
CHAPTER II 
LITERATURE SURVEY

In this research, the versatile properties of surface-active-agent were 
employed to prepare the thermodynamically stable พ/(ว microemulsion for 
synthesis of submicron silica particle from the TBOS hydrolysis via an aqueous 
ammonia based catalyst. The natures of w /o  microemulsion system, general 
roles, and physico-chemical mechanisms of silica particle formation are 
described briefly in this chapter.

2.1 Characteristics and Properties of Surfactant Molecule

The structure of surfactants or amphiphilic molecules is comprised mainly 
of hydrophilic (head group) and hydrophobic (tail group). The head group 
usually contains ionic molecules (e.g., SO3 -) or high polar group with hetero
atoms (such as nitrogen, oxygen, sulfur and phosphorus) for ionic surfactants. 
On the other hand, if head groups contain hydrogen-bonding functional groups 
(e.g., OR, R, alkyl group), it is known as nonionic surfactants. Since 
hydrophilic portions are polar, they can assimilate in polar media. These 
functional groups have a physical volume defined by the summation of the 
atomic volume of their constituent atoms which is typically defined in the terms 
of van der Waals radii. The polar head groups of amphiphilies can associate 
with themselves or other polar molecules by physical-chemical interaction, 
such as electrostatic forces, hydrogen bonding, dipole-dipole interactions, and 
electron-donor acceptor interactions (Chang and Fogler, 1996). Due to the 
aqueous components presented in the system, these head groups are attracted
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with water molecules by either the electrostatic or hydration forces. 
Electrostatic repulsion occurs between ionic molecules in aqueous component 
and ionic head groups those have same sign o f charge (i.e., positive or 
negative). The hydration of the head group layer of surfactants by water also 
results in the separation of head groups from one another. When the number of 
functional groups of surfactant increases, the area occupied by surfactant head 
groups at the oil-water interface will also increase. This phenomenon is 
occurred due to the repulsive interactions and the actual physical volume of 
functional groups (Chang and Fogler, 1996). On the other hand, the tail groups 
are generally contained with long-chain of aliphatic hydrocarbon (-CH2 -) in 
linear or branched structures. Furthermore, it is less composed with halogenated 
or oxygenated or siloxane in the hydrocarbon chain. These chains assemble into 
nonpolar media, due to the hydrophobic habit. The tail groups can associate 
with themselves or other molecules via only weak London van der Waals 
attractions. Their surfactants encompass of an oil-water interface area those 
changes throughout its conformation. Due to the effect of this conformational 
change and the actual physical volume of the aliphatic chains, the area occupied 
by the tail group of surfactants at the interface also increases with the 
increasing in length of tail groups (Evans, 1994).

The chemical structure of surfactant molecule can affect the phase behavior 
of the system containing surfactant, oil, and water. The phase behavior can be 
reflected by the hydrophile-lipophile balance (HLB). The HLB indicates a 
number of emulsification behavior and related to the balance between the 
hydrophilic and hydrophobic portions of the surfactant molecule. The expected 
surfactant behavior can be characterized from the definition of the HLB value. 
If the HLB value is low then hydrophilicity will be low or w /o  emulsion 
feature will be easily formed, and vice versa. In this work, nonionic surfactants 
with polyoxyethylene head groups and alkylbenzene tail groups were used to
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prepare the single-phase w /o  microemulsion media for silica particle 
formation. The HLB number for this system was less than 10. Also, the number 
of carbon atom on the tail group of these surfactants is approximately twice, 
when compared with the number o f combination of oxylene groups in the head 
group (Rosen, 1989).

2.2 Nature of w /o  Microemulsions

In the emulsion formation, one of the two immiscible liquids is generally 
broken up into droplets and dispersed into the second liquid. The dispersed 
droplets are in constant motion which causes frequent collisions among them. 
Regarding to the unlike properties mentioned above of the head and tail groups, 
the surfactant molecules are used to increase the interfacial free energy of these 
liquids. The head and tail groups are oriented toward the polar and non-polar 
liquids, respectively. The head groups are associated themselves at the interface 
between both liquids with physical-chemical bonding. The surfactant molecules 
that are adsorbed at the liquid-liquid interface as an oriented interfacial film 
performs two functions (Solans and Kunieda, 1995):

(1) It reduces the interfacial tension between the two insoluble liquids and 
consequently the thermodynamic instability of the system is obtained 
resulting from the increase in the interfacial area between the two 
phases.

(2) It decreases the rate of coalescence of the dispersed liquid droplets by 
forming mechanical, steric, and electrical barriers around them.

The steric and electrical barriers inhibit the close approach o f one particle 
to another. The mechanical barrier increases the resistance o f the dispersed 
particles to mechanical shock and prevents them from coalescencing when they 
do collide.
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Microemulsion is the transparent solution containing two immiscible 
liquids with 10-100 nm in diameter of dispersed media. This solution is 
generally obtained upon mixing the ingredients gently. Microemulsions may be 
water-external (O/W) or oil-external (พ/(ว), or both. All o f these happen due to 
the nature of surfactant, additive components (e.g., inorganic molecules, 
alcohol), type o f oil, temperature, and the contained portion of water and oil. 
Whether one considers a microemulsion to be a solution in one liquid of 
micelles swollen by solubilized second liquid or a dispersion o f tiny droplets of 
one liquid in a second liquid, the interfacial tension o f the microemulsion 
against both of these liquids must be close to zero. The compartmentalized 
characteristics and size of microemulsion (droplet radius) can be controlled by 
changing composition parameters, such temperature, salinity, the types of 
surfactant and oil media (Chang and Fogler, 1997).

The formation of a single-phase w /o  microemulsion solution can be easily 
started with a nonpolar oil containing surfactants. In this solution, the 
association of surfactant head groups as called reverse micelle is configured 
with tiny and polydispersed droplets. These micelle droplets' cores will grow 
larger and more close-packed aggregate with the gradually addition of water 
into solution which can be referred as swollen reverse micelles. The adding 
amount of aqueous solution is limited with the solubility o f that surfactant 
depending on the number of head or tail groups (Evans, 1994).

Reverse transition may arise from the presence of attractive droplet 
interactions and generally leads to the formation of various structures: floes 
coexisting with dilute droplets or gels which consist of a network of connected 
droplets. As an example, two or more colloidal droplets' particles, generally 
two, may attract each other when surrounded by smaller ones.

