r v e d  a g g r e g a te s .
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V e le g o l  and  c o -w o r k e r s  ( V e le g o l  e t  a l ,  2 0 0 0 )  h a v e  a ls o  s tu d ie d  th e e f fe c t  o f  
c o u n te r -io n s  an d  ad d ed  e le c tr o ly te  o n  su rfa cta n t a d so rp tio n  to  s il ic a . T h e y  sh o w e d  
that c h a n g in g  th e  c o u n te r -io n  from  B r‘ to  c r  d e c r e a se s  th e  m a x im u m  a d so rp tio n  b y  
60%  and  c h a n g e s  th e  stru ctu re o f  th e  a d so rb ed  s p e c ie s  fro m  c y lin d e r s  to  sp h eres  
a b o v e  th e  c m c .  T h e s e  structural c h a n g e s  are c o n s is te n t  w ith  th e  “h ard ”/  “ s o f t” th eo ry  
m e n tio n e d  a b o v e .

A t lo w  sa lt  and su rfa cta n t c o n c e n tr a t io n s , K o o p a l (G o lo u b  e t  a l ,  1 9 9 6  and  
G o lo u b  and K o o p a l, 1 9 9 7 )  p ro p o sed  th at th e  in itia l a d so rp tio n  o f  D P C  and  C P C  
o c c u r s  p ara lle l to  th e  su r fa ce . T h is  o c c u r s  o n  a p y r o g e n ic  s il ic a , w h ic h  is  m ore  
h y d r o p h o b ic  th an  a  fu lly  h y d r o x y la te d  s i l ic a  (G o lo u b  and K o o p a l, 1 9 9 7 ) . T h is  e f fe c t  
w a s  a lso  s e e n  b y  Z ajac an d  c o -w o r k e r s  (Z a ja c  e t  a l ,  1 9 9 6 ) , for  b e n z y ld im e th y l  
a m m o n iu m  b r o m id e  o n  a h y d r o x y la te d  s i l ic a  in  th e  a b se n c e  o f  sa lt. A t  h ig h  sa lt  (1 0 0  
m M ), h o w e v e r , c h a in s  w e r e  n o t p a ra lle l to  th e  su r fa ce . T h e ir  s tu d y  d id  n o t in c lu d e  
in term ed ia te  sa lt  c o n c e n tr a t io n s . E P R  s tu d ie s  h a v e  s h o w n  that a  sp in - la b e le d  v e r s io n  
o f  C lô T A B  a lso  a d so rb s fla t  at lo w  su rfa cta n t c o n c e n tr a t io n s  and  lo w  p H  (B a k k e r  e t  
a l ,  1 9 9 9 ).

A s  th e  su r fa ce  e x c e s s  in c r e a se s , th e  su r fa c ta n t-c h a in s  ca n  in tera ct w ith  ea ch  
oth er m o re  fa v o r a b ly  th an  w ith  w a ter  (sh o r t-ra n g e  h y d r o p h o b ic  e f f e c t ) .  W h e n  th is  
o c c u r s  th e  a d so rp tio n  r ise s . T h e  c o n c e n tr a tio n  w h e r e  th is  ta il a s s o c ia t io n  b e g in s  h as  
b e e n  c a lle d  th e  h e m i-m ic e lle  co n c e n tr a tio n , H M C  (S o m a su n d a ra n  an d  F u ersten a u , 
1 9 6 6 ). N e u tr o n  r e f le c t iv ity  s tu d ie s  o f  C iô T A B  a d so rb ed  to  a m o r p h o u s  s il ic a , su g g e s t  
that a d e fe c t iv e  b ila y e r  o f  f la tte n e d  m ic e l le s  e x is t  b e tw e e n  lA  and  2/3 C M C  (R e n n ie  e t  
a l ,  1 9 9 0  and  M c D e r m o tt  e t  a l ,  1 9 9 4 ) , w h e r e a s  th e  c y lin d r ic a l su rfa cta n t a g g r e g a te s  
h a v e  b e e n  r e c e n tly  o b se r v e d  (b y  A F M )  on  m ic a  at 0 .8 x C M C  ( S e e  and  O ’H av er , 
2 0 0 4  and  S ap h an u ch art e t  a l ,  2 0 0 7 )  fo r  in itia l s ta g e  o f  su rfa cta n t a d so r p tio n . T h e se  
a g g r e g a te s  h a v e  a ltered  to  b ila y e r  th e  e q u ilib r iu m  c o n d it io n  h a s b e e n  a p p ro a ch ed .
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(a ) (b )

