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The NH3-catalyzed formation of colloidal silica particles from tetra-ethyl-orthosilicate (TEOS) in 
methanol and ethanol is studied by means of light scattering and Raman spectroscopy. We find that the 
growth is characterized by an incubation period after which no significant nucleation takes place. The 
particles have uniform, non-fractal structure and show low polydispersity. In the presence of excess water, 
the rate-limiting step is the hydrolysis, which is a first-order process in the orthosilicate concentration. 
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INTRODUCTION 

Base- and acid-catalyzed hydrolysis and 
condensation of silicon alkoxides has become 
of interest because of the potential use in glass 
and ceramic processing. Alkoxides, which can 
also be viewed as esters of the weak silicic acid 
Si (OH)4 ,  undergo hydrolysis in the presence 
of water and subsequently form a siloxane 
network by a condensation reaction which is 
often termed a "polymerization." This reac- 
tion takes place at neutral pH but it is accel- 
erated in both acidic and basic environment. 
Generally speaking, an acidic environment 
promotes the formation of a gel while a basic 
environment favors the formation of a stable 
sol (1). 

Spectroscopic techniques have been widely 
used to study the kinetics of this reaction sys- 
tem. IR and Raman spectroscopy provide 
useful information about the kinetics of hy- 
drolysis through the vibrational modes of the 
orthosilicate (2-4). They are rather insensitive 
though to the products of hydrolysis and al- 
though some band assignments have been of- 
fered (4), a quantitative description is not easy. 
NMR has been used to obtain information on 
a molecular level and many intermediate spe- 

1 To whom correspondence should be addressed. 

cies have been identified as precursors of the 
silica network (5-8) but little information has 
been obtained on the extent of growth, since 
large species give rise to broad and weak res- 
onances (6). Scattering techniques are more 
suitable for studying the growth of the poly- 
meric units and SAXS has been successfully 
used to study their size and structure (5, 9- 
11). In their majority, however, these works 
have focused on the conditions that produce 
a gel, namely high orthosilicate concentration, 
low water-to-orthosilicate ratio, and acidic or 
weakly basic environment. 

The presence of ammonia promotes the 
formation of spherical particles, whether the 
final result is a gel (11, 12) or a stable suspen- 
sion (1, 13). The production of uniform-size 
colloidal silica from alkoxides was first re- 
ported by Stoeber et al. (13), who used various 
alkoxides in pure alcohols and alcohol mix- 
tures and investigated the shape and distri- 
bution spread of the particles as a function of 
the water and ammonia content. An extensive 
characterization study of the sol by means of 
light scattering, electron microscopy, and ul- 
tracentrifugation was reported by Van Helden 
et al. (14). These studies have established the 
picture of spherical particles of low polydis- 
persity and sizes which range from a few 
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nanometers to almost a micron as the am- 
monia concentration is increased. Keefer (9) 
used SAXS to monitor the formation of small 
particles by hydrolyzing TEOS in a weakly ba- 
sic ethanol solution. He observed that the 
growth of the particles was independent of the 
size of the particle, and concluded that the 
growth was limited by the slow hydrolysis. It 
must be noted, however, that he worked at 
low water/TEOS ratios which are expected to 
inhibit the hydrolysis step. 

The formation of a stable sol of spherical 
and relatively monodisperse silica particles can 
be qualitatively understood in terms of surface 
stabilization and the competing effect of nu- 
cleation and growth. At high pH, the particle 
surface attains a negative charge and this sta- 
bilizes the sol against aggregation. The low 
spread of the distribution is indicative of a 
process in which nucleation is limited to the 
early stages and the "monomer" reacts pref- 
erentially with existing particles rather than 
nucleating. The spherical shape of the particles 
can be accounted for by simple growth models 
based on monomer addition to the surface of 
an existing particle in the presence (15) or ab- 
sence (9) of a screened coulombic potential. 
This picture though is qualitative and does not 
address the fact that increasing NH3 promotes 
the formation of larger particles. The picture 
becomes even more complicated when we 
consider that the active monomer (hydrolyzed 
orthosilicate) is continuously released by the 
hydrolysis reaction which proceeds at a time 
scale comparable to that of the growth. 

