
BACKGROUND AND LITERATURE SURVEY
CHAPTER II

2.1 Natural Rubber

Natural rubber (NR) is a natural polymeric material that exhibits excellent 
physical and chemical properties. Natural rubber latex could be found in many plants. 
The white sap of the common milkyweed and dandelion is rubber latex. The most 
important source of natural rubber latex is the Hevea b ras iliens is  tree. The latex from 
this tree contains hundreds of proteins, including enzymes that are involved in the 
biosynthesis of the rubber molecules. NR exhibits excellent mechanical properties 
under both normal and dynamic loadings, but it is subservient to environmental damage 
(for examples, by ozone and organic oils). Raw NR contains 93-95 wt.% of ๗.ร-!,4- 
polyisoprene of about 5x10s g/mol, 2-3 wt.% of proteins, 2 wt.% acetone-soluble resins 
(including fatty acids), small amount of sugars, and trace amount of mineral matters and 
water (Nontasom, 2002). Hydrocarbon component of NR, which consists of over 99.99 
wt.% of linear ๗.ร-1,4-polyisoprene, is shown in Figure 2.1(Lim-ochakun, 2000).

Figure 2.1 Chemical structure of NR (cis-l,4-polyisoprene).
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Average molecular weight of the polyisoprene in NR ranges from 200,000 to
400,000 with a relatively broad molecular weight distribution, which is responsible for 
the observed excellent processing behavior. There is one double bond for each isoprene 
part, along with the a-methylene groups contained in an NR molecular chain, is the 
active place where vulcanization with sulfur takes place. The glass transition 
temperature (7g) - the temperature or range of temperature that the polymer exhibits a 
marked change in its physical properties - of uncured NR is approximately -76.2 ± 
0.5°c, which is far below room temperature. As a result, NR appears to be soft and can 
be soften under heat. Conversely, it is rigid and brittle at low temperatures. Hence, NR 
can be utilized in a narrow temperature range.

The thermal properties of NR can be enhanced by vulcanization with sulfur. 
Although the vulcanized rubber has many advantages such as low 7g and high impact 
strength, it also has many undesirable properties, like low hardness, abrasion, stiffness 
and tear resistances. Consequently, fillers are utilized to improve performance in these 
properties.

O’Haver et al. (1996) reported the use of admicellar-modified silica to improve 
the performance of rubber compounds. The silica was modified by in situ admicellar 
polymerization of both nonpolar and polar monomers to obtained copolymers of 
different properties on its surface The admicellar-modified silica serves to improve the 
rubber cure properties and the physical properties of the cured compounds.

Kudisri (1997) produced polystyrene-isoprene copolymer on clay by in-situ  
polymerization of monomer in surfactant admicelle. This research studied the effect of 
the amount of surfactant and monomer on the process. It was found that the increase in 
the compound cure rate decreased 190 c.ure time and improved tensile prdperty, tear 
strength, hardness, flex cracking resistance, and compression set.
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2.2 Clay and Clay Mineral

Clay or layered silicate is a natural, earthy, fine-grained material composed 
largely of a limited group of crystalline minerals known as the clay minerals. Generally, 
it can be classified into many types according to differences in its structure and 
composition. The clay minerals are hydrous silicates, which contain tetrahedral silicate 
sheet and octahedral aluminum or magnesium sheet. The clay minerals were classified 
based on their layer type (either 1:1 or 2:1).

Clay minerals find almost innumerable applications, and the diversity of uses is 
still increasing. The reason is the large variety of clays and clay minerals and the ease 
that these materials can be modified. Swelling behavior, adsorption properties, colloidal 
and rheological phenomena can be optimized and adjusted to the intended used. In 
addition to applications well known for a long time, new uses are found and new types 
of materials are created. Clay minerals and clays are more and more involved in 
material science studies and are parent materials of organic-inorganic composites. 
Among several types of clays, the smectite is usually used as additive in polymer 
composites. The layered silicates are the most attractive because it can be intercalated 
by organic molecules.

Smectites are a group of clay minerals, which possess expandability, taking up 
water or organic molecules between their structural layers, and also marked cation 
exchange properties. The structure can be either dioctahedral or trioctahedral depending 
upon the type of substituted cationic atoms. Dioctahedral signifies that two of 
octahedrons are filled with trivalent cations, such as Al3+ or Fe3+. Trioctahedral signifies 
that all of the octahedrons were filled with divalent Mg2+ or Fe2+.
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T a b le  2 .1  C la s s if ic a t io n  o f  p h y ilo s il ic a te s , e m p h a s is  o n  c la y  m in era ls

L a y er
ty p e G rou p S u b g rou p S p e c ie s

1:1
S e rp en tin e -

K a o lin
(z ~ 0 )

S erp en tin es
(T r)

C h r y so t ile , a n tig o r ite , lizard ite , 

b er th ier in e , o d in ite
K a o lin s  (D i) K a o lin ite , d ic k ite , n acr ite , h a llo y s ite

2:1

T a lc -
. p y r o p h y llite  

( z ~ 0 )

T a lc  (T r)
P y ro p h y llite

(D i)
S m e c tite

( z - 0 .2 - 0 .6 )

Tr sm e c tite s S a p o n ite , h ec to r ite

D i sm e c tite s
M o n tm o r illo n ite , b e id e llite ,  

n o n tro n ite

V e r m ic u lite

( z - 0 .6 - 0 .9 )

Tr
v e r m ic u lite s

D i
v e r m ic u lite s

I llite
( 0 .6 > z < 0 .9 )

Tr il lite I ll ite , g la u c o n ite
D i il l ite

M ic a
( z ~ 1 .0 )

Tr m ic a s B io t ite , p h lo g o p ite , le p id o lite
D i m ic a s M u s c o v ite , p a ra g o n ite

B r itt le  m ic a  
( z - 2 .0 )

D i b rittle  
m ic a s M a rga rite

C h lo r ite  
( z  v a r ia b le )

T r,T r
ch lo r ite sa

C o m m o n  n a m e  b a se d  on  
F e 2 + , M g 2 + , M n 2 + , N i2 +

D i,D i c h lo r ite s D o n b a ss ite
D i,T r  c h lo r ite s S u d o ite , c o o k e it e  (L i)
T r ,D i c h lo r ite s N o  k n o w n  e x a m p le s

a 2 : l  la y er  f ir st  in  n a m e  o f  ch lo r ite ; Tr =  tr io c ta h ed ra l an d  D i =  d u ictaged ra k ; z  =  ch arge  
p er fo r m u la  u n it.
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T a b le  2 .2  C h e m ic a l fo rm u la  o f  c la y  in  2:1 p h y llo s i l ic a te s  ty p e s

S u b g r o u p S p e c ie s G e n e r a l  fo r m u la

ไ"'̂  รํ r* iO V* <=> A r- q 1i^ iO  v U u iv u i u l

Sm ectites

Montmorillonite Mx/nn+-yH20[Al4 0-xMgx](Sig o) 0 2 o(O H )4

Beidellite Mx/nn+-yH20[Al4o](Si8.o-xAlx)02o(OH)4

Nontronite M ^ n+-yH2O[Fe4.0](Si8.0-xAlx)O20(OH)4

Trioctahedral
Smectites

Saponite Mx/nn+-yH20[Mg6.o](Si8.o-xAlx)02o(OH)4
Hectorite Mx/nn+-yH2O [M g6.0 .xLix](Si8 .0 )O2 0 (OH, Fe)4

T h e  p r in c ip a l sm e c t ite s  are m o n tm o r illn ite , b e id e ll it e  an d  n o n tro n ite . a ll o f  
w h ic h  are d io c ta h ed ra l 2:1  la y er  s il ic a te , an d  sa p o n ite , h e c to r ite  an d  sa n c o n ite , w h ic h  are 
tr io c ta h erea l. T h e ir  c h e m ic a l structure is  illu stra ted  in  T a b le  2 .2 .