F igure 2.5 T y p ic a l m ic e l le  (a ) an d  a d m ic e lle  (b )  stru ctu res w ith  p ro p o se d  lo c i  o f  
s o lu b iliz a t io n  and a d so lu b iliz a t io n .

2.4  Solubilization  and A dsolubilization

T h e  su rfa cta n t a g g r e g a te s  ( m ic e l le  and  a d m ic e lle )  p r o v id e  a 
m ic r o e n v ir o n m e n t c o n d u c t iv e  to  th e  p a r tit io n in g  o f  so lu te  m o le c u le s  w h ic h  are  
o th e r w ise  sp a r in g ly  s o lu b le  in  th e  a q u e o u s  so lu t io n , a p h e n o m e n o n  k n o w n  as 
s o lu b iliz a t io n  and  a d s o lu b iliz a t io n , r e s p e c t iv e ly  (R o se n , 2 0 0 4 ,  N a g a ra ja n , 1 9 9 6  and  
O ’H a v er  e t  a l ,  1 9 9 5 ). It is  g e n e r a lly  ag reed  that th e  p r im ary  lo c a t io n s  for  
s o lu b iliz a t io n  o f  n eu tra l o r g a n ic  so lu te s  in  su rfactan t a g g r e g a te s  h a v e  b e e n  d iv id e d  
in to  th ree  m a in  p arts b y  p o la r ity  ( O ’H a v er  e t  a l . ,  1 9 9 5 ; K ittiy a n a n  e t  a l . ,  1 9 9 6  and  
D ic k s o n  an d  O ’H a v er , 2 0 0 2 )  ( s e e  F ig u re  2 .5 ) ,  w h ic h  are (1 )  h ea d g ro u p  r e g io n  (2 )  
h yd ra ted  p a lisa d e  r e g io n  and  (3 )  n o n -h y d ra ted  p a lisa d e  r e g io n . T h e s e  p ro p o sed  
lo c a t io n s  o f  v a r io u s  s o lu te s  s o lu b iliz e d  in  th e  su rfa cta n t a g g r e g a te s  h a v e  b een  
e lu c id a te d  b y  N M R  sp e c tr o s c o p y  (H e d in  e t  a l . ,  19 99 ; M a ta  e t a l . ,  2 0 0 6 ;  L in d b lo m  e t  
a l . ,  19 7 3  and  G o ld e n b e r g  e t  a l . ,  1 9 9 3 ).
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T h e  o u ter  r e g io n  is  th e  m o s t  p o lar , c o n s is t s  o f  th e  su rfa cta n t h ea d g r o u p s,  
and  fo r m s  th e su rfactan t a g g r e g a te /w a te r  (an d  su rfactan t a g g r e g a te /s o l id  for  
a d m ic e lle )  in ter fa ce . T h e in n er r e g io n  (su rfactan t ta il r e g io n )  is  referred  to  a s  th e  
p a lisa d e  reg io n . T h is  r e g io n  is  d iv id e d  in to  tw o  se c t io n s  b y  d e g r e e  o f  w a ter  
p en etra tio n , w h ic h  are ( 1) h yd ra ted  p a lisa d e  r e g io n , c o n s is t s  o f  th e  c a rb o n s n ear th e  
h e a d g r o u p s  and a ls o  ch a ra cter ized  b y  w a ter  m o le c u le s  that h a v e  p en etra ted  th e  
su rfactan t a g g r e g a te s  (W en n erstro em  and L in d m a n , 1 9 7 9 ; N o v a k i and S e o u d , 2 0 0 0  
and B r u c e  e t  a i ,  2 0 0 2 ) . T h is  r e g io n  is in term ed ia te  in  p o la r ity  (2 )  n o n -h y d ra ted  
p a lisa d e  re g io n  c o n s is t in g  o f  th e  h y d ro ca rb o n  ch a in s  an d  is  to ta lly  n o n -p o la r  in  
n atu re (R o se n , 2 0 0 4 ) .  W ith in  th e  m ic e l le ,  the p a lisa d e  r e g io n  c o n s is t s  o f  in ter tw in ed , 
r a n d o m ly  o r ien ted  h y d ro carb on  gro u p s, fo r m in g  a liq u id - lik e  r e g io n  h a v in g  a 
v is c o s it y  a p p r o x im a te ly  an  ord er  o f  m a g n itu d e  grea ter  th an  that o f  liq u id  
h y d ro ca rb o n s o f  s im ila r  c h a in  le n g th  (Z an a, 1 9 8 6 ) , w h e r e a s  th e  p a lisa d e  r e g io n  o f  
a d m ic e lle  is  a lso  s im ila r  but d e n se r  (D u n a w a y  e t  a l . ,  19 9 5  and  O ’H a v e r  e t  a l . ,  1 9 9 5 ).  
S o m e t im e s , w h e n  th e  m ic e l le s  s o lu b i l iz e  v e r y  la rge  a m o u n t o f  h ig h ly  h y d r o p h o b ic  
s o lu te s , th e  m ic e l le s  tend  to ra d ia lly  exp a n d  an d  p u re so lu te  d r o p le ts  are th e n  fo rm ed  
in th e  m ic e l le s  (H e d in  e t a i ,  1 9 9 9  and D o i e t  a i ,  2 0 0 4 ) .  It is  th u s a d d it io n a lly  
p r o p o se d  an oth er  r e g io n  as n o n -h y d ra ted  c o r e /so lu te  d rop  r e g io n  a s  sh o w n  in  F ig u re
2 .5 . T h e  n o n -h y d ra ted  p a lisa d e  r e g io n  c o m b in e d  w ith  th e  c o r e /s o lu te  d rop  r e g io n  is  
u su a lly  c a lle d  “c o r e ” re g io n  b e c a u s e  b o th  o f  th e m  are d ried  s im ila r ly . V a r io u s  s tu d ie s  
h a v e  in d ica ted  that o rg a n ic  s o lu te s  p artition  in to  th e  r e g io n s  o f  th e  su rfa cta n t  
a g g r e g a te s  that p o s s e s s  s im ila r  p o la r ity  (N a g a ra ja n , 1 9 9 6 ; R o s e n , 2 0 0 4 ,  D u n a w a y  et 
a l., 1 9 9 6  and O ’H v a e r  et ah , 1 9 9 5 ). T h u s, a lk a n e s  or o th er  n o n p o la r  s o lu te s  p artition  
p r im a rily  to  th e  co r e  r e g io n , w h i le  p o lar  c o m p o n e n ts  p artition  to  th e  h yd ra ted  
p a lisa d e  or h ea d g r o u p  reg io n .