The purpose of this work has been to get 
information about both the dynamics of nu- 
cleation and growth and the kinetics of hy- 
drolysis in the presence of ammonia. Infor- 
mation about the dynamics was obtained by 
the scattered intensity and the hydrodynamic 
radius as measured by laser light scattering. 
The kinetics were followed by Raman scatter- 
ing. This last method also allowed us to obtain 
simultaneously information about the rate of 
growth by making use of Rayleigh scattering 
of the plasma lines. 

LIGHT SCATTERING FROM A SUSPENSION 
OF PARTICLES 

The intensity of light scattered at an angle 
0 by a suspension of particles is given as (16) 

I = ~ i2niP(qri), [1] 

where ni is the number concentration of par- 
ticles of mass i (in units of monomer), ri the 
radius of the particle, q -- (47rn/X)sin(O/2) the 
scattering wavevector, and P(qr~) the form 
factor, which is determined by the particle ge- 
ometry. The above equation is valid for dilute 
systems, i.e., systems for which 27r/q >> L, 
where L is the mean interparticle distance, 
roughly equal to N 1/3, N being the total num- 
ber density of the particles (17). In the Guinier 
region (qr < l) the form factor is given by (9) 

P(qr) = e -~qr~2/5. [2] 

Assuming that the particle distribution has 
relatively narrow spread, the intensity takes 
the form 

I = ( ~  iEni)P(qr) = M2P(qr) = ~ P(qr), 

[3] 

where r is an average radius and Mk = ~ i  ikni 
is the kth-order moment of the distribution. 
It can be easily verified that M0 is the total 
number of particles and Ml their mass. Note 
that the above summations refer to the particle 
population, without including the monomer. 
The justification for this comes from the ex- 
perimental observation that the intensity of a 
solution of unhydrolyzed monomer is within 
the solvent-noise background which implies 
that the monomer contribution to the intensity 
is negligible. This is even more so when sizable 
particles have been formed whose contribution 
to the intensity is dominant due to the mass- 
squared dependence. 

When the number of particles Mo remains 
constant, i.e., the monomer is consumed in 
reaction with existing particles (growth) rather 
than with unreacted monomer (nucleation), 
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the intensity provides a direct measure of the 
total particle mass and Ml can be written as 

MI \P(qr)]  " [41 

In such a case, the extent of the reaction and 
product formation can be readily followed by 
intensity measurements. The assumption of 
constant M0 which is necessary to provide this 
simple relation is justified by the experimental 
observation (13, 14) that the resulting particles 
are of uniform size and shape, which is con- 
sistent with a process where nucleation is lim- 
ited to the early stages and once the nuclei 
have been formed, growth is the dominant re- 
action. On the experimental side, direct veri- 
fication of this assumption can come from Eq. 
[3]. In the general case of particles of fractal 
dimension Df, the total mass scales with the 
radius as M1 "" Morn:(18)  and the 2nd mo- 
ment takes the form 

I 
M2 = - -  ~ Mor29L [5] 

P(qr) 

For constant M0, a log-log plot of M2 vs r 
should yield a straight line with a slope of 2Dr. 
For uniform (non-fractal) particles, 2Df  = 6. 

EXPERIMENTAL 

The experiments were done with dilute so- 
lutions of TEOS in ethanol and methanol, 
typically 0.087 mole/liter. Concentrated am- 
monium hydroxide (30% in NH3) was diluted 
in deionized water to produce solutions of de- 
sired normalities. Samples for the light scat- 
tering experiments were filtered through a 0.2- 
~tm microfilter and centrifuged. 

In order to minimize interparticle interac- 
tions and multiple scattering during growth 
experiments, light scattering has to be per- 
formed in dilute solutions. For the experi- 
ments shown here, the composition of the so- 
lution was 0.0087 mole/liter TEOS, 1.2-1.6 
moles/liter NH3, and 3.2 moles/liter water. 