T h e  s m e c t ite  c la y  m in era ls  c o n s is t  o f  m a n y  la y e r s  o f  o c ta h e d r a l a lu m in a tes  
sh e e ts  sa n d w ic h e d  b e tw e e n  tetrahedral s i l ic a te  la y e r s . O x y g e n  a to m s  r e v e a l th e  la y er  
e d g e  o f  te trah ed ra l s ite  an d  octa h ed ra l s ite . I llu stra tio n  in  F ig u r e  2 .2  is  th e  structure o f  
sm e c t ite  c la y s .
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F ig u r e  2 .2  S tru ctu re o f  2:1 p h y llo s il ic a te s .

T h e  2:1 ty p e  la y e r s  o f  sm e c t ite s  h a v e  v a r io u s  c a t io n  su b st itu tio n s  in  b oth  th e  
te trah ed ra l and  o c ta h ed ra l p o s it io n s . S u b stitu tio n s  o f  io n s  o f  th e  sa m e  v a le n c e , n o ta b ly  
M g -F e (I I )  an d  A l-F e (I I I )  su b stitu tio n s , are c o m m o n  in  o cta h ed ra l p o s it io n s . C o u p led  
su b st itu tio n s  a ls o  o c c u r  su c h  as F e 3+ +  o 2' r e p la c in g  F e 2+ +  (O H )' w h ic h  is  eq u iv a le n t to  
a c o m b in e d  o x id a t io n -d e h y d r a tio n  p r o c e ss . A n io n  su b st itu tio n s , p articu la r ly  F* for  
(O H )', are n o t c o m m o n  in  natural sm e c t ite s  b u t it is  u t i l iz e d  in  s y n th e tic  m ater ia ls .

T h e  iso m o r p h ic  su b stitu tio n s  w ith in  m eta l o x id e  sh e e ts  w ith  th e  lo w e r  v a le n c y  
s p e c ie s  g iv e  th e  s il ic a te  la y er  s lig h t ly  n e g a tiv e  ch a r g e s , an d  it is  co u n terb a la n c ed  b y  
in ter la y er  c a t io n s  n a m e ly  N a + and  K +. A s  th e  fo r c e s  that h o ld  th e  s ta c k s  to g eth er  are  
r e la tiv e ly  w e a k , th e  in terca la tio n  o f  sm a ll m o le c u le s  b e tw e e n  th e  la y ers  is  e a sy .

M o n tm o r illo n ite  (M M T ), c a te g o r iz e d  in  sm e c t ite  gro u p , is  n o r m a lly  ap p lied  to  
p o ly m e r  n a n o c o m p o s ite s  b e c a u se  o f  its  su ita b le  la y er  c h a rg e  d e n s ity .
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2 .3  M o n t m o r i l lo n i t e

M M T  h a s a lo w  th erm a l e x p a n s io n  c o e f f ic ie n t  an d  a  h ig h  g a s  barrier p rop erty . 
S ta c k in g  o f  th is  stru ctu re le a d s  to  a  regu lar  w e a k  d ip o la r  or  V a n  d er  W a a ls  in tera ctio n  
b e tw e e n  th e  la y ers . I so m o r p h ic  su b stitu tio n  in  e a c h  la y e r  g en e r a te s  n e g a t iv e  c h a rg es  
that are co u n te r b a la n c e d  b y  h yd ra ted  so d iu m  or  p o ta s s iu m  io n s  r e s id in g  in  th e  in ter lay er  
sp a c in g . In  a q u e o u s  su sp e n s io n , c a t io n s  in  in ter la y er  m a y  e x c h a n g e  w ith  io n s  in  th e  
b u lk  so lu t io n . T h e y  are k n o w n  as exchangeable cations. T h e  to ta l a m o u n t o f  c a t io n s  
a d so rb ed  in  th e  c la y  in ter lay er , e x p r e s se d  in  m il l i - e q u iv a le n ts  p er  h u n d red  gra m s o f  d ry  
c la y , is  c a l le d  th e  c a tio n  e x c h a n g e  c a p a c ity  (C E C ). It is  an  im p o rtan t c h a ra c ter is tic  o f  
c la y  m in e r a ls . T h e  c a t io n  e x c h a n g e  c a p a c ity  is  h ig h  fo r  so d iu m  m o n tm o r illo n ite , in  
c o m p a r iso n  w ith  o th er  c la y  m in era ls .

T h ere  are m a n y  w a y s  to  in v e s t ig a te  th e  C E C  v a lu e s . T h e  p r in c ip le  m e th o d  
s u g g e s te d  b y  R h o a d e s  in  1 9 8 2  is  d isp la c e m e n t  o f  sa tu ra tin g  in d e x  c a t io n  and  th en  
d isp la c e m e n t  th e  sa tu ratin g  in d e x  ca tio n  a fter  w a s h in g  fr e e  fro m  satu ra tin g  sa lt. T h e  la st  
s tep , d e te c t  th e  sa tu ratin g  in d e x  c a t io n  b y  m a n y  te c h n iq u e s  su c h  a s  t itra tion , a to m ic  
e m is s io n  sp e c tr o sc o p y  d e p e n d in g  o n  th e  ty p e  o f  in d e x . M e th y le n e  b lu e  in d e x  is  th e  
s im p le  m e th o d  to  d e te c t  th e  C E C  v a lu e s . It is  u se d  in  a  stan dard  te s t  m e th o d  A S T M  c  
3 3 7 - 9 9  fo r  c h a ra c ter iz in g  th e  p rop erty  o f  c la y s .

O n  a  la rger  sc a le  o f  M M T , e a c h  la y e r  c a n  b e  s e e n  a s  a  h ig h  a sp e c t  ratio  la m e lla  
a b o u t 1 0 0 -2 0 0  n m  in  d ia m eter  an d  1 n m  in  th ic k n e s s  (F ig u r e  2 .3 ) .
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F ig u r e  2 .3  M icro stru c tu re  o f  m o n tm o r illin te .
F iv e  to  te n  la m e lla e  are a sso c ia te d  b y  in ter la y er  io n s  in  p rim ary  p a rtic le s  (8 -1 0  

n m  in  th e  “ tra n sv e r se ” d irec tio n  w h ic h , in  turn , fo r m  larger  irregu lar  a g g r e g a te s  
(0 .1  -  10  p m  in  d ia m eter ) g iv in g  th e  c la y  its  tu rb o sta tic  structure. D u e  to  th is  sp e c ia l  
c h a ra c ter is tic ' M M T  c a n  b e  e a s i ly  d isp e r se d  in  w a te r  r e su lt in g  in  a  sta b le  c o llo id .  
T y p ic a l ly , th e  n atu ral M M T  is  to o  h y d r o p h ilic  to  d isp e r se  in  an  o r g a n ic  m atrix . Its 
d isp e r s ib il ity  c a n  b e  im p r o v e d  b y  se v e r a l w a y s:  (1 )  a d so r p tio n , (2 )  io n  e x c h a n g e  w ith  
in o r g a n ic  c a t io n s  an d  c a t io n ic  c o m p le x e s , (3 )  io n  e x c h a n g e  w ith  o r g a n ic  ca tio n s , (4 )  
b in d in g  o f  in o r g a n ic  an d  o r g a n ic  a n io n s , m a in ly  at th e  e d g e s , (5 )  g ra ftin g  o f  o rg a n ic  
c o m p o u n d s , (6 )  r ea c tio n  w ith  a c id s , (7 )  p illa r in g  b y  d iffe r e n t ty p e s  o f  p o ly (h y d r o x y  
m e ta l)  c a t io n s , (8 )  in ter la m ella r  or in trap artic le  an d  in terp a rtic le  p o ly m e r iz a tio n , (9 )  
d e h y d r o x y la t io n  an d  c a lc in a t io n s , (1 0 )  d e la m in a tio n  an d  r e a g g r e g a tio n  o f  sm e c tit ic  c la y  
m in e r a ls , an d  ( 1 1 )  p h y s ic a l treatm en t su c h  a s  ly o p h ilic a t io n , u lt ia so u n d , and p la sm a . 
Io n  e x c h a n g e  w ith  o r g a n ic  c a tio n s  is  th e  p r in c ip le  r e a c tio n  to  c o n v e r t  c la y  m in era l to  
o r g a n o p h il l ic  c la y  or o r g a n o c la y .

