
CHAPTER IV
RESULTS AND DISCUSSION

In th is  ch ap ter , th ere  are th ree  e x p e r im e n ta l re su lts  to  b e  d is c u s se d ;  th e  

c h a ra c ter is tic s  o f  พ / o  m ic r o e m u ls io n  so lu t io n , th e  s e q u e n tia l m e c h a n ism s  o f  
s i l ic a  p a r tic le  fo rm a tio n  fro m  T B O S , and th e  c o n tr o lle d  th e  s iz e  d is tr ib u tio n  o f  
s i l ic a  p a r tic le  u s in g  b u ta n o l. A ll  ex p e r im e n ta l d ata  are s h o w n  in  A p p e n d ix  A .

4 .1  Characteristics of w / o  Microemulsion Solution

In th is  s tu d y , w /o  m ic r o e m u ls io n  s y s te m  w a s  u se d  to  s y n th e s iz e  s i l ic a  
p a r tic le s  fro m  T B O S  h y d r o ly s is  v ia  a m m o n iu m  b a se d  c a ta ly s t . T h e  

c h a ra c ter is tic s  and p h y s ic a l-c h e m ic a l p ro p ertie s  o f  w /o  m ic r o e m u ls io n  

so lu t io n  are d e p e n d e d  o n  its s y s te m  c o m p o n e n ts . T h e r e fo r e , th e  d ia g ra m  o f  

p h a se  b o u n d a ry  can  b e  d e sc r ib e d  th e  fu n d a m en ta l p ro p er tie s  o f  th e  c o llo id  
so lu t io n  ( i .e . ,  so lu b iliz a t io n  o f  a q u e o u s  c o m p o n e n t) . T h e  d im e n s io n  o f  w /o  
m ic r o e m u ls io n s  w a s  in v e s t ig a te d  b y  u s in g  d y n a m ic  lig h t sc a tte r in g  (D L S ) .

4 .1 .1  P h a se  D ia g ra m  o f  D P 6 /W a te r /H e p ta n e  S y s te m
T h e  W /O  m ic r o e m u ls io n  so lu t io n  c o n ta in in g  o f  D P 6 , h ep ta n e , 

a m m o n iu m , an d  w a ter  w a s  p rep ared  at 2 2  O c . T h e  p articu lar  c o m p o s it io n s  o f  
e a c h  s y s te m  c o m p o n e n t  a ffo rd  th e  s in g le -p h a se  w /o  m ic r o e m u ls io n  
(tran sp aren t so lu t io n ) . F ig u re  4 .1  sh o w s  th e  b o u n d a ry  p h a se  d ia g ra m  o f  
D P 6 /h e p ta n e /a q u e o u s  a m m o n ia  an d  D P 6 /h e p ta n e /a q u e o u s  a m m o n ia /b u ta n o l 
sy s te m s . T h ere  are th ree  c u r v e s  that rep resen t th e  so lu b il ity  o f  a q u e o u s  
a m m o n ia  in  b o th  sy s te m s . T h e  p h a se  b o u n d a ry  in d ic a te s  th e  s in g le -p h a s e  and
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tw o -p h a se  r e g io n s . F o r  th e  s in g le -p h a se  r e g io n , w h ic h  is  b e lo w  th e  c u r v e s  for  

e a c h  sy s te m , w a ter  an d  a q u e o u s  a m m o n ia  are c o m p le te ly  s o lu b il iz e d  in  w/o 
m ic r o e m u ls io n  so lu tio n . O n  th e  o th er  h an d , in  th e  tw o -p h a s e  r e g io n , th e  
e x c e s s iv e  a m o u n t o f  w a ter  c a u se s  a s e c o n d  w a ter -r ich  p h a se .

%DP6
Figure 4.1 P h a se  d ia g ra m s o f  D P 6 /h e p ta n e /w a te r  s y s te m s  in  th e  p r e se n c e  

and a b se n c e  o f  b u tan o l

F o r  a ll o f  sy s te m s , a q u eo u s  a m m o n ia  c o u ld  b e  c le a r ly  s o lu b il iz e d  in  
W /O  m ic r o e m u ls io n  so lu tio n , after  a d d in g  th e  D P 6  c o n c e n tr a tio n  u n til 2 .0 2  %. 
B e y o n d  th is  D P 6  c o n cen tra tio n , th e  s o lu b ilit ie s  o f  w a ter  an d  a q u e o u s  a m m o n ia  

in c r e a se d  d ra stica lly , w h e n  th e  D P 6  co n cen tra tio n  w a s  in c r e a se d . A m m o n ia  