Raman experiments must be conducted at 
higher TEOS concentrations because of de- 

tectability limitations. Also a lower ammonia 
concentration is necessary since large particles 
obscure the spectrum through intense Ray- 
leigh scattering. Typical concentrations were 
0.4 mole/liter TEOS, 0.65 mole/liter NH3, and 
8.5 moles/liter water. In all the experiments, 
the water-to-orthosilicate ratio was well above 
the stoichiometric 4/1 for complete hydrolysis 
and 2/1 for the overall reaction (for complete 
condensation to SIO2). 

Light scattering experiments were per- 
formed using an argon ion laser operating at 
the 514.5-nm line. Raman spectra were ob- 
tained at an excitation wavelength of 488 nm. 

Particle sizes were measured simultaneously 
with the intensity using dynamic light scat- 
tering. The radius was calculated from the 
Stokes-Einstein equation 

k T  
g -  

67r~Dz ' 

where the z-average diffusion coefficient Dz 
was obtained from the initial slope of the au- 
tocorrelation function by the use of a second- 
order cumulant expansion. 

All the experiments reported here were done 
at 25°C. 

RESULTS 

(a) L ight  Scattering 

Because of the low miscibility between the 
unhydrolyzed orthosilicate and water, a mu- 
tual solvent must be used, such as an alcohol 
(methanol and ethanol in this study). The sol- 
vent used and the concentration of ammonia 
are two factors upon which the final size of 
the particles strongly depends. This is shown 
in Fig. 1 for a TEOS concentration of 0.087 
mole/liter. In both solvents increasing con- 
centration of ammonia results in larger par- 
ticles. This effect is stronger in methanol. Par- 
ticles grown in ethanol attain larger sizes than 
those in methanol and this is more pro- 
nounced in the low ammonia concentration 
region. This difference becomes progressively 
smaller as the concentration of ammonia in- 
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FIG. 1. The effect of  ammonia concentration on the 
particle size. Concentration of T E O S =  0.087 mole/liter. 

creases and, eventually, particles in either sol- 
vent grow to comparable sizes. 

The same factors that determine the size of 
the particles also affect directly the rate of 
growth. Figure 2 shows the scattered intensity 
from particles grown in the two alcohols, and 
under different concentrations of ammonia. 
In all cases we initially observe an induction 
period during which the intensity remains 
constant at the background level. Dynamic 
light scattering produces no meaningful au- 
tocorrelation functions and no particle sizes 
can be determined during this period. This is 
followed by a steady increase in intensity 
which finally reaches a steady-state value when 
all the monomer has been consumed. The 
evolution of the particle diameter is even 
faster, and interestingly enough, the smallest 
sizes detected are already within 50-70% of 
their final values. The near exponential decay 
of the autocorrelation function suggests nar- 
row particle distributions. Polydispersities, 
customarily reported as K2/K 2, where Ki is the 
ith-order cumulant, were typically found to 
be less than 0.05. Upon increasing the con- 
centration of ammonia we observe a shorter 
incubation time and overall faster growth rate. 
The final intensity is also higher, reflecting the 
production of larger particles, but this is not 
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FIG. 2. The scattered intensity at 0 = 120 ° from particles 
grown in methanol (M 1, M2) and ethanol (E). The con- 
centration of  ammonia is 1,6 moles/liter for E and MI 
and 1.2 moles/liter for M2. 

shown in Fig. 2 because intensities have been 
normalized to their steady-state value. When 
the growth takes place in ethanol, the overall 
picture is the same, except that the growth rate 
is considerably slower. While not shown here, 
increasing the concentration of ammonia re- 
suits in faster growth, as with methanol. 

The log-log plot of M2 vs r is shown in Fig. 