Certain aspects of microemulsions remain controversial, such as the nature
of interface (discrete or bicontinuous) between the dispersed particles, the
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nature of the continuous phase (swollen micellar solution and hence, one-phase, 
thermodynamically stable, or emulsion of exceedingly small particle size and 
hence, two-phase, possibly kinetically stable), and whether they contain one 
type of dispersed particle or micelle, or more (Evans, 1994).

In this thesis, polyoxyehyl phenylether was used in the formation o f พ /o  
microemulsion. This surfactant is composed by the polar head group which is 
ethoxy (EO) groups, and the tail group generally constitutes from the nonpolar 
aliphatic o f hydrocarbon (-CH2-). Both groups are connected with a benzene 
ring in the para-position, as illustrated in Figure 2.1.

Figure 2.1 Molecular structure of polyoxyethyl phenylether, where ท is the

Once the transparent microemulsion is prepared with the appropriated 
amount o f the surfactant, oil, and water, the droplets having spherical shape 
with monolayer and monodisperse are presented with the hydrodynamic 
diameter in the range of 1 - 20 nm. The water solubility is conferred by the 
ability of the oxygen atoms of head group and hydroxyl groups via hydrogen 
bonding with water molecules. One molecule of surfactant can not drag a 
hydrocarbon chain into solution, but 5-10 molecules will be sufficient. The EO 
head groups also interact each other with the driving force of the dipole-dipole 
interaction between hydrated groups (Chang and Fogler, 1997). The hydration 
o f head groups layer o f surfactant results in the separation of head groups from 
one another. These repulsive interactions and the actual physical volume of 
functional groups make the area occupied by the surfactant head group at the

number of alkyl groups and m is the number of alkoxyl groups
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oil-water interface increase with increasing the number of EO groups in the 
head group. This increase also leads to an increase in potential surfactant 
monomer attraction at the oil-water interface (Rosens, 1989). The increase of 
thermodynamically aggregation of polyoxyethylene phenylether head groups 
causes not only the addition o f sufficient water content, but also the using of 
cosurfactant such as alcohol or aqueous ammonium as catalyst base to stabilize 
through hydrogen-bonding. The employed amount of water is reached where 
unbound or free water molecules are present in the hydrophilic parts. On the 
other side, the hydrocarbon tail group o f surfactant molecule encompasses an 
area at the oil-water interface through the change o f its conformation by the tail 
toward to the oil phase. The turned color of colloid solution to transparent 
bluish is used to indicate that the increase of aqueous swollen in microemulsion 
droplets. The water pool of micelles can dynamically exchange with others 
which leads microemulsion solution to conduct electrical charge. The film 
durable of microemulsion is shown with the ternary phase diagrams of the 
surfactant/oil/water system. The nonionic surfactant was studied in the ternary 
system mixed o f polyoxyethylene aikylphenylether (C x (O C 2 H 4 )y ) , heptane, 
and water (Evans, 1994; Chang and Fogler; 1997; and Esquena et al., 1997). 
These works also illustrated the evolution of microemulsion configuration and 
film properties.

2.3 Dynamic Process in Microemulsions

The discretion of aqueous microdroplets are encircled with surfactant 
molecules in continuously oil media resulting in formation o f พ/(ว 
microemulsions under thermodynamic equilibrium. The stability o f dispersions 
is based on Brownian movement which leads to constant collision between 
themselves, coalescence as transient dimers, and the mass exchange in the
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aqueous cores of microemulsion droplets. The inter-droplets' phenomenon is 
known as inter-micellar mass exchange. The process is started from the 
diffusion and collision of a pair of droplets, then uncapping the water-oil 
interface, follow with interchanging of the mass in the aqueous cores, finally, 
isolating and recapping interface film (Chang and Fogler, 1997). This dynamic 
mechanism of inter-micellar mass exchange between microemulsion droplets is 
illustrated in Figure 2.2

Micelles
Collision

พ ( - Transient
Dimer

' ' พ ) ๖  1 1ร l  \J
■ — ►  เ & ป ี C uT V Micelles

Separation

Figure 2.2 Mechanism of inter-micellar mass exchange between 
microemulsion droplets
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The time period of the collision of microemulsion droplets and the inter- 
micellar mass exchange is extremely short. Increasing the attractive interaction 
between the droplets can extend the aggregation period and therefore increases 
the lifetime of the transient dimer. Due to fluid-like feature of surfactant layers 
can be deformed easily, the coalescence of droplets can create an open water 
channel through the colliding surfactant film. Therefore, the rate of droplet 
coalescence is mainly dictated by the fluidity and integrity of surfactant layers 
(Chang and Fogler, 1996).

Polyoxyethylene head groups of surfactant generate weak associated 
interaction with themselves which causes the structure of surfactant layer to be 
ruptured more easily. Therefore, the rigidity of interfacial film will depend on 
the number of polyoxyethylene. If the oxygen atoms of head groups increase, 
the hydrogen-bonding among the head groups will also increase. This leads to 
the reduction of the fluidity of interfacial film which causes the rate o f mass 
exchange among microemulsion droplets decreases. This rate is also influenced 
by the type of oil or some materials that alter the physical properties of oil (e.g., 
alcohol), the size of droplets, and the temperature (Clark et ah, 1990). The 
polarity and structure of oil molecules affect the fluidity and permeability of 
surfactant layers. More polar and smaller oil molecules will swell the surfactant 
layer to a larger extent and make the surfactant layer more rigid and less 
permeable. In the contrast, nonpolar and larger oil molecules will increase the 
lifetime of inter-micellar mass exchange period (Fletcher et ah, 1987). 
Moreover, the other additives (e.g., alcohol) can change the polarity of oil 
which produces similar results (Arriagada and Osseo-Asare, 1994; and Esquena 
et ah, 1997).