m o le c u le s  and h y d r o x id e  io n s  m a y  b e h a v e  as ly o tr o p ic  c o n st itu e n ts ;  w e a k e n in g  
th e  w a ter -su rfa c ta n t in tera c tio n  or d isru p tin g  th e  h y d r o g e n -b o n d in g  stru ctu re  o f  
p u re w a ter  (A rr ig a d a , 1 9 9 1 ) . T h e  p h a se  d ia g ra m  a lso  d e sc r ib e s  th e  so lu b il it ie s  
o f  w a ter  an d  a q u e o u s  a m m o n ia  in crea se  w ith  in c r e a s in g  o f  b u ta n o l  
co n c e n tr a tio n . In th is  s tu d y , b u ta n o l w a s  a p p lie d  as a c o -su r fa c ta n t in  th e
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m ic r o e m u ls io n  sy s te m . It re su lts  in  cre a tin g  h y d r o g e n -b o n d in g  b e tw e e n  

h y d r o x y l g ro u p  ( -O H ) o f  b u ta n o l an d  e th o x y l g ro u p s ( -O E )  o f  th e  su rfactan t  

m o le c u le ,  le a d in g  to  in c r e a s in g  th e  h a rd n ess  o f  su rfa cta n t f i lm  (E squena et a l ,
1997).

4 .1 .2  E f fe c t  o f  B u ta n o l C o n cen tra tio n  o n  S iz e  o f  M ic e l le  D r o p le ts
In th is  e x p e r im e n t, th e  s iz e  o f  w /o  m ic r o e m u ls io n  d ro p le ts  w e r e  

m ea su red  in  term s o f  h y d r o d y n a m ic  d ia m eter  (D h )  b y  u s in g  d y n a m ic  lig h t  
sc a tte r in g  (D L S ) .  F ig u re  4 .2  illu stra tes  th e  e f f e c t  o f  b u ta n o l c o n c e n tr a tio n  on  
h y d r o d y n a m ic  d ia m eter . T h e  s p e c im e n  sy s te m  u se d  c o n s is te d  o f  0 .9 4 6 0  M  o f  

D P 6 , 0 .1 0 1 7  M  o f N H 3 , and  0 .2 6 7 8  M  o f  แ 2 0 .  F ig u re  4 .2  a ls o  s h o w s  that th e  

h y d r o d y n a m ic  d ia m eter  o f  th e  w a te r  d ro p le t in  th e  w /o  m ic r o e m u ls io n s  
d e c r e a se s  d r a stic a lly  from  16 to  10 n m  w ith  an  in c r e a se  in  th e  b u ta n o l

[B u ta n o l] , M

Figure 4.2 Effect o f  butanol concentration on hydrodynamic diameter o f
m icelles in the w /o  m icroem ulsion system  containing o f  DP6,
heptane, and aqueous ammonia
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c o n c e n tr a tio n  in  th e  ra n g e  o f  le s s  th an  0 .0 0 6  M . B e y o n d  th is  b u ta n o l 
c o n c e n tr a tio n , th e  d ia m eters  o f  th e  m ic e l le s  g ra d u a lly  in c r e a se d  an d  e v e n tu a lly  
le v e l  o f f  c o n sta n t a p p r o x im a te ly  a b o u t 13 n m . T h e  re su lts  in d ic a te  th at a d d itio n  

o f  a sm a ll a m o u n t o f  b u ta n o l, th e  m ic e l le  d ro p le t s iz e  d e c r e a se s  s ig n if ic a n t ly  as  

a resu lt o f  fo rm a tio n  o f  h y d r o g e n  b o n d in g  b e tw e e n  e th o x y l ( -O E )  an d  h y d r o x y l  
( -O H ) g ro u p s o f  D P 6  an d  b u ta n o l m o le c u le s ,  r e s p e c t iv e ly . T h e  h y d ro ca rb o n  tail 
g ro u p s o f  D P 6  an d  b u ta n o l ca n  a lso  rep e l e a c h  o th er . T h is  in tera c tio n  can  
in d u c e  to  in c r e a se  n o t o n ly  th e  r ig id ity  o f  in ter fa c ia l la y er  o f  m ic e l le ,  b ut a lso  
th e  cu rvatu re  o f  m ic r o e m u ls io n  d ro p le t ( i .e . ,  d e c r e a se  in  m ic e l le  d ia m eter ). T h e  

c o n fo r m a tio n  o f  th is  a c t io n  is  illu stra ted  in  F ig u re  4 .3 .  F o r  th e  h ig h er  

c o n c e n tr a tio n s  o f  b u ta n o l, th e  e x c e s s iv e  b u ta n o l m o le c u le s ,  w h ic h  h a v e  h ig h er  
p o la r ity  th an  that o f  h ep ta n e , p refer  to  p en etra te  d ir e c t ly  in to  a q u e o u s  c o r e  o f  
m ic r o e m u ls io n  d ro p le t as illu stra ted  in F ig u re  4 .3 .  T h is  in c id e n t  lea d s  to  
s l ig h t ly  d e c r e a se  th e  cu rvatu re  o f  m ic r o e m u ls io n s  b ut in c r e a se  th e  d y n a m ic  

e x c h a n g e  o f  a q u e o u s  c o m p o n e n t  a m o n g  m ic r o e m u ls io n  d ro p le ts .