• k • 

Aa • • 

0 i i i i 

1.5 1.6 1.7 1.8 1.9 

LOG (Radiuslnm) 

FIG. 3. The second moment  vs the radius for sample 
(E). The second moment  M2 is calculated as HP(qr). The 
linearity of  this plot shows that the number of  particles is 
conserved. 
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3 for the particles grown in ethanol. We see a 
linear dependence and a least-squares fit pro- 
duces a slope of 6.1. From this we conclude 
that the number of  particles remains constant, 
at least after the particles have attained 50% 
of their final size (corresponding to 13% con- 
version of the monomer).  The larger slope in 
the small size region of  the graph could be 
attributed to ongoing nucleation, but  it must 
be noted that sizes in this region correspond 
to weak autocorrelations due to the low scat- 
tered intensity. Second, from the slope of this 
graph we obtain Df = 3.1 ___ 0.05, which in- 
dicates uniform, non-fractal particles. While 
this cannot be considered an accurate deter- 
mination of the fractal dimension, it is in 
agreement with the results by Keefer (9) for 
conditions of complete hydrolysis. 

The high power of  the intensity-radius cor- 
relation is responsible for the fact that we do 
not detect particle sizes during nucleation: the 
intensity which is scattered by particles with 
a diameter 35% of  the final diameter is only 
about 0.2% of  the final scattered intensity. This 
intensity is most often within the background 
level and is insufficient to produce any accu- 
rate autocorrelation functions within a rea- 
sonable amount  of  collection time. 

The intensity was analyzed assuming simple 
first-order kinetics. The total mass M1 calcu- 
lated from Eq. [4] and plotted as In(1 - M~/ 
Ml(OO)) vs time is shown in Fig. 4. Except for 
the incubation period, this simple form de- 
scribes remarkably well the growth in b o t h  
ethanol and methanol. This indicates that the 
equation of growth is of the form 

dMl 
- k ( c  - M I ) .  

dt 

Since c - MI can be identified as the unreacted 
monomer,  it appears that the growth depends 
upon the availability of  the monomer,  but not 
explicitly upon the size of the particle. If the 
number of  reactive sites depends on the size 
of the particle, the equation of growth should 
be of the form 

,= 

I 

0 
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FIG. 4. Linearized plot of the particle mass M1 vs time. 
MI is calculated as (I/P(qr)) m. The linearity shows that 
the growth is first order in the concentration of the un- 
reacted monomer. 

dMl 
- -  = k ' ( c  - M 1 ) M ~ ,  

dt 

where for surface reaction a = J. The fact that 
explicit dependence on Ml is absent leads to 
the conclusion that the growth is limited by 
the rate of monomer  release and this is first 
order in the orthosilicate. 

Table I summarizes the results from the 
growth experiments and shows the rate con- 
stants extracted from the slope of  the linear 
plots of Fig. 4. We see that under otherwise 
identical conditions the growth rate in ethanol 
is one-third of  that in methanol. 

(b) Raman Spectra 

Raman spectroscopy was used in order to 
obtain information simultaneously about both 
the kinetics of hydrolysis and the extent of  the 
polymerization reaction. The hydrolyzing 
monomer  can be readily followed through its 
characteristic band at 664 cm-l  due to the Si- 
O-Et  bond. The same is not true for the Si- 
O-Si network, which lacks any characteristic 
bands that can lead to a quantitative descrip- 
tion of the growth. To overcome this problem, 
we made use of  plasma lines. These are sharp 
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TABLE I 

TEOS Ammonia Diameter k 
Sample (mole/liter) (moles/liter) (nm) (rain -~) 

M1 0.0087 1.6 57 0.052 
M2 0.0087 1.2 46 0.046 
E 0.0087 1.6 160 0.017 

lines normally found in the beam and under 
conventional operation a grating is used to re- 
move them. However, if they are left in the 
beam, they will appear in the spectrum only 
through Rayleigh scattering in the presence of 
suitable scatterers. It is important to note that 
these lines convey no chemical information 
and their position in the spectrum is fixed, in- 
dependent of the chemical nature of the spe- 
cies that scatter them. Their intensity depends 
on the size and concentration of the scatterers, 
according to the principles outlined in the 
previous sections. Monitoring their intensity 
as a function of time provides a very simple 
way to follow the particle growth, along with 
the evolution of the Raman bands of the or- 
thosilicate. This allows a direct comparison of 
the hydrolysis rate to that of the growth. 

