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Abstract — We have investigated effects of the reaction conditions such as mixing of solution, reactant concentration,
feeding time and moleccular weight of alcohol solvents on the size and morphology of silicon oxide in a sol-gel process in
Rushton type reactor. To describe the intensity of mixing of solution the power input, which means the cnergy dissipated
in the solution, was used. The particle nucleation and growth processes of silicon oxide were varied with all the reaction
conditions. However, the particle morphology of silicon oxide depended mostly on the reactant concentration and mole-
cular weight of alcohol solvents under various reaction conditions. If the supersaturation level of silicon oxide in the solu-
tion was promoted by variation of reaction conditions, the particle nucleation and growth processes were facilitated and it
resulted in reduction of relative induction time and in increase of mean particle size of silicon oxide. To explain the prin-
cipal mechanism of particle growth process of silicon axide the two-step growth model was applied.
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INTRODUCTION

Since the sol-gel process has advantages on the control of
the purity and size of particles in the synthesis of fine powders,
this process is one of the most popular ways to produce the
fine powder for engineering ceramics.

Since Stober et al. [1968] studied on the synthesis of silicon
oxide powder with silicon alkoxide by sol-gel process, a lot of
investigations on synthetic powder processes has been carried
out [Bell and Matijevic, 1974; Barringer and Bowen, 1982;
Ogihara et al., 1988; Jean and Ring, 1986; Okamura et al.,
1986]. Most their studies focused on synthesis of spherical
ceramic powders by sol-gel process and observed variations of
particle size and morphology of powder with varying ex-
perimental conditions such as reactant concentration and reac-
tion temperature. However, they did not suggest any engineer-
ing model to describe the influence of experimental conditions
on particle formation and particle growth in the sol-gel process.

To descibe growth mechanism of the particle in the sol-gel
process Nakanishi and Takamiva [1988] used a chronomal ana-
lysis which was derived to predict the crystal growth in crys-
tallization processes [Nielson, 1964]. In the sol-gel process sil-
icon oxide is supersaturated by hydrolysis and condensation of
silicon alkoxide, as in the reaction crystallization, and it results
in formation and growth of silicon oxide particles, which is
called a sol, because silicon oxide has very low solubility in
the solution. According to a chronomal analysis of Nakanishi
and Takamiya [1988], the particle growth process of the silicon
oxide in the scl-gel process was described by two-dimensional
polynuclear growth model [Ohara and Reid, 1973}, which was
derived on the basis of assumptions of polynucleation on the
particle surface and no lateral growth rate of nuclei. In this
growth model the particle growth rate of silicon oxide was as-
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sumed to be controlled by polynucleation rate on the particle
surface, which is frequently called as “surface reaction”. How-
ever, this growth model did not consider an influence of hy-
drodynamic condition of the solution, such as turbulent mixing
of reactants and solution, on the particle growth process and
did not include a particle formation process in the solution.

In gereral, it is sure that the particle growth process in a
solution is mostly dependent on the supersaturated concentra-
tion of solute and the hydrodynamic condition of solution. In
the crystallization of barium sulfate Leung and Nancollas
[1978a, 1978b] and Liu and Nancollas [1973, 1975] observed
that at low supersaturation level of barium sulfate the particle
growth rate were controlled by supersaturated concenfration of
barium sulfate rather than by hydrodynamic condition of solu-
tion. Silmilar dependency of particle growth process on the su-
persaturated concentration of calcium sulfate at low super-
saturation level was also measured by McCartney and Alex-
ander [1958]. From those experimental data they insisted that
the particle growth process of barium sulfate and calcium sul-
fate be determined by the surface reaction rate.

However, Kim and Tarbell {1991, 1996] showed that at high
supersaturation level of barium sulfate the hydrodynamic con-
dition of solution such as turbulent mixing became important to
the particle growth process in barium sulfate crystallization. Ac-
cording to Kim and Tarbell, the particle growth rate increased
with increase of agitation speed of solution and it was predicted
by the micromixing model which was based on the two-step
growth model {Karpinski, 1985] and 3-E closure model [Dutta
and Tarbell, 1989; Mehta and Tarbell, 1987].