4 .2  Kinetics of Silica Particle Formation in w / o  microemulsion

F o r  k in e t ic s  s tu d ie s , th e rates o f  T B O S  h y d r o ly s is  an d  s i l ic a  p a r tic le  

g ro w th  w e r e  d e term in ed . T h e  c o m p o s it io n  o f  th e  s y s te m  s tu d ie d  is  g iv e n  in  

T a b le  4 .1 . D e ta il  o f  th e  s tu d ie s  ca n  b e  d e sc r ib e d  as fo llo w s :

4 .2 .1  R a te  o f  T B O S  h y d r o ly s is
T h e  rate o f  T B O S  h y d r o ly s is  w a s  in v e s t ig a te d  b y  u s in g  F o u rier  

tra n sfo rm  in frared  sp e c tr o sc o p y  (F T IR ). T h e  F T IR  sp ectra , illu stra ted  in  F ig u re
4.4 in d ic a te  th e  ty p ic a l e v o lu t io n  o f  th e  T B O S  h y d r o ly s is  in  th e  w /o  
m ic r o e m u ls io n  so lu tio n . T h e  F T IR  sp ec tra  illu stra te  th e  v ib r a tio n a l s tr e tc h in g
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Figure 4.3 S c h e m a t ic s  o f  b u ta n o l (c o -su r fa c ta n t)  to  s ta b iliz e  w a te r -o il in ter fa c ia l layer
LOoo
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Table 4.1 C o m p o s it io n  o f  th e  sy s te m  stu d ied

Components Concentration (M)
D P 6 0 .9 4 6 0
n h 3 0 .1 0 1 7
h 2 0 0 .2 6 7 8

T B O S 0 .0 3 4 4

b an d s o f  T B O S 's  S i-O -C  grou p  lo c a te d  at b o th  w a v e n u m b e r s  o f  8 0 5  an d  9 0 5  

c m ' l .  In c o m p a r iso n  w ith  th e  p r e v io u s  re su lts , th e  S i-O -C  sp ec tra  o f  T E O S  and  
e th a n o l, w e r e  lo c a te d  at 7 9 5 , 9 6 7 , and 8 8 2  cm " l (C h a n g  an d  F o g le r , 1 9 9 6 ).  
T h e se  p e a k s  d e c r e a se  g ra d u a lly  w ith  th e  rea c tio n  t im e  an d  e v e n tu a lly  

d isa p p ea r . T h e  a b so rp tio n  sp ec tra  o f  T B O S  (S i-O -C )  c a n  n o t o n ly  b e  lo c a te d  

w id e ly  at d iffe r e n t  IR  sp ec tru m  b an d , b ut a lso  o v er la b  th e  p e a k  o f  b u ta n o l. In 

su m m a ry , th e  a b o v e  F T IR  can  b e  c a lc u la te d  that T B O S  is  c o n s u m e d  in th e  
m ic r o e m u ls io n s  or th e  o cc u r r e n c e  o f  T B O S  h y d r o ly s is  r e a c tio n  is  in  th e  
m ic r o e m u ls io n s . M o r e o v e r , it in d ic a te s  that R S i(O H )n  h a s a fa ir ly  s tr o n g  S i-

O H  v ib ra tio n a l b an d  lo c a te d  in  th e  ran ge o f  8 8 0 -8 2 5  c m " l.  T h e  h y d r o ly z e d  

T B O S  m o le c u le s  c o n d e n se  in to  p o ly m e r iz e d  s i l ic a  s p e c ie s  im m e d ia te ly  after  

th e y  are p ro d u ced .
T h e  c o n c e n tr a tio n s  o f  T B O S  at d ifferen t r e a c tio n  t im e s  w e r e  

c a lc u la te d  fro m  th e  h e ig h ts ' e v o lu t io n  o f  th e  8 0 5  an d  9 0 5  c m ' l  p e a k s , 
r e s p e c t iv e ly . A s  can  b e  s e e n  from  F ig u re  4 .5 , th e  T B O S  c o n c e n tr a tio n  d e p le te s  

e x p o n e n t ia lly  to  z ero . T h e  re su lts  in d ica te  that h y d r o ly s is  o f  T B O S  in  
m ic r o e m u ls io n s  m e d ia  is  first-o rd er  rea c tio n  o n ly  d e p e n d s  o n  T B O S  
co n c e n tr a tio n .
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W a v e  n u m b er  (cm "1)