Figure 5 shows typical spectra of TEOS in 
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FIG. 5. Raman spectra of  TEOS in methanol at different 
times. The peaks at 664 and 807 cm -1 are due to the or- 
thosilicate. The rising band at 880 cm -1 is due to the 
ethanol released during the hydrolysis. The growing lines 
at 740, 563, and 531 cm -1 are plasma lines. 

methanol at different times. The peaks at 807 
and 664 cm -~ are due to the orthosilicate and 
they diminish with time. The emerging band 
at 880 is due to ethanol produced during the 
hydrolysis. The sharp lines at 740, 563, and 
531 wavenumbers are all plasma lines and they 
increase with time. Upon the completion of 
the reaction, the spectrum consists of the bands 
of methanol and ethanol and the plasma lines. 
No new bands characteristic of the silica net- 
work were detected in the spectral region that 
we monitored. Figure 6 shows the evolution 
of the integrated intensity of the orthosilicate 
(664 cm-1), ethanol (880 cm-1), and a plasma 
line (740 cm-~). The evolution of the plasma 
line exhibits the characteristic incubation pe- 
riod seen in the light scattering experiments, 
but no such a feature is observed in TEOS or 
ethanol. 

Following the results of the light scattering 
experiments, the integrated intensity of these 
bands was analyzed by assuming first-order 
kinetics. The linearized forms are plotted as 
ln(y) vs time in Fig. 7, where y is defined as 

YxEos = I(t)/l(O) 

Yzton = 1 - I(t)/I(~) 

Y p l a s m a  = 1 - -  V I ( t ) / I ( ~ ) .  

I00 

8o / 

z ~ / v EtOH 

i , o  

0 { ~-~t~7 , I I i 
0 20 40 60 80 100 120 

TIRE (min) 

FIG. 6. Integrated intensity of  the Raman  bands as a 
function of time. Notice the incubation t ime in the evo- 
lution of  the plasma line. This feature is not observed with 
the bands of TEOS and ethanol. 
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FIG. 7. Linearized plot of the intensity of the Raman 
and plasma bands (see the text for the definition of y). All 
the points fall on a single line. 

It can be seen that all the points seem to fall 
on a single line with slope equal to the pseudo- 
first-order rate constant of hydrolysis. The or- 
thosilicate appears to evolve with a somewhat 
smaller slope but the production of  ethanol 
correlates very well with the growth of the 
plasma line. A similar plot obtained from par- 
tides grown in ethanol is shown in Fig. 8. We 
observe much slower kinetics, partly because 
lower concentration of ammonia was used to 
avoid the formation of very large particles. The 
correlation between the TEOS band and the 
plasma line is good. The deviations observed 
at longer times are most probably due to the 
inaccuracies involved in the integration of  the 
weak orthosilicate bands. The ethanol bands 
are not shown for this sample because the 
amount released during the hydrolysis is a tiny 
portion of the excess alcohol present as solvent. 

The absence of  bands from partly hydro- 
lyzed species is consistent with a fast conden- 
sation reaction, although these bands are not 
expected to be very strong in the dilute samples 
that we used. These results are in agreement 
with our light scattering results. The correla- 
tion between the rate of growth, as obtained 
from the plasma line, and the rate of hydrolysis 
is a direct evidence that the hydrolysis is the 
rate-limiting step. 