In this study we studied the effects of reaction conditions of
the solution, such as hydrodynamic conditicn of solution, reac-
tant concentration, feeding time and molecular structure of al-
cohol solvents, on the silica particle formation and particle
growth in the sol-gel process. Since these reaction conditions
are suspecious to be related with production of supersaturation
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level of silicon oxide in the sol-gel process, it is expected that
they may give a clue to understanding a basic mechanism of
particle growth process.

The two-step growth theory suggested by Karpinski [1985]
was used to describe the particle growth mechanism of silicon
oxide in the sol-gel processes.

BASIC MECHANISM FOR PARTICLE SYNTHESIS

In the sol-gel process the silicon oxide is produced by the
consecutive reactions of hydrolysis and condensation of silicon
alkoxide as follows;

Si(OR). + 4H,0 - Si(OH), + 4ROH )
Si(OH), - Si0. + 2H.0 @)

where R indicates alkyl group. In the sol-gel process of silicon
alkoxide, generally, since the reaction rate of hydrolysis is slow,
an acidic or alkalic homogeneous catalyst is used to facilitate
the hydrolysis rteaction. In present study ammonia solution is
used as a catalyst to promote the reaction of hydrolysis of tetra
ethyl ortho silicate (TEOS). It should be noted that in general
the condensation reaction of silicon hydroxide is much faster
than the hydrolysis reaction of silicon alkoxide.

The synthetic processes of silicon oxide powder by sol-gel
method may be schematically cxpressed as shown in Fig. 1. In
an alcohol solvent the silicon alkoxide has high solubility
while the silicon oxide produced by the consecutive reactions
of hydrolysis and condensation of the silicon alkoxide is al-
most insoluble. Therefore, the solution is supersaturated with
the silicon oxide and it results in formation of tiny solid par-
ticles of silicon oxide, which are called as nuclei, and in
growth of the particles in the supersaturated solution of silicon
oxide.

To describe the particle growth process in the supersaturated
solution the two-step growth model which was suggested by
Karpinski [1985] is frequently used. In this model the particle
growth process is composed of two steps; one is mass transfer
step and the other is surface reaction step. Mass transfer step is
to describe the molecular transport of silicon oxide from the
bulk to the particle interface and surface reaction step is to

(i Iydrolsis)
M(OR), * M(OH);

| (Condensation)

Particle Growth - MO

Particle Nucleation

Fig. 1. Schematic diagram for powder synthesis mechanism in
sol-gel processes.

predict the integration of silicon oxide into particle surface. If
we assume a spherical morphology for all particle sizes, the
two-step growth model can be expressed as,

C - Cq =pG/km +(pG/k, )7 €)]

where C 1s the silicon oxide concentration at the bulk solution,
C; is the silicon oxide concentration at the equilibrinm (that is,
solubility), k, is the mass transfer coefficient, k, is the surface
reaction rate constant, r is the surface reaction order, p is the
particle density and G is the linear growth rate of particle de-
fined as dR/dt, where R is the radius of the spherical particle.
In Eq. (3) if the mass transfer rate is dominant to the surface
reaction rate, the particle growth is controlled by the surface
reaction step and if vice versa, the mass transfer step de-
termines the particle growth rate. It is interesting that the mass
transfer rate is sensitive to the hydrodynamic condition around
the particle while the surface reaction rate is independent of the
hydrodynamic condition.