Figure 4.4 T im e  e v o lu t io n  o f  F T IR  sp ec tra  d u r in g  T B O S  h y d r o ly s is  in  
w /o  m ic r o e m u ls io n  sy s te m

R e a c tio n  T im e  (h o u r)

Figure 4 .5  C o n cen tra tio n  o f  T B O S  d u rin g  T B O S  h y d r o ly s is  in  w / o  

m ic r o e m u ls io n  sy s te m
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1.98 h 22.22 h 113.93 h

170.07 h 192.47 h 229.07 h

( ---------  =  5 0  n m )

Figure 4.6 T E M  m icro g ra p h s  in d ic a tin g  th e  s i l ic a  p a r tic le  g r o w th  d u r in g  

T B O S  h y d r o ly s is

4 .2 .2  T im e  E v o lu t io n  o f  S i l ic a  P a rtic le s
T h e  rate o f  s i l ic a  p a rtic le  g ro w th  th ro u g h  T B O S  h y d r o ly s is  in  th e  

n o n io n ic  m ic r o e m u ls io n s  w a s  s tu d ie d  b y  u s in g  a tr a n sm iss io n  e le c tro n  

m ic r o sc o p y . T h e  e v o lu t io n  o f  s i l ic a  p a r tic le s  is  illu stra ted  b y  th e  T E M  

m icro g ra p h s  ta k en  at d iffe r e n t t im e  p e r io d s  as sh o w n  in F ig u r e  4 .6 .  T h e se  
p ic tu res  s h o w  th o se  s i l ic a  p a r tic le s  as fo r m in g  m o n o - la y e r s  p r e d o m in a te ly
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attach  d ir e c t ly  o n  th e  su r fa c e  o f  c a r b o n -c o a te d  c o p p e r  gr id  d u r in g  ta k in g  a 
p ic tu re . T h is  c a n  b e  d e d u c e d  that s i l ic a  p a r tic le s  w e l l  d isp e r se d  in  th e  o r ig in a l 
so lu tio n . T h e  sp h er ica l s i l ic a  p a r tic le s  w e r e  r e v e a le d  v ir tu a lly  b y  u t i l iz in g  T E M  
m icro g ra p h s , a fter  th e  rea c tio n  w e n t  o n  for  lo n g e r  th an  2  h o u rs . T h e  a ctu a l tim e  

o f  s i l ic a  p a r tic le  g ro w th  in  th e  n u c lé a tio n  p er io d  w a s  d if f ic u lt  to  b e  m ea su red  
w ith  th e  cu rren t te c h n iq u e s . T h e  m o n o d isp e r se d  s i l ic a  p a r tic le s  w e r e  illu stra ted  
w ith  th e  e n la r g e d  m icro g ra p h s. T h e  a p p ea r in g  d ia m eter  o f  s i l ic a  p a r tic le s , can  

b e  m ea su red  b y  u s in g  V ie w  C ap tu re  A p p aratu s. T E M  m ic r o g r a p h s  a lso  v e r ify  

that th e  sh a p e  o f  s i l ic a  p a r tic le  s iz e  d istr ib u tio n s rem a in s  a lm o s t  u n ifo r m ly  

d u rin g  th e  r ea c tio n . T h is  resu lt a g rees  v e r y  w e l l  w ith  th e  s tu d y  o f  C h a n g  and  
F o g le r  ( 1 9 9 6 ,  1 9 9 7 ) , w h ic h  u se d  a n o th er  ty p ic a l a lk o x id e  r e a g e n t (T E O S ) to  
s tu d y  th e  g r o w th  o f  s i l ic a  p a r tic le  in  d ifferen t n o n io n ic  w /o  m ic r o e m u ls io n s .

T h e  s iz e  d is tr ib u tio n  o f  s i l ic a  p a r tic le s  at d iffe r e n t  rea c tio n  t im e s  is  

s h o w n  in  F ig u r e  4 .7 . T h e  s iz e  d is tr ib u tio n  in  th e  in it ia l s ta g e  is  o b v io u s ly  w id e r  

th an  in  th e  f in a lly  rea c tio n  p er io d . T h e  w id th  o f  s iz e  d is tr ib u tio n  is  
a p p r o x im a te ly  sp a n n ed  le s s  th an  10 n m  in  th e  la st p er io d . T h e  a v e r a g e  d ia m eter  
< D >  an d  th e  n o r m a liz e d  standard  d e v ia t io n  a /< D >  o f  th e se  s iz e  d is tr ib u tio n s  