DISCUSSION 

It is interesting to observe that the growth 
process is controlled by the rate of  hydrolysis 
even for large water-to-orthosilicate ratios, but 
we also realize that this provides a good basis 
for explaining the experimental observations 
concerning the base-catalyzed growth in al- 
cohol solutions. These observations can be 
summarized as follows: (a) Reaction rates are 
faster in methanol. (b) Under otherwise iden- 
tical conditions, particles grow larger in 
ethanol. (c) Ammonia  increases the reaction 
rate and promotes the formation of  larger par- 
ticles. (d) Low water concentration favors the 
production of  larger particles but excess water 
has the opposite effect (13, 14). 

The size of the particles is directly related 
to nucleation. The monomer  is consumed in 
reaction either with monomers to produce 
nuclei or with existing particles. Factors that 
promote nucleation must result in smaller 
particles while factors that favor growth should 
have the opposite effect. Nucleation can be a 
kinetic phenomenon resulting from a low 
monomer -monomer  reaction rate. It can also 
be a dynamic effect determined by the two 
competing processes, nucleation and growth. 
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FIG. 8. Linearized plot of the intensity of the Raman 
and plasma bands from particles grown in ethanol (see 
the text for the definition of y). As with methanol, the 
growth rate follows the rate of hydrolysis. 

Journal of Colloid and Interface Science, Vol.  124, No .  1, Ju ly  1988 



G R O W T H  O F  S ILICA P A R T I C L E S  259 

In the latter case, hydrolysis plays a dominant 
role since it controls the availability of  the hy- 
drolyzed monomer.  If  nucleation is defined as 
the reaction between two monomers, then the 
nucleation rate is a second-order reaction in 
the concentration of the active (hydrolyzed) 
monomer,  whereas growth is first order. 
Monomer -monomer  reaction is significant 
only during the early stages of  the process, 
when the concentration of  grown particles 
(and hence the rate of  growth) is low. Under 
conditions of low concentration of hydrolyzed 
monomer  (hydrolysis the rate-limiting step) 
and in the presence of  already grown particles, 
the main process of  monomer  consumption 
is growth. This is even more so when the sta- 
bility of the nuclei is taken into account. In 
this case the apparent order of nucleation is 
larger than 2 and this introduces an additional 
bias against nucleation. In the other extreme, 
when the rate of  hydrolysis is faster than the 
rate of monomer  reaction, the increased con- 
centration ofhydrolyzed monomer must result 
in higher nucleation rate and more particles, 
which also means smaller sizes. Therefore, hy- 
drolysis has a direct effect upon nucleation and 
the resulting particle size, and if all other fac- 
tors remain the same, factors that inhibit hy- 
drolysis inhibit nucleation as well and produce 
larger particles. 

The faster kinetics observed under higher 
ammonia concentrations must be attributed 
to the higher hydrolysis rate. However, the ef- 
fect of ammonia goes beyond increasing the 
rate of monomer  release. This is evident by 
the fact that ammonia  also promotes the for- 
mation of larger particles. Arguments based 
on a simple monomer  addition model (19) 
show that under kinetic limitation of mono- 
mer release, the rate of  growth reflects the rate 
of release, but the rate of  nucleation (and thus 
the final size) depends on the ratio of the hy- 
drolysis rate to the monomer  reaction (poly- 
merization) rate. We think that the effect of  
ammonia is exactly this, i.e., to promote hy- 
drolysis, but also to promote the polymeriza- 
tion rate to an even higher degree, resulting in 

faster kinetics (still hydrolysis limited), and 
larger sizes. 

Along the same lines we can predict the be- 
havior under different concentrations of water. 
In the presence of excess water, the rate of  
hydrolysis is first order in the orthosilicate and 
the pseudo-first-order rate constant is a func- 
tion of the water concentration. We cannot 
discern much about the reaction order with 
respect to water, but we expect it to be some- 
where between 1 and 4. In any case, the rate 
constant must increase with increasing water 
concentration and this should lead to faster 
kinetics and smaller particles. Indeed, faster 
kinetics and smaller particles were observed 
when instead of  pure ethanol we used a 50% 
vol solution of water in ethanol. At low (close 
to stoichiometric) water concentrations we do 
not expect our arguments to hold. Water is 
consumed during the hydrolysis and the rate 
"constant" is not constant any longer. 