The water-to-surfactant molar ratio can influence the size o f microemulsion 
and the rate of inter-micellar mass exchange. For the system consisting of 
polyoxyethylene alkylphenylether surfactant, the size of microemulsion
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droplets is much larger and the rate of inter-micellar mass exchange increases 
when the concentrations o f each component in the system are far from the 
phase boundary. On the other hand, the rate of inter-micellar mass exchange 
can be decreased significantly when it is occurred near the phase boundary due 
to the stronger attractive interaction among microemulsion droplets. The 
increase in hydrogen bonding among water and oxygen atoms of head group 
causes rigidity o f interfacial film to increase. The effect of temperature on the 
rate o f inter-micellar mass exchange also depends on the microemulsion 
systems. For the ternary system of water/hepatane/Ci2 E0 5 , it has been found 
that the rate of inter-micellar mass exchange increased when temperature was 
reduced until it reached the solubility boundary of the system(Clark and 
Fletcher, 1990). Furthermore, the additional materials (i.e., ionic material, 
alcohol) can also affect to change the rate of inter-micellar mass exchange 
(Esquena et ah, 1997).

2.4 Formation of Particles in Microemulsions

Since water-in-oil (W/O) microemulsion is thermodynamically soluble and 
has compartmentalized feature, it will act as a special nanometer reactor that 
hosts the synthesis of inorganic particles. Microemulsion is occurred by 
encapsulating the surfactants. The advantages of surfactant are not only to 
prevent the aggregation with steric barrier of hydrophobic groups, but also to 
confine the dimension and maintain the stability of precipitated particles during 
and after their growth period. Many particles have been successfully 
synthesized in W/O microemulsion, such as metal particles (e.g., Pt, Rh, Ag, 
and Au), metal sulfide (e.g., CdS, ZnS, and, CuS), metal oxide (e.g., Si02, 
Zr02, and Fe3 Û4 ), metal halide (e.g., AgCl and AgBr), metal boride (e.g.,
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Ni2 B, Fe2 B, and C0 2 B), and metal carbonate (CaCC>3 and BaCC>3 ) (Solans, 
1995).

The method for synthesizing inorganic particles in w /o  microemulsion 
system can be classified as three following categories (Arriagada, 1991).

(1) Microemulsion plus trigger: All of reactants are presented inside 
microemulsion droplets, then reaction is initiated by light or heat.

(2) Two microemulsions: Two reactants reside in the aqueous droplets of 
two separate microemulsion solutions, and reaction is initiated by 
mixing these two media.

(3) Microemulsion plus an oil-soluble reactant: One reactant resides in the 
microemulsion droplets, and reaction is initiated by applying a second 
reactant (either liquid or gas) in the oil phase.

For the first two methods, all of reactions take place within the core of 
microemulsion. Therefore the formation of particles is controlled by the rate of 
the chemical reaction and the rate of inter-micellar mass exchange. In the third 
method, the reactions transpires at the oil-water interface. The formation of 
particles depends upon the rate of inter-micellar mass exchange and on the rate 
of transferring reactions through the interface.

2.5 Mechanisms of Particles Formation in Microemulsions

Once the w /o  microemulsion system is utilized to synthesize the inorganic 
nano-particles, the concentration of each species in the system must be 
essentially concerned. Many factors, including the type of synthesized particles, 
the mechanism of formation, and the synthesis method, affect to the colloidal 
properties and dimension of microemulsion droplet. The importance o f these 
parameters on the particle formation are discussed as follows.
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O n e  o f  s ig n if ic a n t  cr iteria  o f  fo r m in g  s ta b le  c o llo id a l s u sp e n s io n  is  th e  

s ta b ility  o f  r ea c ted  s p e c ie s  d u r in g  th e  p a rtic le  fo rm a tio n . T h e  s ta b ility  o f  

s y n th e s iz e d  p a r tic le s  ca n  in c r e a se  o n ly  w h e n  th e  in itia l m atter  that c a lle d  n u c le i  
p a r tic le s  r e a c h e s  th e  cr itica l s iz e . T h e  s ta b ility  o f  p a r tic le  s iz e  is  im p o rta n t to  
d eterm in e  th e  f in a l s iz e  d istr ib u tio n  o f  th e  p a r tic le s  fo rm ed . M a n y  in o rg a n ic  
p a r tic le s  sy n th e s iz e d  in  พ / o  m ic r o e m u ls io n  so lu tio n  r e s id e  in  th e  a q u e o u s  co re  
o f  m ic r o d r o p le ts . C o n se q u e n tly , th e  su rfactan t la y er  c o a te d  o n  th e  a q u e o u s  

d ro p le ts  a s s is t s  to  red u ce  th e p ro b a b ility  o f  c o l l is io n  a m o n g  th e  p a r tic le s  

fo rm ed  w ith  th e  s ter ic  h in d ra n ce  o f  ta il g ro u p s. T h e  c o l l is io n  o f  p a r tic le s  v ia  
in te r -m ic e lla r  m a ss  e x c h a n g e  c a u se s  th e  fo rm a tio n  o f  a larger  co r e  o f  
m ic r o e m u ls io n . T h is  w il l  o n ly  o ccu r  i f  th e  su rfactan t la y er  cu rv a tu re  c h a n g e s  
s ig n if ic a n t ly  fro m  its  e q u ilib r iu m  v a lu e  (H L B ) or th ere  m a y  b e  a large  
d e so r p tio n  o f  su rfa cta n t m o le c u le s  from  th e  c o ll id in g  su rfactan t la y er  area. D u e  

to  th is  h ig h ly  e n e r g e t ic a lly  u n fa v o ra b le  p r o c e ss , th e  s ta b ility  o f  p a r tic le s  in  
m ic r o e m u ls io n  d ro p le ts  in c r e a se s  d ra m a tica lly  w ith  th e  p a r tic le  s iz e .  A n  
e v id e n c e  o b ta in e d  from  p r e v io u s  resea rch  w o rk s  can  c o n c lu d e  that reactan t  
m o le c u le s  n e e d  to  b e  p o ly m e r iz e d  to  a s u f f ic ie n t ly  larger p a r tic le  in ord er  to  
b e c o m e  a s ta b le  n u c le u s  in th e  d ro p le t (N a g y  et a l., 1 9 8 9 ).