«
2 .4  P o ly m e r  N a n o c o m p o s i t e

N a n o c o m p o s ite s  are a  c o m b in a tio n  o f  tw o  or  m o r e  p h a se s  c o n ta in in g  d ifferen t  
c o m p o s it io n s  or  stru ctu res, w h ere  at le a s t  o n e  o f  th e  p h a se s  is  in  th e  n a n o sc a le  r e g im e . 
T h e s e  m a ter ia ls  e x h ib it  b e h a v io r  d iffe r e n t fro m  c o n v e n tio n a l c o m p o s ite  m ater ia ls  w ith
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m ic r o sc a le  stru ctu re, d u e  to th e  sm a ll s iz e  o f  th e  stru ctu ral u n it  an d  th e  h ig h  su rfa ce-to -  
v o lu m e  ratio . T h e  p ro p er tie s  o f  c o m p o s ite  m a ter ia ls  are g r e a tly  in f lu e n c e d  b y  th e d eg ree  
o f  m ix in g  b e tw e e n  th e  tw o  p h a ses . In c o n v e n t io n a lly  f i l le d  p o ly m e r s , th e  co n stitu en ts  
are im m isc ib le . T h is  is  re su lt in g  in  a  c o a r se ly  b le n d e d  m a c r o c o m p o s ite  w ith  c h e m ic a lly  
d is t in c t  p h a se s  w h ic h  c a u se s  a  p o o r  p h y s ic a l a ttra ctio n  b e tw e e n  th e  org an ic  and  
in o r g a n ic  c o m p o n e n ts  w h ic h  lea d s to  an a g g lo m e r a t io n  o f  th e  in o r g a n ic  p h ase , th u s  
w e a k e n s  th e  m a ter ia ls . In ad d itio n , th e  m ic r o m e te r -s iz e  p a r tic le s  act as stress  
co n cen tra to rs . In n a n o c o m p o s ite s , c h e m ic a lly  d is s im ila r  c o m p o n e n ts  are co m b in ed  at 
th e  n a n o m e te r  s c a le  an d  are to o  sm a ll to  act a s  a  s tre ss  co n cen tra to r . S tron ger  
in tera c tio n s  b e tw e e n  th e  p o ly m e r  and  s il ic a te  c la y  o f te n  le a d s  to  an  im p r o v e m e n t in  th e  
m e c h a n ic a l p ro p er tie s . T h e  structure o f  th e  c o m p o s ite s  d e p e n d s  o n  th e  e x te n t  to  w h ic h  
th e  o r g a n ic  an d  in o r g a n ic  c o m p o n e n ts  is  b e in g  m a d e .

D e p e n d in g  o n  th e  nature o f  th e  c o m p o n e n ts  u s e d  ( la y e r e d  s il ic a te , org a n ic  
c a t io n , an d  p o ly m e r  m atr ix ) and th e  m e th o d  o f  p rep ara tio n , th ree  m a in  ty p es  o f  
c o m p o s ite  m a y b e  o b ta in e d  w h e n  la y ered  c la y  is  a s s o c ia te d  w ith  a  p o ly m e r  (F ig u re  2 .4 ) .

Layered silicate Polymer

separated Intercalated Exfoliated
(nucrocompoaite) (nanocomposite) (nanocomposite)

F ig u r e  2 .4  T h e  d if fe r e n t  ty p e s  o f  c o m p o s ite  a r is in g  fr o m  th e  in te r a c tio n  o f  la yered  
s il ic a te s  an d  p o ly m e r .
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(a ) p h a se -sep a ra ted  m ic r o c o m p o s ite ;
(b )  in terca la ted  n a n o c o m p o s ite  and
(c )  e x fo lia te d  n a n o c o m p o site .

P h a s e  S e p a r a te d  M ic r o c o m p o s ite
P h a se  sep ara ted  m ic r o c o m p o s ite  is  w h e r e  th e  c la y  acts as  

c o n v e n tio n a l f ille r . W h en  th e p o ly m e r  is  u n a b le  to  in terca la te  b e tw e e n  th e s il ic a te  
sh e e ts , n o rm a l m ic r o c o m p o s ite  is  o b ta in ed , w h o s e  p ro p er tie s  s ta y  in  th e  sa m e  range as  
trad ition a l m ic r o c o m p o s ite s .

I n te r c a la te d  N a n o c o m p o s ite
In terca la ted  structure in  w h ic h  a s in g le  (an d  s o m e t im e s  m ore  than  

o n e )  e x te n d e d  p o ly m e r  c h a in  is  in terca la ted  b e tw e e n  th e  s il ic a te  la y e r s  re su lts  in  a w e l l  
m u ltila y e r  m o r p h o lo g y  b u ilt  up  w ith  a ltern a tio n  p o ly m e r ic  an d  in o r g a n ic  la yers.

E x fo l ia te d  N a n o c o m p o s ite
E x fo lia te d  or d e la m in a ted  stru ctu re is  o b ta in e d  w h e n  th e s il ic a te  

la y ers  are c o m p le te ly  an d  u n ifo r m ly  d isp e r se d  in  a  c o n t in u o u s  p o ly m e r  m atrix .

2 .4 .1  N a n o c o m p o s ite  P rep aration
S y n th e s is  o f  p o ly m e r /c la y  n a n o c o m p o s ite  ca n  b e  carr ied  o u t b y  o n e  o f  

th e  fo u r  m e th o d s  w h ic h  are e x fo lia t io n -a d so r p tio n  ( so lu t io n  m e th o d ), in s itu  
p o ly m e r iz a tio n , m e lt  in terca la tio n  an d  tem p la te  sy n th e s is .

E x fo lia t io n -A d s o r p t io n
T h e  la y ered  s il ic a te  is  e x fo lia te d  in to  s in g le  la y e r s  u s in g  a  so lv e n t  in  

w h ic h  th e  p o ly m e r  (o r  a  p rep o ly m e r  in  c a se  o f  in s o lu b le  p o ly m e r s  su c h  a s  p c ly im id e )  is  
so lu b le . It is  w e l l  k n o w n  that su c h  la y ered  s il ic a te s , o w in g  to  th e  w e a k  fo r c e s  that sta ck  
th e  la y ers  to g e th e r , c a n  b e  e a s i ly  d isp e r se d  in  an  a d eq u a te  so lv e n t . T h e  p o ly m e r  th en  
a d so rb s  o n to  th e  d e la m in a te d  sh e e ts  and w h e n  th e  s o lv e n t  is  ev a p o r a te d  (or  th e  m ix tu re  
p r ec ip ita ted ), th e  sh e e ts  r e a sse m b le , s a n d w ic h in g  th e p o ly m e r  to  fo rm , in  th e  b est  c a se , 
an  ord ered  m u lt ip la y e r  stru ctu re. T h e  p r o c e ss  a ls o  in c lu d e s  n a n o c o m p o s ite s  that are
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o b ta in e d  th ro u g h  e m u ls io n  p o ly m e r iz a tio n  w h e r e  th e  la y ered  s il ic a te  is  d isp e r se d  in  th e  
a q u e o u s  p h a se .