It h as b e e n  p o stu la te d  th at th e  lo c a t io n  o f  th e  s o lu b i liz e d /a d s o lu b il iz e d  
s o lu te s  ca n  b e  d e term in ed  b y  e x a m in in g  the grap h  o f  th e  p a rtitio n  c o e f f ic ie n t  p lo tted  
a g a in s t  th e  m o le  fra ctio n  o f  so lu te  in  the su rfactan t a g g r e g a te s  (D u n a w a y  e t  a i ,  
1 9 9 6 , O ’H a v er  e t  a l . ,  1 9 9 5 , M a ta  e t  a l . ,  2 0 0 6 , K ittiy an a n  e t  a l . ,  1 9 9 6 ) . T h e  f o l lo w in g  
tren d s  h a v e  b e e n  p r o p o se d  c o n c e r n in g  th e lo c u s  o f  s o lu b iliz a t io n  and p artition  
c o e f f ic ie n ts :  ( 1) i f  th e  so lu te  p a r tit io n s  p r im a rily  to  th e  n o n -h y d r a te d  (c o r e )  r e g io n , 
th e  p a rtit io n  c o e f f ic ie n t s  w i l l  in c r e a se  a s  so lu te  m o le  fra c tio n  in  th e  su rfactan t
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a g g r e g a te s  in c r e a se s ;  (2 )  i f  th e  so lu te  p a r tit io n s  p r im a r ily  to  th e  h y d ra ted  r e g io n  
(h y d ra ted  p a lisa d e  or h ea d g ro u p  r e g io n ) , th e  p a rtit io n  c o e f f ic ie n t s  w i l l  d e c r e a se  a s  
th e  so lu te  m o le  fra ctio n  in  th e  su rfactant a g g r e g a te s  in c r e a se s ;  and (3 )  i f  th e  so lu te  
p artit io n s to  b oth  th e  h yd ra ted  and th e n o n -h y d ra ted  r e g io n s , th e  p a r tit io n  c o e f f ic ie n t  
w ill  rem ain  c o n sta n t a s  so lu te  m o le  fra c tio n  in  th e  su rfa cta n t a g g r e g a te s  in c r e a se s . It 
is  p o s s ib le  that th is  data  c a n  ro u g h ly  d is t in g u ish  so lu te  p a r tit io n in g  b e tw e e n  th e  
h yd rated  r e g io n  and so lu te  in  th e  n o n -h y d ra ted  r e g io n s  o f  th e  m ic e lle /a d m ic e lle .