are p r e se n te d  in  F ig u re  4 .8 .  A s  can  b e  s e e n  from  F ig u re  4 .8 ,  th e  s i l ic a  p a r tic le s  

g r o w  q u ic k ly  at th e  in itia l p er io d  o f  fo rm a tio n . A fte r  th e  r e a c tio n  w e n t  o n  for  
a b o u t 10 d a y s , th e  g ro w th  rate b e c a m e  s lo w e r  and th e  f in a l s iz e  w a s  
a p p r o x im a te ly  5 0  n m  in  2 3 0  d a y s. T h is  v a lu e  o f  th e  fin a l s iz e  is  s ig n if ic a n t ly  
larger  than  th e  s iz e  o f  m ic r o e m u ls io n  d ro p le ts  (a b o u t 4  t im e s  larger). T h e  

p a r tic le  s iz e  d istr ib u tio n  o f  s i l ic a  p a rtic le  can  b e  a tta in ed  fro m  th e  v a lu e s  o f  a /  

< D > . T h e  n o r m a liz e d  standard  d e v ia t io n  gra d u a lly  d e c r e a se d  fro m  10%  at 1 .98  

h o u rs to  2%  at th e  en d  o f  rea ctio n . T h e  c o n s is te n c y  o f  th e  s iz e  d istr ib u tio n  
a p p ea ra n ce  an d  th e  n o r m a liz e d  standard  d e v ia t io n  in d ic a te  th e  s iz e  in crem en t  

( i .e . ,  d D /d t  ~  d 0) d u rin g  th e  s i l ic a  p a rtic le  g ro w th  in  w /o  m ic r o e m u ls io n s . O n e  
is su e  o f  th e  k in e t ic s  o f  s i l ic a  p a rtic le  fo rm a tio n  in  w /o  m ic r o e m u ls io n  is
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0  10 2 0  3 0  4 0  5 0  6 0
D ia m eter  (n m )

Figure 4.7 S iz e  d istr ib u tio n  o f  s i l ic a  p a r tic le  g ro w th  d u r in g  T B O S  h y d r o ly s is  
in  พ / ( ว  m ic r o e m u ls io n

R e a c tio n  T im e  (h o u r)
Figure 4.8 A v e r a g e  d ia m eter , < D >  and n o rm a lized  stan d ard  d e v ia t io n ,  

a /< D > ,  o f  s i l ic a  p a r tic le s  d u rin g  T B O S  h y d r o ly s is

๙
<D

>, 
%
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o ffe r e d  in  term s o f  th e  rate o f  s i l ic a  p a rtic le  g ro w th  b y  c o m p u t in g  fro m  th e  s iz e  

in crem en t. O n  th e  o th er  h an d , d if fu s io n -c o n tr o lle d  p a r tic le  g ro w th  is  
c h a ra c ter ized  b y  a red u c tio n  o f  th e  standard  d e v ia t io n  o f  p a r tic le  s iz e s  w ith  th e  
rea c tio n  t im e  b e c a u se  th e  rate o f  p a rtic le  s iz e  in c r e m e n t is  c o n v e r s e ly  

p ro p o r tio n a l to  th e  d ia m eter  o f  p a r tic le s  ( i .e .  d D /d t  ~  D ‘ l )  (D ir k se n  an d  R in g ,  
1 9 9 1 ).

T h e  se m i- lo g a r ith m ic  p lo t  as illu stra ted  in F ig u re  4 .9 ,  s h o w s  th e  
lin ea r  d e p le t io n  o f  T B O S  c o n cen tra tio n  and e v o lu t io n  o f  p a r tic le  s iz e  v e r su s  
rea c tio n  t im e  c o r r e sp o n d in g  to  e q u a tio n s  (3 .5 )  an d  ( 3 .7 ) ,  r e s p e c t iv e ly .  T h is  
stra ig h t lin e  a lso  d e sc r ib e s  b o th  th e  k in e tic s  o f  s i l ic a  fo rm a tio n  an d  T B O S  

h y d r o ly s is . T h ere fo re , th e  first fou r in itia l data  p o in ts  w e r e  u se d  to  c o m p u te  th e  

ap p aren t rate c o n sta n ts  for  T B O S  h y d r o ly s is  (k h ) an d  s i l ic a  p a r tic le  g ro w th

(k c ). T h e s e  c a lc u la te d  v a lu e s  o f  kh  an d  k c are 0 .0 0 8 2  h “ l an d  0 .0 0 8 4  h ' l  

r e s p e c t iv e ly . T h e  c lo s e n e s s  b e tw e e n  th e se  tw o  c a lc u la te d  v a lu e s  o f  kh  an d  k c