T h e  s iz e  d istr ib u tio n  o f  p a r tic le s  fo rm ed  in  m ic r o e m u ls io n  so lu t io n  is  

fu n d a m e n ta lly  c o n tr o lle d  b y  th e  c o m p e tit iv e  rates o f  tw o  s te p s  as fo l lo w in g :
( 1 ) th e  rate o f  c h e m ic a l rea c tio n  ( i .e . ,  th e  rate o f  in c r e a s in g  o f  to ta l m a ss  o f  

p a r tic le , th e  rate o f  p o ly m e r iz a tio n  o f  reactan t).
(2 ) th e  rate o f  in ter -m ice lla r  m a ss  e x c h a n g e  o f  r e a c tin g  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 .
A l l  o f  th e  r e a c tin g  s p e c ie s  is  d e f in ite ly  p o ly m e r iz e d  to  form  p a r tic le s  in  th e  

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 ts  b e fo r e  th e  m atter  e x c h a n g e  b e tw e e n  
d ro p le ts  w i l l  b e  p r o c e e d e d . T h e  sm a lle r  m atters u su a lly  m o v e  to  m e r g e  w ith  th e  
larger p a r tic le  d u r in g  th e  tran sien t d im er  step , s in c e  th ey  are le s s  s ter ic
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h in d ra n ce  an d  in v o lv e  w ith  th e r m o d y n a m ic  d r iv in g  fo r c e  b e tw e e n  

m ic r o e m u ls io n  d ro p le ts  (W ard  and F r ib erg , 1 9 8 9 ). T h e  rate o f  c h e m ic a l  
r e a c tio n  is  n o t s ig n if ic a n t ly  s lo w e r  th an  th e  rate o f  in te r -m ic e lla r  m a ss  
e x c h a n g e . T h e r e fo r e , th e  n u m b er  o f  sy n th e s iz e d  p a r tic le s  is  c o m p a r a b le  to  th e  

n u m b er  o f  m ic r o e m u ls io n  d ro p le ts . F or e x a m p le , th e  in itia l c h e m ic a l rea c tio n  
b e tw e e n  C d +  an d  ร 2 -  to  form  C d S  p a r tic le  o ccu rs  im m e d ia te ly  a fter  rap id  
m ix in g  o f  th e  tw o  m ic r o e m u ls io n  so lu t io n s  c o n ta in in g  C d +  and ร 2 “. D u e  to  th e  

e x tr e m e ly  fa st r e a c tio n  o f  b o th  io n s , th e  tin y  u ltra -fin e  p a r tic le s  ( le s s  th an  5 

n m .)  are im m e d ia te ly  fo rm ed  (W ard  a n f  F rib erg , 1 9 8 9 ).
O n  th e  o th er  h an d , i f  th e  rate o f  th e  p o ly m e r iz a t io n  o f  r e a c tin g  s p e c ie s  is  

m u ch  s lo w e r  th an  that o f  m a ss  e x c h a n g e  a m o n g  m ic r o e m u ls io n  d ro p le ts , th e  

o u tc o m e  w il l  b e  d ifferen t. T h e  a m o u n t o f  rea c tin g  s p e c ie s  p o ly m e r iz e d  in  
in d iv id u a l d ro p le ts  is  n o t su f f ic ie n t  to  fo rm  sta b le  n u c le i w ith o u t th e  o c c u r r e n c e  

o f  th e  m a ss  e x c h a n g e  a m o n g  m ic r o e m u ls io n  d ro p le ts . F len ce , th e  m a ss  or  
d im e n s io n  o f  p rec ip ita ted  p a r tic le s  ca n  c o n t in u o u s ly  red istr ib u te  th e  
m ic r o e m u ls io n  d ro p le ts  u n til th e  s iz e  r e a c h e s  th e  cr itica l m a ss  fo r  fo r m in g  
s ta b le  n u c le i .  S in c e  it is  n o t l ik e ly  to  form  a s ta b le  n u c le u s  in  ea ch  
m ic r o e m u ls io n  d ro p le t, th e  n u m b er  o f  sy n th e s iz e d  c o llo id a l p a r tic le s  is  a lw a y s  

s ig n if ic a n t ly  lo w e r  th an  that o f  m ic r o e m u ls io n  d ro p le ts . T h e  s y n th e s is  o f  s i l ic a  

p a r tic le s  (SiC>2 ) fro m  th e  h y d r o ly s is  o f  s i l ic a -a lk o x id e  p recu rso r  ( e .g . ,  te tra eth y l  
o r th o s ilic a te  (T E O S ))  in  n o n io n ic  พ /( ว  m ic r o e m u ls io n  so lu t io n  is  o n e  in s ta n c e  
for  th is  c a se . (C h a n g  an d  F o g le r , 1 9 9 6 ) . L ik e w is e ,  th is  th e s is  w a s  to  s tu d y  o n  

th e  s y n th e s is  o f  s i l ic a  p a r tic le s  in  n o n io n ic  w/o m ic r o e m u ls io n  s y s te m  from  

te tra b u th y l o r th o s ilic a te  (T B O S )  as an  e f f e c t iv e  p recu rsor .

2.6 Formation of Silica Particles from TBOS Hydrolysis
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S e v e r a l ty p e s  o f  n a n o m e te r -s iz e d  p a r tic le s  h a v e  b e e n  s u c c e s s fu l ly  

s y n th e s iz e d  fro m  th e  h y d r o ly s is  rea c tio n  o f  a lk o x id e  p recu rso r  in  a q u e o u s  
m e d ia  o f  w /o  m ic r o e m u ls io n  d ro p le ts . T h e  p h y s ic a l-c h e m ic a l  p ro p er tie s  o f  
a lk o x id e  r ea g en t an d  th e  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  th is  
rea g en t w il l  b e  d is c u s s e d  in th is  se c t io n .

M eta l A lk o x id e  (M (O R )n ) is  o n e  o f  th e  v e r sa t ile  m o le c u la r  p recu rso rs  for  

s y n th e s is  o f  o r g a n ic  and in o rg a n ic  o x id e  p a r tic le s . M  is  u su a lly  k n o w n  as a 

tra n sitio n  m eta l ( e .g . ,  T i, Z r) or a s e m ic o n d u c to r  m eta l ( e .g . ,  S i) . R  is  a 
satu ra ted  or u n sa tu ra ted  o rg a n ic  grou p . T h e  a lk o x y l grou p  (O R ) is  a hard p - 
d o n o r  an d  s ta b iliz e d  at th e  h ig h e s t  o x id a tio n  sta te  o f  th e  M  m o le c u le .  T h ere fo re  
th e  c h e m istr y  o f  e le c tro n  rich  m eta l a lk o x id e s  h as lo n g  b e e n  re str ic ted  b y  