In  s i tu  P o ly m e r iz a t io n
In  s i tu  p o ly m e r iz a tio n  w a s  th e  first m e th o d  u se d  to  sy n th e s iz e  

p o ly m e r -c la y  n a n o c o m p o s ite s  b a se d  o n  p o ly a m id e  6  in  1 9 8 7  b y  a T o y o ta  research  
gro u p . In th is  te c h n iq u e , th e  la y ered  s il ic a te  is  s w o l le n  w ith in  th e  liq u id  m o n o m e r  (or  a  
so lu t io n  c o n ta in in g  m o n o m e r ) so  th e  p o ly m e r  c a n  b e  fo rm ed  in  b e tw e e n  th e  in terca la ted  
sh e e ts . P o ly m e r iz a tio n  c a n  b e in itia ted  e ith er  b y  h ea t or rad ia tion , b y  th e  d if fu s io n  o f  a 
su ita b le  in itia to r  or b y  an  o rg a n ic  in itia to r  or a  c a ta ly s t  f ix e d  th ro u g h  c a t io n ic  e x c h a n g e  
in s id e  th e  in ter la y ers  p r ior  to  th e  rea c tio n .

M e l t  I n te r c a la t io n
T h e  m e lt  in te r c a la tio n  p r o c e s s  w a s  fir st rep orted  b y  V a ia  e t  a l. in  

1 9 9 3  . In  th is  m e th o d , th e  la y ered  s il ic a te  is  m ix e d  w ith  th e  p o ly m e r  m atrix  in  th e  
m o lte n  sta te . U n d e r  th e s e  c o n d it io n s  and  i f  th e  la y e r  su r fa c e s  are s u f f ic ie n t ly  co m p a tib le  
w ith  th e  c h o s e n  p o ly m e r , th e  p o ly m e r  c a n  d if fu s e  in to  th e  in ter la y er  s p a c e  and  e ith er  an  
in terca la te d  or  an  e x fo lia te d  n a n o c o m p o s ite  r e su lts . In  th is  t e c h n iq u e , n o  so lv e n t  is  
req u ired .

T h e  m e lt  in terca la tio n  p r o c e s s  h a s b e c o m e  in c r e a s in g ly  p o p u la r  d u e  s im p ly  
to  its  grea t p o te n tia l fo r  in d u str ia l a p p lic a t io n s . In d eed , p o ly m e r -c la y  n a n o c o m p o s ite s  
h a v e  b e e n  s u c c e s s fu lly  p ro d u c e d  b y  e x tr u s io n . A  w id e  ran g e  o f  th e r m o p la st ic s ;  from  
s tr o n g ly  p o la r  p o ly a m id e -6  to  s ty ren e , h a v e  b e e n  in terca la ted  b e tw e e n  c la y  la yers. 
H o w e v e r , p o ly o le f in s ,  w h ic h  rep resen t th e  b ig g e s t  v o lu m e  o f  p o ly m e r s  p ro d u ced , h a v e  
so  far o n ly  b e e n  s u c c e s s fu l ly  in terca la ted  to  a l im ite d  ex te n t.

T e m p la te  S y n th e s is
T h is  te c h n iq u e , w h e r e  th e  s il ic a te s  are fo r m e d  in  s i tu  in  an a q u eo u s  

so lu t io n  c o n ta in in g  th e  p o ly m e r  and  th e  s il ic a te  b u ild in g  b lo c k s , h a s b e e n  w id e ly  u se d  
fo r  th e  s y n th e s is  o f  d o u b le - la y e r  h y d r o x id e -b a se d  n a n o c o m p o s ite s , b u t is  far le s s  
d e v e lo p e d  for  la y e r e d  s il ic a te s . In th is  te c h n iq u e , b a se d  o n  s e lf -a s s e m b lin g  p r in c ip le s ,
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th e  p o ly m e r  a id s  th e  n u c lé a tio n  and  g r o w th  o f  th e  in o r g a n ic  h o s t  c r y sta ls  and  g e ts  
trap p ed  w ith in  th e  la y ers  as th e y  g ro w .

2 .4 .2  C h a ra cter iza tio n  o f  P o ly m e r -C la y  N a n o c o m p o s ite s
T h ere  are m a in ly  tw o  m e th o d s  to  ch a ra c ter ize  th e  stru ctu re o f  p o ly m er-  

c la y  n a n o c o m p o s ite s . T h e  m o st  stra ig h tforw a rd  is  X -r a y  d if fr a c tio n  (X R D )  du e to  th e  
c a p a b ility  for  in d irec t e v a lu a tio n  o f  th e  in ter la y er  sp a c in g s . T h e  sa m p le  p reparation  is  
r e la t iv e ly  e a s y  an d  th e  X -r a y  a n a ly s is  ca n  b e  p er fo rm ed  w ith in  a  f e w  h ou rs. H o w e v e r , 
o n e  n e e d s  to  b e  v e r y  ca re fu l w ith  th e  in terp reta tio n  o f  th e  resu lts . L a ck  o f  s e n s it iv ity  o f  
th e  a n a ly s is  an d  lim ita tio n  o f  th e  e q u ip m e n t c a n  le a d  to  a  w r o n g  c o n c lu s io n  ab ou t th e  
n a n o c o m p o s ite  stru ctu re. T h erefo re , tr a n sm iss io n  e le c tr o n  m ic r o s c o p y  is  a n e c e ssa r y  
c o m p le m e n t  to  X R D . T E M  g iv e s  a d irec t m e a su r e  o f  th e  sp a tia l d istr ib u tio n  o f  th e  
la y e r s  b u t req u ires  su b sta n tia l sk ills  in  s p e c im e n  p rep ara tio n  and  a n a ly s is .

X -R a y  D iffraction
X R D  is  u sed  to  id e n t ify  in terca la te d  stru ctu res. In su ch  

n a n o c o m p o s ite s , th e  rep e tit iv e  m u lt ila y e r  stru ctu re is  w e l l  p rese r v e d , a l lo w in g  th e  
in ter la y er  sp a c in g  to  b e  d eterm in ed . T h e  in te r c a la tio n  o f  th e  p o ly m e r  c h a in s  u su a lly  
in c r e a se s  th e  in ter la y er  sp a c in g , in  c o m p a r iso n  w ith  th e  sp a c in g  o f  th e  o r g a n o c la y  u sed , 
le a d in g  to  a  sh if t  o f  th e  d iffra c tio n  p e a k  to w a r d s  lo w e r  a n g le  v a lu e s .

T h e  sca tter in g  a n g le  an d  th e  la y er  sp a c in g  are r e la ted  th rou gh  th e
B ra g g 's  re la tion :

2 = 2  d  s in  6

w h e r e  2  c o r r e sp o n d s  to  th e  w a v e  le n g th  o f  th e  X -r a y  rad ia tio n  u se d  in  th e  d iffra ctio n  
e x p e r im e n t, d  is  th e  sp a c in g  b e tw e e n  d if fr a c tio n a l la tt ic e  p la n e s  an d  6  is  th e  m easu red  
d iffr a c tio n  a n g le .