20 40 60 80 100 120 140

Figure 4 .9  C o m p a r iso n  o f  th e  rate o f  T B O S  h y d r o ly s is  an d  s i l ic a  p a r tic le  

g ro w th  in  w/o m ic r o e m u ls io n
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d e d u c e s  that th e  g ro w th  o f  s i l ic a  p a r tic le s  is  c o n tr o lle d  b y  th e  e x tr e m e ly  s lo w  
rate o f  T B O S  h y d r o ly s is . T h e r e fo r e , T B O S  h y d r o ly s is  is  th e  d e te r m in in g -s te p  
rea c tio n  for  th e  s i l ic a  p a r tic le  fo rm a tio n  in  th e  w /o  m ic r o e m u ls io n  m e d ia . T h e  
s im ila r  c o n c lu s io n s  w e r e  a lso  g iv e n  in  th e  p r e v io u s  s tu d ie s  (C h a n g  an d  F o g le r , 
1 9 9 6 ; C h a n g  an d  F o g le r  1 9 9 7 ; an d  A rr ia g a d a  and O s s e o -A s a r e ,  1 9 9 5 ) .

F ro m  th e  resu lts  o f  F T IR  an d  T E M  m e a su r e m e n ts , it in d ic a te s  that 
th e  e x tr e m e ly  s lo w  h y d r o ly s is  rate o f  T B O S  c o n tr o ls  th e  g r o w th  o f  s i l ic a  
p a r tic le s  in  th e  w /o  m ic r o e m u ls io n  d ro p le ts . T h e  h y d r o ly s is  o f  T B O S  
in f lu e n c e s  th e  sh a p e  and s iz e  d is tr ib u tio n  o f  s i l ic a  p a r tic le s  fo rm ed . D u e  to  th e  
u n ifo r m  d istr ib u tio n  o f  T B O S  in  th e  ex tern a l o il  p h a se , th e  e x tr e m e ly  s lo w  

T B O S  h y d r o ly s is  o c c u r s  o n to  th e  su r fa c e  o f  a ll m ic r o e m u ls io n  d r o p le ts  at th e  

sa m e  rate. T h ere fo re , th e  c o n c e n tr a tio n  o f  h y d r o ly z e d  T B O S  s p e c ie s  is  
s u f f ic ie n t ly  lo w  and in s ig n if ic a n t  co n cen tra tio n  g ra d ien t se t  up arou n d  e a c h  
g r o w in g  s i l ic a  p a rtic le . C o n se q u e n tly , th e  rate o f  h y d r o ly z e d  T B O S  s p e c ie s  
c o n d e n s in g  o n to  th e  s i l ic a  p a rtic le  su r fa c e  is  in d e p e n d en t o f  th e  p a r tic le  

d im e n s io n s . T h e  e v o lu t io n  o f  s i l ic a  p a r tic le  s iz e  d is tr ib u tio n  is  c o n tr o lle d  w ith  

th e  rate o f  T B O S  rea c tio n  (C h a n g  an d  F o g le r , 1 9 9 6 ) .
T E M  m icro g ra p h s a lso  s u g g e s t  that, th e  h y d r o ly z e d  T B O S  ca n  form  

s i l ic a  p a rtic le  im m e d ia te ly  a fter  th e  p a r tic le  n u c lé a tio n . S in c e  th e  s iz e  o f  s i l ic a  
p a r tic le s  is  m u ch  larger th an  that o f  th e  m ic r o e m u ls io n  d r o p le ts , th e  s i l ic a  

p a r tic le  n u m b er  in  w /o  m ic r o e m u ls io n  so lu t io n  ca n  b e  c a lc u la te d  to  b e  

a p p r o x im a te ly  1.3 X  1()18 (A p p e n d ix  B ). A  d e c r e a se  in  p a r tic le  s iz e  c a u se s  an  

in c r e a se  in  th e  n u m b er  o f  s i l ic a  p a r tic le s  fo rm ed  (A rr ia g a d a , 1 9 9 1 ) . A c c o r d in g  
to  th e  s lo w  h y d r o ly s is  rate o f  T B O S , th e  g r o w in g  p r o c e s s  o f  s i l ic a  p a r tic le  is  
s ig n if ic a n t ly  in v o lv e d  w ith  th e  in ter -m ice lla r  m a ss  e x c h a n g e . T h is  p r o c e s s  is  

c o a g u la t io n  o f  h y d r o ly z e d  m o n o m e r ic  and p o ly m e r ic  s i l ic a  s p e c ie s  a m o n g  

m ic r o e m u ls io n  d ro p le ts  (C h a n g  and F o g le r , 1 9 9 6 ; C h a n g  an d  F o g le r  1 9 9 7 ; an d  