o lig o m e r iz a t io n  r e a c tio n s  w h ic h  lea d s to  th e  fo rm a tio n  o f  in s o lu b le  p o ly m e r ic  
s p e c ie s .  S o m e  a lk o x id e s  are cu rren tly  u se d  in in d u stry  an d  c o m m e r c ia l ly  

a v a ila b le  at r e la t iv e ly  lo w  c o s ts  (e .g . S i, T i, A l,  Z r). M o r e o v e r , th e  tra n sitio n  
m eta l a lk o x id e  p recu rso rs h a v e  to  b e  p rep ared  in  la b o ra to r ie s , w ith  th e  
c o n v e n tio n a l m e th o d s  or th e  sy n th e s is  o f  m eta l a lk o x id e s . D u e  to  th e  h ig h  
e le c tr o n e ffm ity  o f  tra n sitio n  m e ta ls , th e ir  r e a c tiv ity  are e x tr e m e ly  h ig h e r  than  

th e  s im p le  m e ta ls  in  th e  a q u e o u s  p artition  o f  m ic r o e m u ls io n  d ro p le t (L iv a g e ,  
1982).

T h e  m e c h a n ism  o f  s i l ic a  p a rtic le  fo rm a tio n  in  a q u e o u s  m e d ia  o f  
m ic r o e m u ls io n  sy s te m  e s s e n t ia lly  in v o lv e s  th e  tw o  fu n d a m en ta l r e a c tio n s  

w h ic h  are h y d r o ly s is  and c o n d e n sa tio n  o f  reactan t. In a n u m b er  o f  p r e v io u s  

w o r k s  T E O S  w a s  c o m m o n ly  u se d  to  sy n th e s iz e  th e  s i l ic a  p a r tic le s  v ia  th e se  
re a c tio n s . F o r  th is  w o rk , te trab u th y l o r th o s ilic a te  (T B O S , S i(O C 4 H 9 )4 ) w a s  
u se d  to  p r o d u c e  th e  n a n o -sc a le  s i l ic a  p a r tic le s  b y  th e  h y d r o ly s is  and  
c o n d e n sa t io n  r e a c tio n s  in  w /o  m ic r o e m u ls io n  sy s te m  v ia  a q u e o u s  a m m o n iu m  
as b a se d  ca ta ly s t . T B O S  is a lw a y s  m o n o m e r ic  and h a s  stru ctu re lik e  a
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tetrah ed ra l. In g en era l, th e  rea c tio n s  in v o lv in g  s i l ic a  p a r tic le  fo rm a tio n  from  

T B O S  p recu rso r  can  b e  d e sc r ib e d  b y  th e  fo l lo w in g  eq u a tio n s  (L iv a g e , 1 9 8 2 ):

hydrolysis
S i ( 0 R ) 4  +  H 2 0  S iO H (O R )3 +  R O H  (2 .1 )

alcohol condensation
S i(O R )4  +  S iO H (O R )3  ( 0 R ) 3 - S i - 0 - S i - ( 0 R ) 3  +  R O H  (2 .2 )

water condensation
S iO H (O R )3 +  S iO H (O R )3 ( 0 R ) 3 - S i - 0 - S i - ( 0 R ) 3 +  H O H  (2 .3 )

overall reaction
S i( 0 R )4  +  H 2 0  - [ S i - O - S i] - ( p o ly m e r  c h a in ) +  4 R O H  (2 .4 )

A ll  o f  th e  a b o v e  e q u a tio n s  illu stra te  th e  fo rm a tio n  o f  s i l ic a  p a r tic le s  that 
in v o lv e s  th e  h y d r o ly s is  o f  b u th o s ila n e  g ro u p s (S i-O R , R  is  C 4 H 9 ) o f  T B O S  that 
w il l  b e c o m e  h y d r o x y ls ila n e  (S i-O H ) g ro u p s. D u e  to  th e  e le c tr o n e g a t iv ity  o f  

a lk o x y  g ro u p s  (O R ) r e su lt in g  in  th e  s i l ic a  a to m  h ig h ly  p r o n e  to  n u c le o p h ilic  

attraction , T B O S  is , th ere fo re , e x tr e m e ly  re a c tiv e  w ith  w a ter  m o le c u le s  in  
m ic r o e m u ls io n  co re . T h is  lea d s  to  th e  fo rm a tio n  o f  h y d r o x id e s  or h y d ro u s  

o x id e 's  s i l ic a . T h e se  h y d r o x id e  m o le c u le s  ca n  b e  rea c ted  w ith  e ith e r  m o le c u le s  
th e m s e lv e s  fo r  w a ter  c o n d e n sa tio n  or T B O S  m o le c u le s  fo r  a lc o h o l  
c o n d e n sa t io n . B o th  o f  c o n d e n sa t io n s  p r o c e e d  c y c l ic a l ly  u n til T B O S  p recu rso r  

is  d e p le te d . L a ter  p ro d u c tio n  is  a  c r o ss - lin k e d  s i l ic o n  d io x id e  stru ctu re  th at th en  

c o n d e n se d  to  s i l ic a  p a rtic le . 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  
an d  1 9 9 7 ) , T E O S  w a s  ty p ic a lly  u se d  to  fo rm  th e  s i l ic a  p a r tic le s . T h e  re su lts  
le a d  to  a c o n c lu s io n  that th e  b a se -c a ta ly z e d  h y d r o ly s is  o f  T E O S  is  in  p se u d o -  

first ord er w ith  r e sp e c t  to  T E O S  and h y d r o x y l io n  (O H “), s in c e  w a ter  

c o m p o s it io n  in  พ / o  m ic r o e m u ls io n  sy s te m  is  larger than  th e  u se d  
c o n c e n tr a tio n  o f  T E O S . T h e  rate o f  s e c o n d  ord er o v e r a ll r e a c tio n  is  n o  lo n g e r
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d ep e n d s  o n  w a te r  co n cen tra tio n . T h e  rea c tio n  in v o lv e s  th e  d isp la c e m e n t  o f  OR"  
b y  O H ”, p r o c e e d in g  th ro u g h  a p e n ta -c o o r d in a te  tra n sitio n  sta te . T h e  a lk o x id e  
io n , OR", is  su b se q u e n tly  n eu tra liz ed  b y  r e a c tin g  w ith  w a te r  r e g e n e r a tin g  OH". 
T h e  m e c h a n ism  o f  th is  rea c tio n  ca n  b e  id e n tif ie d  as S]sj2 ( in  o r g a n ic  c h e m is tr y ) ,  
m e a n in g  su b stitu tio n , n u c le o p h ilic ,  and  se c o n d  ord er  (w ith  in v e r s io n  o f  
c o n fig u r a tio n ) . D u e  to  th e  s ta tis t ica l d e p le t io n  o f  h y d r o ly z a b le  OR" g ro u p s  and  
th e  in d u c t iv e  e f f e c ts  (O H " m o re  e le c tro n  w ith d r a w in g  th an  O R "), h e n c e  th e  
su b stitu tio n  o f  OH" fo r  OR" ren d ers th e  s i l ic a  a to m  to  b e  m o r e  su s c e p t ib le  to  
n u c le o p h il ic  a ttack . T h ere fo re , th e  h y d r o ly s is  o f  th e  first O R  g ro u p  w i l l  b e  s lo w  