2.5. A tom ic Force M icroscopy

T h e  A F M  first ap p ea red  in  1 9 8 6  a s  an  e v o lu t io n  fro m  sc a n n in g  tu n n e lin g  
m ic r o s c o p y  ( S c a le s ,  19 99 ; W ie se n d a n g e r , 1 9 9 4 ; S arid , 1991  and  M err is  e t  a l . ,  1 9 9 9 ).  
It ta k es  o n  m a n y  d ifferen t fo r m s  and c o n fig u r a tio n s  a n d , in d e e d , th e  A F M  is  ju s t  o n e  
ty p e  o f  sc a n n in g  p rob e m ic r o sc o p e  (S P M ) that is  u se d  in  th e  c h a ra c ter iza tio n  o f  
in te r fa c e s . A F M ’s m o d e  o f  o p era tio n  is  a p p lic a b le  to  b o th  c o n d u c t iv e  and n o n -  
c o n d u c tiv e  su r fa c e s  and to  f lu id  and n o n -f lu id  e n v ir o n m e n ts . T h is  h a s  e s ta b lish e d  
u s e s  for  th e  A F M  in  a w id e  ra n g e  o f  s c ie n t if ic  and  e n g in e e r in g  e n d e a v o r s . In th e  la st  
f e w  y ea rs , A F M  h a s  u n d e r g o n e  e x te n s iv e  d e v e lo p m e n t  b u t im a g in g  is  s t i ll  its  m a in  
c a v e a t  o f  u se . Its p o p u la r ity  a s  a to o l fo r  im a g in g  su r fa c e s  is  a lm o st  c e r ta in ly  re la ted  
to  th e  im a g in g  e n v ir o n m e n t and  su b strate  p rep ara tio n  r e q u irem en ts . T h e  A F M  can  
b e  u se d  o n  a v a s t  ra n g e  o f  su r fa c e s , w ith  th e  o n ly  rea l h e a d  an d  that th e  th ic k n e ss  o f  
th e  sa m p le  b e  le s s  than  a p p r o x im a te ly  0 .5  cm . E v e n  th e  la tter r e s tr ic tio n  is  b e in g  
o b v ia te d  in  m a n y  n e w  c o m m e r c ia l A F M  h ea d  d e s ig n s .