The effect of the solvent is not easily ex- 
plained. We speculate that the re-esterification 
reaction (reverse hydrolysis) is responsible and 
it can indeed account for our observations. 
The reversibility of the hydrolysis reaction is 
known, and it has been experimentally dem- 
onstrated by Brinker and co-workers (5), who 
detected mixed silicate esters in reactions tak- 
ing place in alcohol mixtures. With higher al- 
cohols, this reaction has been used directly to 
coat the particle surface with an organophilic 
layer (14). We may expect then that under ex- 
cess alcohol the reverse reaction will be sig- 
nificant. Given the fact that methyl orthosil- 
icate is more reactive than its ethyl counter- 
part, we can understand why the rates are 
higher in methanol than in ethanol. If  in ad- 
dition to that, the rate of  condensation is the 
same in both alcohols, then larger particles will 
be produced under conditions of  slower hy- 
drolysis, i.e., in ethanol, which is what we ex- 
perimentally observe. Unfortunately, we failed 
to detect any Si -O-Me bands in our Raman 
spectra. This could also be because of the 
reactivity of the bond and the fact that the 
dilute samples we used give rise to weak bands. 
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Some c o m m e n t s  are due with respect to dif- 
fusion, especially since first-order processes are 
often indicative o f  mass  t ransfer  l imitations.  
While the role o f  diffusion m a y  not  be negli- 
gible, it cannot  account  for the observed dy- 
namics. I f  diffusion were the rate-limiting step, 
then by decreasing the diffusion coefficient (by 
increasing the viscosity of  med ium,  for in- 
stance) smaller  sizes are expected (20), as the 
slow reaction rate increases the concentra t ion  
of  the hydrolyzed m o n o m e r  and  the nucle- 
a t ion rate. Ethanol  has m o r e  than  twice the 
viscosity of  methanol ,  yet particles grow m u c h  
larger in ethanol.  In  light o f  the R a m a n  ex- 
periments ,  the evidence points  towards hy- 
drolysis as the rate-l imiting step. I f  diffusion 
is faster than  the rate of  hydrolysis, then  the 
question is how it compares  with the rate of  
condensat ion.  As long as the overall rate is 
controlled by  the hydrolysis, this quest ion 
cannot  be answered. The  relative impor tance  
o f  the two processes will not  affect the overall 
rate of  growth. It  will affect, though,  the in- 
ternal distribution of  mass  among  the particles 
and possibly within the particles as well, in 
te rms of  fractal or  non-fractal  s tructure (21). 
It seems that  at this level the process is con- 
trolled by  the condensa t ion  reaction (9) and  
this is also suppor ted  by  the un i fo rm structure 
of  the resulting particles (non-fractal particles), 
a l though as shown by H u r d  (15), such a result 
m a y  also be consistent with a diffusion-limited 
growth in the presence o f  a screened cou lom-  
bic particle interaction.  

CONCLUSIONS 

In conclusion,  we have shown that  the am-  
monia-ca ta lyzed  growth of  colloidal silica 
particles f rom TEOS in a lower alcohol is con- 
trolled by  the rate of  hydrolysis, which under  
excess water  is first order  in the orthosilicate. 
Based on this, mos t  o f  the exper imenta l  ob- 
servations concerning this process can be un- 
derstood. We  exper imenta l ly  showed that  the 
n u m b e r  of  particles is conserved through the 
ma jo r  par t  o f  the growth, which implies  that  

nucleat ion is l imited to the early stages o f  the 
process. We have offered a quant i ta t ive  inter- 
pretat ion o f  our  light scattering experiments ,  
and  finally, we demons t ra t ed  the use of  the 
p lasma lines as a means  o f  obtaining simul- 
taneous  in format ion  on  the extent  o f  the con-  

• densat ion reaction along with the chemical  
in format ion  conta ined  in the R a m a n  spec- 
t rum.  
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