A s  far as e x fo lia te d  stru ctu re is  c o n c e r n e d , n o  d iffr a c tio n  p ea k s  are 
v is ib le  in  th e  X R D  d iffra c to g ra m s e ith er  b e c a u se  o f  a  m u c h  to o  la rg e  sp a c in g  b e tw e e n
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th e  la y e r s  ( i .e . e x c e e d in g  8 n m  in  th e  c a se  o f  ord ered  e x fo l ia te d  stru ctu re) or b eca u se  o f  
th e  c o m p le te  d is in te g r a tio n  o f  the layers.

T r a n s m is s io n  E le c tr o n  S p e c t r o s c o p y
T r a n sm iss io n  e le c tr o n  m ic r o s c o p y  (T E M ) is  u se d  to  ch aracterize  

th e  n a n o c o m p o s ite  m o r p h o lo g y . B e s id e s  th e s e  tw o  w e l l-d e f in e d  stru ctu res, o th er  
in term ed ia te  o r g a n iz a tio n s  can  e x is t  p r e se n tin g  b o th  in te r c a la tio n  an d  e x fo lia t io n . In  
th is  c a s e , a  b r o a d e n in g  o f  th e  d iffr a c tio n  p ea k  is  o f te n  o b se r v e d  an d  o n e  m u st re ly  o n  
T E M  o b se r v a tio n  to  d e f in e  th e  o v e r a ll structure.

2 .4 .3  P ro p er tie s  o f  P o ly m e r -C la y  N a n o c o m p o s ite
L a y e r e d  s il ic a te  n a n o fil le r s  h a v e  p r o v e d  to  tr ig g e r  a  trem e n d o u s  p rop erty  

im p r o v e m e n t o f  th e  p o ly m e r s  in  w h ic h  th e y  are d isp e r se d . A m o n g s t  th o se  p rop erties, 
u n e x p e c te d  la rg e  in c r e a se  in  m o d u li ( te n s ile  or Y o u n g 's  m o d u lu s  an d  fle x u r a l m o d u lu s)  
o f  n a n o c o m p o s ite s  at f il le r  c o n te n ts  s o m e t im e s  a s  lo w  a s 1 w t.%  h a s d raw n  a lo t  o f  
a tte n tio n . T h erm a l s ta b ility  and  fire  re tard an cy  th r o u g h  ch ar  fo r m a tio n  are o th er  
in te r e s tin g  an d  w id e ly  sea r c h e d  p ro p erties  d is p la y e d  b y  n a n o c o m p o s ite s . T h o se  n e w  
m a ter ia ls  h a v e  a ls o  b e e n  s tu d ied  and  a p p lie d  fo r  th e ir  su p er io r  barrier p ro p erties  ag a in st  
g a s  an d  v a p o r  tr a n sm iss io n . F in a lly , d e p e n d in g  o n  th e  ty p e  o f  p o ly m e r ic  m ater ia ls , th e y  
c a n  a lso  d isp la y  in te r e s tin g  p rop erties  in  th e  fram e o f  io n ic  c o n d u c tiv ity  or therm al 
e x p a n s io n  c o n tro l.

2 .5 . S u r f a c t a n t  S tr u c t u r e

T h e  w o r d  su rfa cta n t is  a c o n tra c tio n  o f  th e  term  “ s u r fa c e -a c tiv e  a g e n t” . T h e  
su rfa cta n ts are a m o n g  th e  m o s t  u n iq u e  and  v e r s a t i le  m a te r ia ls  d u e  to  th e ir  c h e m ic a l  
stru ctu re. G e n e r a lly , th e se  are w a te r -so lu b le  s u r fa c e -a c t iv e  a g e n ts  co m p r ise d  o f  a  
h y d r o p h o b ic  p o r tio n , u s u a lly  a  stra ig h t or b ra n ch ed  h y d ro ca rb o n  or f lu o ro ca rb o n  c h a in
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c o n ta in in g  8 -1 8  ca rb o n  a to m s (T ad ros, 1 9 9 5 ), a tta ch ed  to  h y d r o p h ilic  or  w a ter  so lu b ility  
e n h a n c in g  fu n c t io n a l gro u p s. F or  th is  r ea so n , w e  o f te n  d e sc r ib e  su rfactants as  
a m p h ip h ilic  m o le c u le s  - th e y  lo v e  e v e r y th in g . S u rfa cta n ts  are sa id  to  h a v e  a  “ta il” and a 
“h e a d ” as sh o w n  in  F ig u re  2 .2 . T h e  ta il is  h y d r o p h o b ic , w h ic h  m e a n s  w ater-h atin g , 
th ere fo re  o i l - lo v in g .  It m a y  b e  d e p ic te d  e ith er  as a stra ig h t lin e  or  a w a v y  ta il. T h e head  
is  h y d r o p h ilic , w h ic h  m e a n s  w a ter  lo v in g  an d  g e n e r a lly  d e p ic te d  a s  a  c ir c le .

“T a ir ,  H ydrophobic ( พ ater-Hatmg) “H ead” , H ydrophilic (W ater-Loving)

F ig u r e  2 .5  S u rfa cta n t structure.

S u rfa cta n ts  c a n  b e  c la s s if ie d  a c c o r d in g  to  th e  c h a r g e  p r e se n t in  th e  h yd ro p h ilic  
p o r tio n  o f  th e  m o le c u le  (a fter  d is s o c ia t io n  in  a q u e o u s  so lu t io n ) . T h e y  ca n  b e  
c a te g o r iz e d  in to  4  ty p e s  (P orter , 1 9 9 4 ).

A n io n ic  su rfactant: su rfactan t m o le c u le , w h o s e  p o la r  g ro u p  is  n e g a tiv e ly  
ch a rg ed . S o m e  e x a m p le s  are a lk y lb e n z e n e  su lfo n a te  an d  s o d iu m  d o d e c y lsu lfa te .  
N o n io n ic  su rfactan t: n o  io n ic  ch a rg e  ap p ears o n  th e  h y d r o p h ilic  p o r tio n , so m e  o f  th e  
e x a m p le s  are p o ly o x y e th y le n a te d  a lk y lp h e n o l. C a tio n ic  su rfactant: p o s it iv e  ch arg e  o f  
th e  su rfa cta n t m o le c u le s  is  ap p eared  o n  th e  h y d r o p h ilic  p o rtio n . S o m e  e x a m p le s  are 
q u aternary  a m m o n iu m  c h lo r id e  and  la u r y la m in e  h y d r o c h lo r id e . A m p h o ly t ic  or  
z w itte r io n ic  su rfactant: su rfactan t m o le c u le , w h ic h  h a s b o th  p o s it iv e ly  an d  n e g a tiv e ly  
ch a r g e d  p o r tio n s . T h e  p r e se n c e  o f  b o th  ch a rg ed  h y d r o p h ilic  g ro u p s  in  th e  sam e  
m o le c u le  le a d s  to  th e  h ea d g ro u p  h y d r o p h ilic ity  b e in g  an  in term ed ia te  b e tw e e n  th e io n ic  
an d  c o n v e n tio n a l n o n io n ic  c la s s e s  (L a u g h lin , 1 9 9 1 ). T h e  c h a rg e  d e p e n d s  o n  p H  o f  the
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so lu t io n . A t  lo w  p H ’s (a c id ic  s o lu t io n s ) , th e y  fo rm  c a t io n s . B u t, at h ig h  p H ’s (a lk a lin e  
s o lu t io n s ) , th e y  fo rm  a n io n s . S o m e  e x a m p le s  are p o ly o x y e th y le n a te d  a lk y lp h e n o l and  
la u r a m id o p r o p y lb e ta in e . N o r m a lly , c a t io n ic  su rfa cta n ts  are m o r e  e x p e n s iv e  than a n io n ic  
or n o n io n ic  su r fa c ta n ts  (R o s e n , 1 9 8 9 ).