T h e  su r fa c e  can  b e  im a g e d  in  air, w a ter , v a c u u m , or s o m e  o th er f lu id  
e n v ir o n m e n t th at re ta in s c o m p a tib ility  w ith  th e  m a te r ia ls  o f  c o n s tr u c tio n  o f  th e  
in stru m en t. S a m p le  p rep ara tion  is  th ere fo re  su b -c r it ic a l r e la t iv e  to  te c h n iq u e s  su ch  
a s tr a n sm iss io n  an d  sc a n n in g  e le c tr o n  m ic r o s c o p y . A s  w ith  n ea r ly  all te c h n iq u e s , th e  
A F M  is  n o t  a p a n a c e a  o f  a ll i l l s  and it h a s  a n u m b er  o f  l im ita tio n s  to  g o  w ith  its  m a n y  
a d v a n ta g e s . T h e s e  w il l  b e  e x p lo r e d , a lo n g  w ith  its  m a n y  a d v a n ta g e s . F o r  e x a m p le , a 
c le a r  d isa d v a n ta g e  o f  th e  A F M  te c h n iq u e  is  that it is  p u r e ly  a su r fa c e  o r  to p o lo g ic a l  
te c h n iq u e . A  c o n s e q u e n c e  o f  th is  is  that im a g in g  o f  s o f t  or m o t i le  su r fa ces  is  
in h e r e n tly  d if f ic u lt . Im a g in g  artifacts  are a ls o  o f  c o n cern .
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A to m ic  F o r c e  M ic r o s c o p y  (A F M ) can  b e  u se d  to  in v e s t ig a te  th e  stru ctu re  
and  m o r p h o lo g y  o f  th e  su r fa ce . T h is  is  a p o w e r fu l te c h n iq u e  that a l lo w s  th e  
g en e r a tio n  o f  to p o g r a p h ic  im a g e s  o f  th e  su r fa c e  w ith  a to m ic  r e so lu tio n

T h e  p r in c ip le  b e h in d  A F M  is  s im ila r  to  that o f  an o ld  reco rd  p la y er . A  sh arp  
t ip  ( lik e  n e e d le )  m a k e s  co n ta c t  w ith  th e  su r fa ce  an d  m o v e s  u p  an d  d o w n  in  r e sp o n se  
to  the su r fa c e  fea tu res  ( s e e  F ig u re  2 .6 ) . T h is  tip  is  c o n n e c te d  to  a  sm a ll c a n tile v e r . 
T h e  tip  is  sca n n e d  o v e r  th e  sa m p le  an d  th e fea tu res  o n  th e  su r fa c e  c a u se  th e  
c a n tile v e r  to  b en d  u p  and  d o w n . T h is  d e f le c t io n  o f  th e  c a n tile v e r  is  m o n ito re d  b y  
sh in in g  a sm a ll la ser  b e a m  o n  th e b a ck  o f  th e  c a n t ile v e r  and m e a su r in g  th e  c h a n g e  in  
th e  r e f le c te d  p o s it io n  o f  th e  la ser  b ea m . S ev e r a l fo r c e s  ty p ic a lly  co n tr ib u te  to  th e  
d e fle c t io n  o f  an A F M  c a n tile v e r . T h e fo r c e  m o st  c o m m o n ly  a s so c ia te d  w ith  a to m ic  
fo r c e  m ic r o s c o p y  is  an  in ter -a to m ic  fo r c e  c a lle d  th e  v a n  d er W a a ls  fo rce . T h e  
d e p e n d e n c e  o f  th e  v a n  der W a a ls  fo r c e  u p o n  th e d is ta n c e  b e tw e e n  th e  tip  and  th e  
sa m p le  is  sh o w n  in  F ig u r e  2 .7 .

F igure 2.6 P r in c ip le  o f  A to m ic  F o rce  M ic r o sc o p y .
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F igure 2 .7  In ter -a to m ic  fo r c e  v s . d is ta n c e  cu rv e .