A rria g a d a  an d  O s s e o -A s a r e , 1 9 9 5 ).
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F ro m  th e  re su lts  o f  T B O S  h y d r o ly s is , it in d ic a te s  th at th e  
h y d ro ca rb o n  c h a in  le n g th  ( -O R  g ro u p ) c le a r ly  in f lu e n c e s  th e  h y d r o ly s is  rate. In  
th e  fa ct o f  i f  th e  h y d ro ca rb o n  le n g th  in c r e a se s , th e  h y d r o ly s is  rate o f  a lk o x id e  

m o le c u le s  w il l  d e c r e a se . A n  in c r e a se  in  h y d ro ca rb o n  a to m s  w i l l  r e d u c e  th e  

partia l ch a r g e  d is tr ib u tio n  in  th e  a lk o x id e  m o le c u le ,  le a d in g  to  d e c r e a se  th e  
a c tiv ity  o f  M -O R  b o n d  (L iv a g e , 1 9 8 2 ) . C h a n g  an d  F o g le r  ( 1 9 9 6 )  s tu d ie d  th e  
k in e t ic s  o f  s i l ic a  p a r tic le  fo rm a tio n  in  w /o  m ic r o e m u ls io n  sy s te m . T h e y  fo u n d  
that th e  ap p aren t rate co n sta n t o f  T E O S  h y d r o ly s is  (k h ) w a s  0 .0 3 2  h" l w h ic h  is  
v ir tu a lly  4  t im e s  grea ter  than  th e  v a lu e  o b ta in ed  in  th is  s tu d y  (k h  =  0 .0 0 8 4  h ' l  

for T B O S  h y d r o ly s is ) .

4.2.3 C o n tr o llin g  th e  F o rm a tio n  o f  S i l ic a  P a rtic le  in  w /o  M ic r o e m u ls io n
U s in g  B u ta n o l
A lth o u g h  th e  recen t w o r k  h ad  s tu d ied  th e  e f f e c ts  o f  a lc o h o l ty p e s  an d  

th eir  c o m p o s it io n  in th e  w /o  m ic r o e m u ls io n  sy s te m , th e  r e su lts  s t i l l  c o u ld  n o t  

b e  c le a r ly  e x p la in e d  (E sq u e n a  e t a l., 1 9 9 7 ). In th is  e x p e r im e n ta l s tu d y , 1- 
b u ta n o l as a  co -su r fa c ta n t w a s  a p p lie d  to  im p r o v e  th e  in ter fa c ia l p ro p erty  o f  
W /O  m ic r o e m u ls io n  d ro p le ts . T h e  in f lu e n c e  o f  b u ta n o l c o n c e n tr a tio n  o n  
a v e r a g e  s iz e  o f  s i l ic a  p a rtic le  < D >  an d  n o r m a liz e d  stan d ard  d e v ia t io n  g /< D >  is  

sh o w n  in  F ig u re  4 .1 0 .  T h e se  m ea su red  v a lu e s  w e r e  o b ta in e d  a fter  th e  rea c tio n  

w a s  carried  o u t for  10 d a y s  b y  u s in g  T E M  m icro g ra p h  an d  v ie w  cap tu re  
ap p aratu s. U n d er  th e  p r e se n c e  o f  b u ta n o l at u s in g  lo w  c o n c e n tr a tio n , th e  
a v e r a g e  d ia m eter  o f  s i l ic a  p a r tic le  w a s  g ra d u a lly  d e c r e a se d  w h e n  th e  b u ta n o l  
c o n c e n tr a tio n  w a s  in crea sed . T h e  m in im u m  v a lu e  o f  th e  a v e r a g e  d ia m e te r  w a s  
r e a ch ed  v ir tu a lly  at 3 8  n m  at 0 .0 1 6 1  M  o f  b u ta n o l co n c e n tr a tio n . In  th is  ran ge  

o f  b u ta n o l c o n c e n tr a tio n  v a lu e  o f  a /< D >  d e c r e a se d  from  3 % to  1 .5  % . W h en  

th e  b u ta n o l c o n c e n tr a tio n  e x c e e d e d  0 .0 1 6 1  M , th e  v a lu e s  o f  < D > , an d  g /< D >  
in crea sed  su b sta n tia lly  w ith  an in c r e a se  in  th e  b u ta n o l c o n c e n tr a tio n . T h e  fin a l
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s iz e  o f  s i l ic a  p a r tic le s  fo rm ed  after  10 d a y s  at d iffe r e n t  b u ta n o l c o n c e n tr a tio n  is  
illu stra ted  b y  T E M  m icro g ra p h s  in  F ig u re  4 .1 1 .  A s  ca n  b e  s e e n  fro m  th e se  