2 .5 .1  C a tio n ic  S u rfa cta n ts
C a tio n ic  su rfa cta n ts  are s u r fa c e -a c tiv e  c o m p o u n d s  w ith  h yd ro p h o b ic  

p o rtio n  an d  a  h y d r o p h ilic  p o r tio n  ca rr y in g  a  p o s it iv e  ch a r g e . T h e y  are p o s it iv e ly  
ch a rg ed  in  a q u e o u s  so lu t io n s . C a tio n ic  su rfactan t d e p e n d s  u p o n  th e  c h e m ic a l structure, 
it is  p o s s ib le  to  m a k e  a h y d r o p h ilic  s o l id  to  b e h a v e  a s  i f  it w a s  h y d r o p h o b ic  or m ak e  
h y d r o p h o b ic  s o l id  to  b e h a v e  a s  i f  it w a s  h y d r o p h ilic . T h u s , th e  su r fa ce  p rop erties o f  
s o l id s  c a n  b e  m o d if ie d  b y  u s in g  c a t io n ic  su rfa cta n ts  (P orter , 1 9 9 4 ) . C a tio n ic  su rfactants  
are v e r y  s o lu b le , s ta b le  in  s tr o n g ly  a c id ic  s o lu t io n s  an d  s e n s it iv e  to  p H  c h a n g e s  - b e c o m e  
u n c h a n g e d  an d  in s o lu b le  in  w a ter  at p H  a b o v e  7  (R o s e n , 1 9 8 9 ) . In h o u s e h o ld  p rod u cts, 
th e  c a t io n ic  su r fa c ta n ts  are a p p lie d  in  fa b r ic  so fte n e r s , h a ir  c o n d it io n e r s , an d  o th er hair  
p ro d u cts . C e ty ltr im e th y la m m o n iu m b r o m id e  (C T A B )  is  a  fa m ilia r  c a t io n ic  surfactant  
an d  its  stru ctu re is  sh o w n  in  F ig u re  2 .6 . •

CH3

• F ig u r e  2 .6  C e ty ltr im e th y la m m o n iu m b r o m id e  (C T A B ).
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A c tu a lly , fa tty  a m in e  sa lts  (o r  a m m o n iu m  sa lts )  w e r e  d e v e lo p e d  as the first  
c a t io n ic  su rfa cta n ts  as sh o w n  in  F ig u re  2 .7 . W ith  v e r y  f e w  e x c e p t io n s , c o m m erc ia lly  
a v a ila b le  c a t io n ic s  are b a se d  o n  th e  n itr o g e n  a to m  ca rr y in g  th e  p o s it iv e  ch arg e  (Porter, 
1 9 9 4 ).

F ig u r e  2 .7  F a tty  a m in e  sa lts .

U n fo r tu n a te ly , i f  w e  tak e  th e se  c a t io n ic  su rfa cta n ts  u p  to  a  h ig h  p H  (1 0  or
1 1 ), a m m o n iu m  sa lts  ca n  a lso  b e  s e n s it iv e  to  p H . T h en , it is  f e a s ib le  to  d ep roton ate  th e  
a m in e , th u s  le a v in g  w ith  an  u n ch a rg ed  m o le c u le .  In  th e  sa m e  w a y  a s  fa tty  ac id  sa lts  
te n d e d  to  p r ec ip ita te  o u t o n c e  th e y  w e r e  p ro to n a ted , th e se  fa tty  a m in e  sa lts  w i l l  
p r ec ip ita te  o u t o n c e  d ep ro to n a ted . T h e r e fo r e , th e  q u atern ary  a m m o n iu m  surfactants 
(C nH 2n+i(C H 3)3N B r )  w e r e  d e v e lo p e d  (q u a tern ary  m e a n s  th at th ere  are fo u r  su b stitu en ts  
o n  th e  n itr o g e n  a to m ). T h e se  su rfa cta n ts  are  in c r e d ib ly  s ta b le  b e c a u s e  th e y  d o  n o t lo s e  
th e ir  c h a rg e  at h ig h  p H  c o n d it io n s . A s  la tter resu lt, q u aternary  a m m e n iu m  sa lts  p ro v id es  
e x c e lle n t  su rfa cta n ts  th at c o u ld  b e  u se d  o v e r  an  e x te n s iv e  ra n g e  o f  c o n d it io n s .

Ism a il et al. ( 1 9 9 7 )  s tu d ied  th e  e f fe c t  o f  c a t io n ic  su rfactan t (fa tty  d ia m in e ) as a  
m u ltifu n c t io n a l a d d it iv e  (M F A ) o n  th e  m e c h a n ic a l p ro p er tie s  o f  s i l ic a  f ille d  natural 
ru b ber c o m p o u n d s . M F A  ca n  e n h a n c e  m e c h a n ic a l p ro p er tie s  o f  natural rubber as w e ll  
a s d y n a m ic  p ro p e r tie s  b y  m in im iz in g  th e  e n e r g y  lo s s  an d  im p r o v e d  s i l ic a  d isp ersio n .
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2 .5 .2  N o n io n ic  S u rfactan ts
N o n io n ic  su rfa cta n ts are su r fa c e -a c t iv e  c o m p o u n d s  w ith  b o th  h ead  and  

ta il are h y d r o p h o b ic  gro u p s. T h e y  are g o o d  p e r fo r m a n c e  in  hard w a ter  and  w ith  h ig h  
e le c tr o ly te  c o n c e n tr a tio n  and so lu b le  in  b o th  w a ter  an d  o r g a n ic  so lv e n t . S o lu b ility  
d e c r e a se s  w ith  in c r e a s in g  tem p era tu re . T e r n e  X I 0  is  a  fa m ilia r  n o n io n ic  surfactant,

w h ic h  is  o f te n  u se d  in  b io c h e m ic a l a p p lic a t io n s  to  s o lu b i l iz e  p ro te in s . T erric  X I 0  h as  
n o  a n tim ic r o b ia l p ro p erties . It is  c o n s id e r e d  a s  a  c o m p a r a t iv e ly  m ild  d e terg en t, n o n ­
d en a tu r in g . It is  c le a r  to  s lig h t ly  h a z y , c o lo r le s s  to  l ig h t  y e l lo w  liq u id . T erric X 1 0  
stru ctu re is  sh o w n  in  F ig u re  2 .8 .

F ig u r e  2 .8  O c ty l p h e n o l e th y le n e  o x id e  (T err ic  X 1 0 ) .

2 .6  S u r f a c t a n t  A d s o r p t io n

A d so r p tio n  o f  su rfactan t m o le c u le s  is  c o n tr o lle d  b y  se v e r a l p ara m eters su ch  as 
p H  o f  th e  s o lu t io n , ty p e  o f  su rfactan t m o le c u le  an d  e le c tr o -c h e m ic a l n atu re o f  su b strate  
(K it iy a n a n  e t a i ,  1 9 9 6 ). It in v o lv e s  m o le c u la r  a ttra ctio n  at th e  su r fa ce  a s  sh o w n  in  
F ig u re  2 .9 .  A d so r p tio n  o f  io n ic  su rfa cta n ts  o n  ch a r g e d  m e ta l o x id e s  is  a  to p ic  o f  great  
in d u str ia l an d  a c a d e m ic  in terest, and  th is  h a s  le d  to  a  la rg e  n u m b er  o f  s tu d ie s  w ith  
d iffe r e n t m o d e ls  p r o p o se d  (H o u g h  an d  R e n d a ll, 1 9 8 3 ).