A  fe e d  b a ck  lo o p  is  u sed  to  d e e p e n  th e  d e f le c te d  la ser  b e a m  s ig n a l c o n sta n t  
b y  a d ju stin g  th e  sa m p le  h e ig h t  at e a c h  p o s it io n . T h is  c h a n g e  in  h e ig h t  is  reco rd ed  to  
g iv e  a  to p o g r a p h ic  im a g e  o f  th e  su r fa ce . In ord er  to  c o l le c t  an im a g e , th e  c a n t ile v e r  
is  sca n n e d  b a ck  and  forth  o v e r  th e  sa m p le  and  th e  s ig n a l fro m  th e  z -p ie z o m e te r s  are  
r e co rd ed  a s  th e  tip  is  m o v e d  to  k e e p  th e  p h o to d io d e  s ig n a l c o n s ta n t  at th e  se tp o in t  
le v e l .  T h e  s iz e  o f  th e  sc a n  is  se t  in  th e  sca n  p a ra m eters  a n y w h e r e  fro m  ab ou t 1 n m  to  
12 5  m ic r o n s . T h e  sc a n  sp e e d  and  d ir e c tio n  are a ls o  c o n tr o lle d  b y  so ftw a r e  
p ara m eters.

T o  in v e s t ig a te  s o f t  stru ctu re o f  su rfa cta n t a g g r e g a te s  at so l id /l iq u id  
in te r fa c e , c o n ta c t  m o d e  A F M  h a s b e e n  u se d  g e n e r a lly  (M a n n e  e t  a h ,  1 9 9 4 ) . In  
c o n ta c t  m o d e  A F M , a lso  k n o w n  a s r e p u ls iv e  m o d e , an d  A F M  tip  m a k e s  so ft  p h y s ic a l  
c o n ta c t  w ith  th e  sa m p le . T h e  tip  is  a tta ch ed  to  th e  en d  o f  a c a n tile v e r  w ith  a lo w  
sp r in g  c o n sta n t, lo w e r  th a n  th e  e f f e c t iv e  sp r in g  c o n s ta n t  h o ld in g  th e  a to m s o f  th e  
sa m p le  to g e th e r . T h e  s lo p e  o f  th e  v a n  der W a a ls  c u r v e  is  v e r y  s te e p  in  the r e p u ls iv e  
or  co n ta c t  r e g im e . A s  a  r e su lt , th e  r e p u ls iv e  v a n  d er W a a ls  fo r c e  b a la n c e s  a lm o s t  an y  
fo r c e  that a tte m p ts  to  p u sh  th e  a to m  c lo s e r  to g e th er . In A F M  th is  m ea n s that w h e n
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th e  c a n t ile v e r  p u s h e s  th e  tip  a g a in s t  th e  sa m p le , th e  c a n tile v e r  b e n d s  rather than  
fo r c in g  th e  t ip  a to m s  c lo se r  to  th e  sa m p le  a to m s. In a d d itio n  to  th e  r e p u ls iv e  va n  der  
W a a ls  fo r c e , c a p illa r y  fo r c e s  a r ise  w h e n  w a ter  w ic k s  its  w a y  arou n d  th e  tip , a p p ly in g  
a stro n g  a ttr a c tiv e  fo r c e  that h o ld s  th e  tip  in  co n ta c t w ith  th e  su rfa ce .

A s  lo n g  a s  th e  tip  is  in  co n ta c t  w ith  th e sa m p le , th e  c a p illa r y  fo r c e  sh o u ld  
b e  co n sta n t b e c a u s e  th e  d is ta n c e  b e tw e e n  th e  tip  and  th e  sa m p le  is  v ir tu a lly  
in c o m p r e ss ib le . T h e  v a r ia b le  fo r c e  in  co n ta c t  A F M  is  th e  fo r c e  e x e r te d  b y  th e  
c a n tile v e r . T h e  to ta l fo r c e  that th e  tip  e x e r ts  o n  th e  sa m p le  is  th e  su m  o f  th e  ca p illa ry  
p lu s  c a n t ile v e r  fo r c e s , and  m u st b e  b a la n c e d  b y  th e r e p u ls iv e  v a n  der W a a ls  fo rce  for  
c o n ta c t -m o d e A F M .
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