b ut b e c o m e s  m u ch  fa ster  for  th e  fo l lo w in g  o n e s . T h e  a c t iv ity  o f  th e  a lk y ls ila n e  
g rou p  d e c r e a se s  w ith  th e  in c r e a se  in  th e  le n g th  o f  th e  a lk y l ch a in . T h is  sh o u ld  
th en  d e c r e a se  th e  s e n s it iv ity  o f  th e  a lk o x id e  to w a rd s  th e  rate o f  h y d r o ly s is .  
H o w e v e r , th e  in f lu e n c e s  o f  s ter ic  h in d ra n ce  and ch a rg e  d is tr ib u tio n  a lo n e  
ca n n o t e x p la in  th e  h y d r o ly s is  rate o f  s i l ic a  a lk o x id e s . T h e  rate o f  th e  

c o n d e n sa t io n  o f  s i l ic ic  (S iO H )4 ) in c r e a se s  w ith  in c r e a s in g  p H  v a lu e  o f  th e  

so lu tio n . T h is  c o n d e n sa tio n  rea c tio n  is  a lso  a n u c le o p h il ic  r e a c tio n  w h ic h  
in v o lv e s  th e  n eu tra liza tio n  b e tw e e n  a s ila n o l grou p  (a c id )  an d  an io n iz e d  s ila n o l  
grou p  (b a se ) , as sh o w n  b e lo w :

S i ( 0 R ) 3 - 0 -  +  O H -S i(O R )3 ( 0 R ) 3 - S i - 0 - S i - ( 0 R ) 3 +  OH " (2 .5 )

T h e  c a ta ly t ic  e f f e c t  o f  th e  h y d r o x y l io n  o n  c o n d e n sa t io n  r e a c tio n s  l ie s  in th e  
io n iz a t io n  o f  th e  s ila n o l group:

S i(O R )3 -O H  +  O H - ( 0 R ) 3 - S i - 0 "  +  H O H  (2 .6 )

T h e  c o n d e n sa t io n  rea c tio n  d e sc r ib e d  in  eq u a tio n  2 .5  a lso  im p lie s  a 

c o n fig u r a tio n  in v e r s io n  (ร ]q 2 )  o f  th e  g ro u p s that is  a tta ch ed  to  th e  S i a to m  o f  S i
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( 0 R )3 "0 H  w h e n  th e  S i - 0 '  g rou p  is  su b stitu tin g  for  th e  O H  g ro u p  o f  S i(O R )3 ‘ 
O H . T h e r e fo r e , it m e a n s  that sm a lle r  c r o ss - lin k e d  g ro u p s ca n  u n d e r g o  in v e r s io n  
to  b e  e a s ie r  th an  b u lk ier  o n e s  to  a large  n e tw o r k  o f  s i l ic a  p o ly m e r s . A s  a resu lt, 
th e  a d d itio n  e x te n s iv e  m o n o m e r  to  e x is t in g  large  c r o s s - l in k e d  p o ly m e r  is  m u ch  
m o re  fa v o r a b le  than  th e p o ly m e r -p o ly m e r  c o n d e n sa tio n . O n e  o f  e v id e n t  for  

su p p o rtin g  th e se  m e c h a n ism s  is  th e  s tu d y  o f  th e  s i l ic a  p a r tic le  fo rm a tio n  
th ro u g h  th e  T E O S  h y d r o ly s is  and c o n d e n sa tio n . T h e  p r e c ip ita te d  S i 0 2  
p o ly m e r s  lik e  a v e r y  d e n se  c r o ss - lin k e d  p a rtic le  that is  su p p o rted  as th e  
sta tem en t a b o v e  (B a lla rd  et a l., 1 9 9 3 ).

2.7 Kinetics of Silica Particle Formation

A s  m e n tio n e d  b e fo r e , th e  k in e t ic s  and m e c h a n ism  o f  s i l ic a  p a r tic le s  g ro w th  
h a v e  b e e n  e x te n s iv e ly  s tu d ied  in  a lc o h o l m e d ia  w ith  th e  h y d r o ly s is  o f  T E O S  

v ia  a m m o n iu m  b a se  ca ta ly st  (A e l io n  et a l., 1 9 5 0 , S to b er  e t a l., 1 9 6 8 , V a n  
H e ld e n  et a l., 1 9 8 1 , B r in k er  an d  S ch erer , 1 9 8 9 , and B e r g n a , 1 9 9 4 ) . T h e se  
s tu d ie s  h a v e  p r o v id e d  th e  v a lu a b le  in s ig h t o f  th e  fo rm a tio n  o f  s i l ic a  p a r tic le s  in  
m ic r o e m u ls io n .