A c tu a lly , d ata  fro m  a d so rp tio n  e x p e r im e n ts  are p r e se n te d  in  th e  form  o f  an  
a d so r p tio n  iso th e r m , w h ic h  d isp la y s  th e  su r fa c ta n t a d so r p tio n  (th e  a m o u n t o f  surfactant
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adsorbed per gram of adsorbent) as a function of equilibrium bulk concentration of
surfactant in the liquid phase.

F ig u r e  2 .9  S u rfa cta n t m o le c u le s  lea n  to  ad so rb  to  th e  su r fa c e  o f  o i l  d rop lets . T h e  
h y d r o p h ilic  h e a d s  e x p o s e  to  th e  w a ter  p h a se , w h i le  th e  h y d r o p h o b ic  ta ils  s tick  in to  th e  
o i l  p h a se .

T h e  a d so r p tio n  iso th e r m  o f  an  io n ic  su r fa c ta n t o n to  an  o p p o s ite ly  ch arg ed  
su b stra te  is  ty p ic a lly  a  “ S -sh a p e d  c u r v e ” w h e n  o n e  p lo ts  th e  lo g  o f  th e  a d so rb ed  
su rfa cta n t d e n s ity  v e r su s  th e  lo g  o f  th e  e q u ilib r iu m  c o n c e n tr a t io n  o f  su rfactan t. T h e  “ ร -  
sh a p e d ” iso th e r m  c a n  b e  d iv id e d  in to  fou r  r e g io n s  (R o s e n , 1 9 8 9 ) , a s  s h o w n  in  F igu re  
2.10.

R e g io n  I o f  th e  a d so rp tio n  iso th e r m  c o r r e sp o n d in g  to  b o th  v e r y  lo w  b u lk  
c o n c e n tr a t io n  o f  su rfa cta n t and  lo w  a d so rp tio n  o f  th e  su rfa cta n t 'is c o m m o n ly  referred  as  
th e  H e n r y ’s la w  r e g io n . T h e  a d so rp tio n  d r iv in g  fo r c e  is  la r g e ly  d u e  to  e lec tro sta tic  
attraction  b e tw e e n  th e  su rfactan t h ead  g ro u p s an d  th e  o p p o s ite ly  ch a r g e d  su rfa ce  as w e l l  
a s a  s ig n if ic a n t  ta il /su r fa c e  in tera ctio n  o n  h y d r o p h o b ic  su r fa c e s . B e c a u se  th e  in teraction  
b e tw e e n  m o le c u le s  o f  th e  su rfa cta n ts is  n e g l ig ib le ,  th e  a d so r b e d  su rfa cta n ts  in  th is  re g io n  
are v ie w e d  a s b e in g  a d so rb ed  a lo n e  an d  th e a g g r e g a tio n  o f  su rfa cta n t is  n o t form in g .



21

Region II, distinguishing by a sharp increase in the slope of the isotherm relative 
to the slope in the Henry’s Law region, indicates the beginning of the lateral interaction 
between the surfactant molecules. In this region, adsorption greatly increases while the 
equilibrium concentration does not change greatly. It is broadly accepted that this 
increase is due to the hydrophobic interactions between tail groups of approaching 
surfactant ions and those of previously adsorbed surfactant, which caused the adsorbed 
surfactant to form a micelle like aggregate on the solid surface. The aggregation of the 
adsorbed surfactants are called admicelles (Harwell et a l ,  1985) or hemimicells 
(Somasundarun and Fuerstenau, 1966), depending upon whether the aggregates are 
viewed as monolayers or bilayers.

The admicelle is considered as a local bilayer structure with a lower layer of 
head groups adsorbed on the substrate surface and an upper layer of hexposed to the 
bulk solution. By growing in number and size, admicelles will eventually form a more 
or less complete bilayer (Fan et a l ,  1997). The hemimicelle is a monolayer structure 
having the head groups being adsorbed on the surface whereas the tail groups orienting 
to the solution. The transition point from the region I to region II, representing the first 
formation of adsorbed surfactant aggregates, is called the critical admicelle 
concentration (CAC) (Harwell et a l ,  1985) or the hemimicelle concentration (HMC) 
(Somasundarun and Fuerstenau, 1966). In systems where hemimicelles form before 
admicelles, as surfactant concentration increases, the concentration, at which the 
transition from one type of aggregate to the other takes place, depends mainly on the 
electrostatic effects (Yeskie and Harwell, 1988). Therefore, high surface charge 
densities, high counterion binding and higher dielectric constants all favor the formation 
of admicelles before the formation of hemimicelles. Conversely, low surface-charge 
densities, low counterion binding and low dielectric constants all favor the formation of 
hemimicelles at lower surfactant concentration than essential for admicelles to form.
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Figure 2.10 Adsorption isotherm for an ionic surfactant on an oppositely charged 
substrate.

The admicelle is considered as a local bilayer structure with a lower layer of 
head groups adsorbed on the substrate surface and an upper layer of hexposed to the 
bulk solution. By growing in number and size, admicelles will eventually form a more 
or less complete bilayer (Fan et a l ,  1997). The hemimicelle is a monolayer structure 
having the head groups being adsorbed on the surface whereas the tail groups orienting 
to the solution. The transition point from the region I to region II, representing the first 
formation of adsorbed surfactant aggregates, is called '.he critical admicelle 
concentration (CAC) (Harwell et a l ,  1985) or the hemimicelle concentration (HMC) 
(Somasundarun and Fuerstenau, 1966). In systems where hemimicelles form before 
admicelles, as surfactant concentration increases, the concentration, at which the 
transition from one type of aggregate to the other takes place, depends mainly on the 
electrostatic effects (Yeskie and Harwell, 1988). Therefore, high surface charge
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densities, high counterion binding and higher dielectric constants all favor the formation 
of admicelles before the formation of hemimicelles. Conversely, low surface-charge 
densities, low counterion binding and low dielectric constants all favor the formation of 
hemimicelles at lower surfactant concentration than essential for admicelles to form.

In region III, the slope of the isotherm decreases rapidly because of the 
competition between admicelles due to the repulsion between the like-charged head 
groups on the surface of the beginning of admicelle formation on the lower energy 
surface patches (Figure 2.11). While these patches are filled up, lower energy patches 
become energetically more favorable for adsorption at slightly. higher equilibrium 
surfactant concentration.

Figure 2.11 Surfactant bilayer (www.kcpc.usyd.edu.au).

Region IV is referred to as the plateau adsorption region. The position of this 
plateau usually corresponds to a maximum adsorption of either one or two 
monomolecular layers on the solid surface, having almost constant surfactant adsorption 
with increasing surfactant concentration. Normally, the equilibrium surfactant 
concentration at the transition point from region III to IV is roughly at the critical 
micelle concentration (CMC), at which micelles first form (Rosen, 1989) as shown in 
Figure 2.12. The electrostatic repulsive force between the charged head groups at the 
surface of the aggregates is an important parameter ultimately determining the 
aggregation number (Sharma et a l ,  1996).

http://www.kcpc.usyd.edu.au
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Figure 2.12 Structure of micelles (www.kcpc.usyd.edu.au).