p h o to g ra p h s , th e  a d d itio n  o f  0 .0 1 6 1  M  o f  b u ta n o l g iv e s  th e  n a rro w est s iz e  

d istr ib u tio n  w h e n  co m p a red  to  0  M  an d  0 .1 0 6 1  M  w h ic h  g iv e  th e  w id e r  s iz e  

d istr ib u tio n . T h e s e  re su lts  s h o w  that th e  p r e se n c e  o f  sm a ll a m o u n t o f  b u ta n o l  
w il l  in c r e a se  th e  r ig id ity  o f  in ter fa c ia l la y er  b y  h y d r o g e n  b o n d in g  b e tw e e n  O E  
an d  O H  g ro u p s , le a d in g  to  a sm a ll s iz e  o f  m ic e l le s  (E sq u e n a  e t  a l., 1 9 9 7 ). 
H e n c e , th e  m o re  r ig id ity  or le s s  f lu id - lik e  o f  in ter fa c ia l la y er  c a u s e s  to  d e c r e a se  
th e  in te r -m ic e lla r  m a ss  e x c h a n g e . F o r  a h ig h er  c o n c e n tr a tio n  o f  b u ta n o l as 

s h o w n  in  F ig u re  4 .2 ,  m o re  b u ta n o l m o le c u le s  ca n  p en etra te  in to  m ic e l le  la y er  
an d  th en  s l ig h t ly  in crea se  th e  cu rvatu re  o f  m ic r o e m u ls io n  d ro p le ts . D u e  to  th is  
p en e tra tio n  o f  b u ta n o l m o le c u le s ,  it lea d s  to  in c r e a se  th e  d y n a m ic  e x c h a n g e  o f  

a q u e o u s  c o m p o n e n t  b e tw e e n  m ic r o e m u ls io n  d ro p le ts . T h e r e fo r e , th e  s iz e  o f  
s i l ic a  p a r tic le s  ca n  d ra m a tica lly  in crea se , s in c e  th e  in te r c h a n g in g  o f  m atter  
in s id e  m ic e l le s  c a n n o t b e  a v o id e d .

T h e  h y d r o ly s is  rate c o n sta n t (k h ) as sh o w n  in  F ig u re  4 .1 2  is  c h a n g e d  
w ith  r e sp e c ts  to  th e  b u ta n o l co n cen tra tio n . It s h o w e d  that th e  v a lu e  o f  kh  
d e c r e a se d  g ra d u a lly  w h e n  th e  c o n cen tra tio n  o f  b u ta n o l in c r e a se d , b e c a u s e  o f  

th e  e x c e s s iv e  a m o u n t o f  b u ta n o l m u ta ted  th e  e q u ilib r iu m  o f  r e a c tio n . T h e  

referred  r e a c tio n s  are o f  th e  fo rm a tio n  o f  s i l ic a  p a rtic le  from  T B O S  h y d r o ly s is  
w e r e  d e sc r ib e d  ea r lier  in ch a p ter  2 . U s u a lly , th e h y d r o ly z e d  T B O S  s p e c ie s  h a v e  
m o re  p r e su m a b le  to  p o ly m e r iz e  w ith  th e s i l ic a  p a r tic le  fo rm ed  th an  to  crea te  a  
n e w  n u c le i. O n c e , th e  h y d r o ly s is  rate co n sta n t d e c r e a se s  an d  is  m u c h  s lo w e r  

th an  th e  rate o f  in ter -m ice lla r  m a ss  e x c h a n g e  w h ic h  r e su lts  in  in c r e a s in g  o f  

e m p ty -c o r e  o f  m ic r o e m u ls io n  d ro p le ts . T h e  h y d r o ly z e d  s i l ic a  s p e c ie s  h a v e  
h ig h e r  p ro b a b ility  to  fo rm  th e  n u c le ic  s i l ic a  p a r tic le  in th e  e m p ty  a q u e o u s  co re . 
C o n se q u e n tly , th e  s iz e  o f  resu lta n t s i l ic a  p a rtic le  w i l l  sp a n  w id e r  w h e n  u s in g  
th e  h ig h e r  c o n c e n tr a tio n  o f  b u ta n o l.
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[Butanol] (M)
Figure 4.10 Effect of butanol concentration on <D> and a/<D>

0M 0.0161 M 0.1061 M

( -------= 50 nm)

Figure 4.11 TEM micrographs indicating the effect of butanol 
concentration on final period of silica particle size after 10 
days reaction time



kh 
(h'

1)

49

Figure 4.12 Effect of butanol concentration on the kinetic constant of 
TBOS hydrolysis
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