A e l io n  e t a l. ( 1 9 5 0 )  in v e s t ig a te d  th e  k in e tic s  o f  T E O S  h y d r o ly s is  in  

m e th a n o l s o lu t io n s  u n d er  th e  c a ta ly s is  o f  d ilu te  so d iu m  h y d r o x id e  (N a O H ) b y  

K a r l-F isc h e r  titra tion  m eth o d . T h e y  su g g e s te d  that th e  b a s e -c a ta ly z e d  

h y d r o ly s is  o f  T E O S  had  a p se u d o -f ir s t  ord er  rea c tio n  w ith  r e sp e c t  to  th e  

c o n c e n tr a tio n s  o f  b o th  T E O S  and h y d r o x y l io n  (O H "), as sh o w n  b e lo w :

-  cl[r^ s - = k [T E O S ][ O fT  ] ( 2 .7 )

In th is  s tu d y , th e  b a se -c a ta ly z e d  T E O S  h y d r o ly s is  r ea c tio n  w a s  p r o p o se d  as 
a n u c le o p h il ic  (S n 2 )  su b stitu tio n  rea c tio n  in v o lv in g  w ith  th e  d isp la c e m e n t  o f
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th e  e th o x id e  ( -O C 2 H 5 ) grou p  o f  T E O S  b y  h y d r o x y l io n  ( -O H ) th ro u g h  a p en ta -  

c o o r d in a te  tra n s it io n  sta te . N e v e r th e le s s , th e  k in e t ic s  o f  T E O S  h y d r o ly s is  in  

a lc o h o l m e d ia  w ith  a q u e o u s  a m m o n ia , as a w e a k  b a se  c a ta ly s t , ap p ea rs to  b e  

m o re  c o m p lic a te d . B a se d  o n  th e  p r e v io u s  s tu d ied , it ca n  b e  c o n c lu d e d  that th e  

rate o f  T E O S  h y d r o ly s is  d e p e n d  u p o n  [H 2 O ] and [NEI3 ] w h ic h  h a s  rea c tio n  

ord ers o f  1 .5  an d  1, r e s p e c t iv e ly  (B y e r s  et a l., 1987; B o g u s  and Z u k o sk i, 1 9 9 1 ;  
and V a n  B la a d e r e n  e t a l., 1 9 9 2 ) . M o r e o v e r , ty p e s  o f  a lc o h o l s o lv e n t  a lso  

in f lu e n c e  th e  rate o f  T E O S  h y d r o ly s is  w ith  1-b u ta n o l >  m e th a n o l >  1-p ro p a n o l 
>  e th a n o l >  2 -p r o p a n o l. T h is  ord er m a y  b e  in d u ced  from  th e  h y d r o g e n -b o n d in g  
and s ter ic  h in d ra n ce  e f fe c ts  o f  a lc o h o l m o le c u le s  (H arrier et a l., 1 9 9 0 ) .

S e v e r a l s tu d ie s  rep orted  that th e  rates o f  s i l ic a  p a r tic le  g r o w th  an d  T E O S  
h y d r o ly s is  w e r e  first ord er rea c tio n  w ith  c lo s e ly  v a lu e  o f  s p e c if ic  rate co n sta n t. 
T h e y  su g g e s te d  th at th e  g ro w th  o f  s i l ic a  p a r tic le  to  b e  lim ite d  b y  th e  h y d r o ly s is  

o f  T E O S  (M a tso u k a s  and G u lari, 1 9 8 8 ) . D u e  to  th is  r e a c t io n -c o n tr o lle d  g ro w th , 
th e  m o n o d isp e r se  o f  s i l ic a  p a r tic le s  can  b e  fo rm ed  in  th e  in itia l s ta te  o f  p a rtic le  
g ro w th  th ro u g h  th e  a d d itio n  o f  m o n o m e r ic  an d  o lig o m e r ic  h y d r o ly z e d  T E O S  
s p e c ie s .  S i l ic a  n u c le i  w e r e  fo rm ed  w ith  th e  c o a g u la t io n  o f  p r im ary  h y d r o ly z e d  
p o ly m e r ic  s i l ic a  s p e c ie s  d u r in g  th e  n u c lé a tio n  p er io d . A ls o ,  th e  p ro d u ced  

p a r tic le s  w e r e  u n d er  th e  co n tro l o f  th e  su r fa c e  ch a rg e  d e n s ity  o f  th e se  p a r tic le s  

and th e  io n ic  stren g th  o f  th e  a lc o h o l m e d ia  (B o g u s h  an d  Z u k o sk i, 1 9 8 8 ) .

2 .8  Control of Silica Particle Formation in w / o  Microemulsions

M ic r o e m u ls io n  is  w id e ly  e m p lo y e d  fo r  s y n th e s iz in g  th e  s i l ic a  p a r tic le s  to  

sh a p e  an d  s iz e  d istr ib u tio n  in th e  n e e d e d  o f  u s in g  th e  d iffe r e n t  ty p e s  o f  o il ,  
su rfactan t, an d  a d d it iv e  (A rr ia g a d a  an d  O s s e o -A s a r e , 1 9 9 5 ; 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  E sq u e n a  et a l., 1 9 9 7 ) . A rr ia g a d a  an d  O s s e o -  
A sa r e  ( 1 9 9 5 )  s tu d ie d  h o w  to  co n tro l th e  s iz e  d is tr ib u tio n  o f  s i l ic a  p a r tic le  in
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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 b e n z y l a lc o h o l in c r e a se d  th e  

r ig id ity  o f  w a te r -o il  in ter fa ce . T h e  in ter -m ice lla r  m atter e x c h a n g e  a m o n g  

ty p ic a l d ro p le ts  b e c a m e  to  th e  lo w e s t  rate. T h e y  a lso  fo u n d  that th e  s i l ic a  
p a r tic le  g ro w th  an d  th e  p a r tic le  s iz e  w e r e  in crea sed  a c c o r d in g  to  th e  in c r e a se  in  
c o n c e n tr a tio n  o f  b e n z y l a lc o h o l to  th e  so d iu m  b is (2 - e th y lh e x y l)  s u lfo su c c in a te  
(A O T ) m ic r o e m u ls io n s  sy s te m . C h a n g  and F o g le r  (1996 an d  1997) u sed  

n o n io n ic  w /o  m ic r o e m u ls io n  sy s te m  to  s tu d y  th e  in f lu e n c e s  o f  ty p e s  o f  o i l  and  

su rfa cta n t an d  c o n c e n tr a tio n s  o f  w a ter , o il ,  and  su rfactan t. T h e ir  r e su lts  s h o w e d  
that th o s e  p a ra m eters c o u ld  a ffe c t  to  th e  fin a l s iz e  d is tr ib u tio n  o f  s i l ic a  p a rtic le . 
It w a s  c o n c lu d e d  that an  a d d itio n  o f  o rg a n ic  a d d it iv e s  ( i .e . ,  a lc o h o l)  c o u ld  
co n tro l th e  m ic r o e m u ls io n  d ro p le t an d  th e  s iz e  o f  sy n th e s iz e d  s i l ic a  p a r tic le s . 
E sq u e n a  e t a l. (1997) p r o d u c e d  th e s i l ic a  p a r tic le s  in  w /o  m ic r o e m u ls io n  b y  