2.7 Solubilization

Solubilization is an important property of surfactants that is directly related to 
the presence of micelles (Figure 2.10). The solution of surfactant above the CMC can 
dissolve considerably larger quantities of organic materials than pure water or surfactant 
solutions with concentrations below the CMC. The additional capacity is obtained by 
solubilizing the solute in the micelles. Solubilization can be defined as “the spontaneous 
dissolving of substance (solid, liquid or gas) by reversible thermodynamically stable 
isotropic solution with reduced thermodynamic activity of the solubilized material” 
(Rosen, 1989). Consequently, a water-insoluble material in a dilute surfactant solution 
could appreciably increase its solubility when the surfactant concentration surpasses the 
CMC. Solubility increases approximately linearly with the concentration of surfactant 
above the CMC. There are a number of different sites in a micelle: (1) on the surface of 
the micelle; (2) between the hydrophilic head group; (3) fn the palisade layer of the 
micelle located between the hydrophilic groups and the first few carbon atoms of the 
hydrophobic groups and (4) in the inner core of the micelle. Depending on the nature of 
the material solubilized (the solubilizate), the exact location in the micelle at which 
solubilization occurs can vary.

http://www.kcpc.usyd.edu.au
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2.8 Adsolubilization

Similar to the solubilization of organic molecules into micelles, organic 
molecules will be integrated into surfactant aggregates at the solid-liquid interface 
(Figure 2.10). Normally, adsolubilization is defined as “ the excess concentration o f  a 
species a t an in terface in  the presence o f  an adm ice lle  tha t w o u ld  not exist in the 
absence o f  the adm ice lle  ”  (พน et a l ,  1987).

+
พ

O
O'

Solubilization

ท O p  s
d r I f

ร 0  '

Adsolubilization
“ร”ร represent solute molecules, monomers.

Figure 2.13 Phenomena of solubilization and adsolubilization.
For adsolubilization, the particular solute of interest does not adsorb onto the 

adsorbent surface by itself or adsorbs to a much lower degree. The removal of the solute 
from bulk solution occurs because of the presence of adsorbed surfactant aggregates and 
the incorporation of the solute into the aggregates.

Kitiyanan et al. (1996) studied the adsolubilization of styrene, isoprene, and 
mixtures of styrene and isoprene into CTAB bilayers (admicelles) on precipitated silicas. 
The styrene adsolubilization constant is nearly unchanged with increasing styrene 
equilibrium concentration in the aqueous phase while the isoprene adsolubilization
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constant increases with increasing isoprene partial pressure. The adsolubilization 
constants recommend that styrene adsolubilizes into the palisade layer.

2.9 Ultra-Thin Film Formation

Formation of ultra-thin films on solid surfaces has been the object of powerful 
study in recent years because of a wide variety of possible applications of these films. 
The method used for the modification of inorganic powders by the formation of ultra- 
thin polymer films in adsorbed surfactant bilayers, is called admicellar polymerization 
(พน et a l., 1987). Admicellar polymerization can be considered to occur in four basic 
steps as show in Figure 2.14.

Step 1 is admicelle formation by the aggregation of surfactants at solid/liquid 
interfaces to form bilayers (admicelles) through adsorption from an aqueous solution of 
surfactants. To gain admicelle formation, the most critical parameter to be manipulated 
is the solution pH, relative to which the surface exhibits a net surface charge of zero 
(referred to as the point of zero charge or PZC). The surface becomes protonated and 
more positively charged at pH values below the PZC and surface is negatively charged 
above the PZC.

Step 2, hydrophobic species are concentrated at the interface in a phenomenon 
called adsolubilization under conditions favorable for the formation of admicelles on a 
solid surface and unfavorable for the presence of micelles in an aqueous supernatant 
(Sakhalkar and Hirt, 1995). The hydrophobic monomers (e.g., styrene and isoprene in 
this study) adsolubilize or partition into the adsorbed surfactant aggregates of step 1. 
This step can occur after the formation of admicelle or concurrently with surfactant 
adsorption.
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Step 1 
Admicelle

Step 2
Monomer
Adsolubilization

ใ /

Initiator + heat +
M Iร ร 5 รiulggüii

V ใ /

p-N

v \  /
Water +

Step 3
Polymer
Formation

Step 4
Surfactant
Removal

“ร”ร represent solute molecules, monomers.
“P”s connected by lines represent polymer chains formed during the reaction.
Figure 2.14 Admicellar polymerization process for the formation of a thin polymer 
film. .

Step 3 is the in -s itu  polymerization of adsolubilized monomer. Further than the 
purpose of concentrating monomer at the surface of the substrate, the admicelles 
function as reaction loci or a two-dimensional reaction solvent for polymerization. 
Initiators begin the formation of polymer, possibly by mechanisms similar to those 
occurring in conventional emulsion techniques (Sakhalkar and Hirt, 1995).
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Step 4 is the removal of excess surfactant by washing in order to expose the 
polymer-modified surface. To increase the rate of surfactant removal, Waddell et al. 
(1995) suggested that the continuous, counter-current washing would be preferred. In 
this study, polymer formed was recovered by tetrahydrofuran extraction of the isolated 
silica after the reaction step, with intermediate washings, if necessary, by deionized 
water, followed by drying in a vacuum at a temperature below the boiling point of 
polymer.

2.10 Mixtures of Surfactants

Nonionic surfactant can enhance micelle formation with either anionic or 
cationic surfactants. It seem reasonable that nonionic surfactants could also enhance the 
formation of micelles in mixed cationic-anionic systems.

Somasundaran et a l. (1996) studied the behavior of surfactant mixtures at solid- 
liquid interfaces using anionic-nonionic and cationic-nonionic surfactants of different 
structures. The results showed that adsorption of nonionic surfactants on alumina was 
enhanced significantly by the coadsorption of ionic surfactants. The adsorption behavior 
of these binary surfactant mixtures was dependent upon the ratio of the two surfactants 
in the mixture. With an increase in the ionic surfactant content, the adsorption of 
nonionic surfactant increased and the isotherm shifted to lower surfactant 
concentrations. Synergism and competition between the ionic and nonionic surfactants 
were observed in different concentration ranges at different mixing ratios

Zajac et al. (1996) studied the adsorption of a cationic surfactant, 
benzyldimethyldodecylammonium bromide (BDDAB), from aqueous solutions on silica 
S91-16 and crystalline quartz at 298 K and free pH has been studied using adsorption 
microcalorimetry. Differential molar enthalpy of displacement was correlated with the 
experimental adsorption isotherm and plotted as a function of the amount adsorbed. The 
general (qualitative) shape of the enthalpy curve appears to be dependent upon the 
crystalline structure of silica (amorphous-crystalline). The experimental calorimetric
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and adsorption data for BDDAB were compared with those for 
benzyltrimethylammonium bromide (BTMAB), a molecule containing no alkyl chain, in 
order to demonstrate an ion-exchange mechanism of individual surfactant adsorption 
onto silica S91-16 at low surface coverages.

Esumi et al. (1996) studied the adsolubilization of 2-naphthol on silica with 
mixtures of cationic and nonionic surfactants such as HTAB/C12E6 and 2RenQ/ C12E6 . 
In the HTAB/C12E6 system, the ratios of adsolubilized amount of 2-naphthol and 
adsorbed amount of surfactant for the mixtures of different compositions are greater than 
those of single surfactant systems. On the other hand, in the 2RenQ/ C12E6 system, the 
ratios for the mixtures are intermediate between those of the single surfactant systems. 
It is suggested that the hydrophobic properties in the mixed surfactant adsorbed layer for 
adsolubilization of 2-naphthol are affected by the structure of the cationic surfactant. 
Thus, to enhance the adsolubilization of 2-naphthol at low surfactant concentration, a 
proper surfactant selection for binary mixtures of cationic and nonionic surfactants is 
required.
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