u s in g  n o n io n ic  su rfactan t as b lo c k  c o p o ly m e r  an d  p o ly e h ty le n e  g ly c o l  a lk y l  
eth er. T h e y  a lso  in v e s t ig a te d  th e  e f fe c t  o f  a lc o h o l w ith  d iffe r e n t  th e ir  a lk y l  
c h a in  le n g th  an d  c o n cen tra tio n . F ro m  th e  re su lts , th e y  fo u n d  that in c r e a se s  o f  
a lc o h o l a lk y l c h a in  and th e ir  co n c e n tr a tio n s  c o u ld  in c r e a se  th e  s iz e  o f  s i l ic a  
p a r tic le  in  w /o  m ic r o e m u ls io n  sy s te m . T h is  o u tc o m e  im p lie d  that th ere  w a s  a 

s ig n if ic a n t  m a ss  tran sfer  b e tw e e n  m ic r o e m u ls io n  d ro p le ts  d u e  to  th e  in c r e a se  o f  

w a te r -o il in te r fa c ia l f lu id ity .

2 .9  Silica Particle Formation in w / o  Microemulsions from TBOS

T h e  p r e v io u s  s e c t io n  h a s sh o w n  th e  o v e r a ll rea c tio n  o f  s i l ic a  p a r tic le  
fo rm a tio n  fro m  T B O S  v ia  th e  h y d r o ly s is  an d  c o n d e n sa tio n  r e a c tio n s . W h e n  th e  
W /O  m ic r o e m u ls io n  s y s te m  is  u se d  to  form  th e  s i l ic a  p a r tic le s , s o m e  
m e c h a n ism s  in v o lv e  w ith  th e  d y n a m ic s  a m o n g  m ic r o e m u ls io n  d ro p le ts  are 

c o m p r e h e n d e d  in  th is  s e c t io n .
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T h e  m ic r o e m u ls io n  rea c tio n  m e d ia  c o n s is ts  o f  tw o  m a in  p h a se s  o f  a 

c o n tin u o u s  o il  p h a se  c o n ta in in g  so lu b il iz e d  T B O S  m o le c u le s ,  an d  a d isc r e te  
a q u e o u s  p h a se  c o n ta in in g  a m m o n ia  an d  w a ter . T B O S  m o le c u le s  d if fu s e  in to  

th e  in ter fa c ia l su rfactan t la y er  and are th en  h y d r o ly z e d  ra p id ly  to  fo rm  s i l ic a  
h y d ro u s  o x id e  s p e c ie s  w ith  s il ia n o l g ro u p s (S iO H ). T h e se  T B O S  m o le c u le s  are  
b o u n d e d  at th e  o il-w a te r  in ter fa ce  an d  c o n d e n se d  in to  la rg e  p o ly m e r ic  s i l ic a  
m o le c u le s  w h ic h  w il l  further g r o w  in to  s i l ic a  sp h eres . T h e  en tire  s i l ic a  p a r tic le  

g ro w th  p r o c e s s  g e n e r a lly  la sts  for  a w e e k , p resu m a b ly  d u e  to  th e  s lo w  rate o f  

T B O S  h y d r o ly s is .  T h e  d ia m eter  o f  f in a l s i l ic a  p a r tic le s  is  in th e  ra n g e  o f  3 0  - 7 0  
n m  w h ic h  is  s ig n if ic a n t ly  larger than  that o f  m ic r o e m u ls io n  d ro p le ts . T h e  en tire  
p r o c e s s  o f  th e  fo rm a tio n  o f  s i l ic a  p a r tic le s  in  m ic r o e m u ls io n  is  illu stra ted  
s c h e m a t ic a lly  in  F ig u re  2 .3 .

T h e  fin a l s iz e  an d  d istr ib u tio n  o f  s y n th e s iz e d  s i l ic a  p a r tic le s  are a f fe c te d  b y  
v a r io u s  fa c to rs  su c h  as th e  c o n c e n tr a tio n s  o f  su rfactan t, w a ter , an d  a m m o n iu m .  
T h e  e x c e s s iv e  a m o u n ts  o f  su rfactan t, w a ter , and  a m m o n iu m  are e s se n t ia l  to  
e s ta b lish  a r ig id ity  su rfa c ta n t-w a ter  la y er  o n  th e  s i l ic a  su r fa ce . T h is  a d ju stm en t  
is  n o t o n ly  to  p rev en t s i l ic a  p a r tic le  fro m  a g g r e g a tin g , b ut a lso  to  in c r e a se  th e  

r ig id ity  o f  su rfactan t in ter fa ce . F u rth erm ore, s o m e  a q u e o u s  c o m p a tib le  

m a ter ia ls  ( i .e . ,  a lc o h o l)  ca n  a lter th e  p h y s ic a l and c h e m ic a l ch a r a c te r is t ic s  o f  

m ic r o e m u ls io n  d rop let. C o n se q u e n tly , th e  in terch a n g e  d y n a m ic  a m o n g  
m ic r o e m u ls io n  d ro p le ts  is  in c r e a se d  in  th e  term s o f  in te r -m ic e lla r  m atter  
e x c h a n g e , d u e  to  th e  in ter fa c ia l f ilm  b e c o m e s  m o re  f le x ib le  fro m  th e  a d so rp tio n  

o f  a lc o h o l m o le c u le s  o n  s i l ic a  su r fa ce . A  m o re  c le a r ly  d ia g ra m  c a n  b e  

illu stra ted  in  F ig u r e 2 .4 , that d e sc r ib e s  a ll o f  s i l ic a  p a r tic le  g ro w th  m e c h a n ism s  
(E sq u e n a , 1 9 9 7 ) .
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Diffusion of TBOS 
Step

Reactions & 
Nucléation Step

Diffusion of Nuclei 
Step

Growth Step

/  NFigure 2.3 O v era ll m e c h a n ism s  o f  s i l ic a  p a r tic le  g ro w th  fro m  
T B O S  h y d r o ly s is  (C h a n g  an d  F o g le r , 1 9 9 7 )
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Figure 2 .4  C a te g o r ie s  o f  s i l ic a  p a r tic le  g ro w th  in  พ / ( ว  m ic r o e m u ls io n
sy s te m
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