EXPERIMENT

To produce the silicon oxide powder by the sol-gel method
TEOS (Fluka, ACS Grade) was used as a reactant. The reac-
tant solution was prepared by dissolving TEOS into 50 ml of
alcohol solvent and then was fed into a reactor having a 150
ml of the homogeneous catalyst solution of which is prepared
by a mixture of 25 ml of pure ammonia solution (Showa, ACS
Grade) with 125 ml of alcohol solvent (Junsei, ACS Grade).
TEOS concentration of the reactant solution was modified from
0.35 10 3.0 mol/l. To change the reaction conditons in the sol-
gel process the feeding time was varied from 10 min to 60 min.
In this study the feeding time is defined as a period which is re-
quired to completely feed the reactant solution into the reactor.

To investigate the effect of tmpeller speed on silicon oxide
particles a standard Rushton-type reactor, as displayed in Fig. 2,
was used. This reactor had a 0.5 liter of working volume and
was made of pyrex glass. The six blade turbine type impeller
was used to agitate the solution. The impeller speed was chang-
ed from 400 to 1500 rpm. Four baffles were installed for ef-
fective mixing of solution in the reactor.

To observe the influence of molecular structure of alcohol
solvents on the synthesis of silicon oxide powder methanol,
cthanol, n-propanol and n-butanol were used as solvents in the
sol-gel process.

The particle size of powder was measured by particle size
analyzer (Malvern Mastersizer E, U.K.) and the morphology of
the powder was observed by SEM (Leica 400, Germany).

POWER DISSIPATION BY IMPELLER AGITATION

To quantatively describe the influence of agitation of solu-
tion on the sol-gel process we convert impeller speed into a
power input which means a energy dissipated per unit mass of
solution for mixing and agitation. The relationship between im-
peller speed and power dissipation in a solution can be ex-
pressed with power number which is defined as [McCabe and
Smith, 1976],
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Fig. 2. Schematic designs of Rushton type reactor and six-pad-
dle turbine impeller.
(DT=H=8.3 ¢m, DA=E=3.3 cm, J=0.7 cm, Q=0.42 ¢m, L=
0.825 cm, K=50 cm, W=0.55 cm)

N,=Pg./n’'D, py 4

where P is the power dissipated into the solution, n is the im-
peller speed (revolution per second), D, is the diameter of im-
peller and p; is the density of solution.

The power number is dependent on the configuration of ves-
sel, such as types of impeller and baffle, and Reynolds number
which is defined for the mixing in the vessel as,

Ne=nD,’p, /i &)}

where 1 is the viscosity of solution.

In Eq. (5) the Reynolds number is expressed in terms of
characteristic parameters of mixing in the reactor. Therefore, if
the dependency of power number on Reynolds number is ob-
tained in the Rushton type reactor, the power dissipation in the
solution can be calculated with Eq. (4). The power input per
unit mass of the solution is simply calculated by dividing the
power dissipation with the mass of solution in the reactor.

RESULTS AND DISCUSSION
In general, the intensity of mixing is quantitatively expressed
in terms of power input into solution. In this study since the im-

peller speed was varied from 400-1500 rpm, which was
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Table 1. Prediction of power input in Rushton type reactor

Impeller speed Power input

(RPM) Reynolds no. Power no. (m'sY)
400 6019 6 0.185
700 10511 6 0.4625
900 13476 6 0.9028
1200 17968 6 3.08
1500 22460 6 5.81
18
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Fig. 3. Influence of power input and TEOS on the SiO, particle
size distribution.
(a) 1 mol/L. TEOS and 0.4625 m'/s’ of power input, (b) 1.5
mol/L TEQS and 0.9028 m’/s’ of power input and (c) 2 mal/
L. TEOS and 3.05 m*s’ of power input.

equivalent to 6019-22460 of Reynolds number, the power num-
ber for the Rushton type reactor could be assumed almost con-
stant as six [McCabe and Smith, 1976]. Then, the power dis-
sipation per unit mass of solution in the reactor was calculated
by Eq. (4) as shown in Table 1. The power input increased ex-
ponentially with increase of impelier speed.

In Fig. 3, typical size distributions of the silicon oxide par-
ticles produced by the sol-gel process were displayed. The par-
ticle size distribution of silicon oxide was greatly affected by
the reaction conditions and was shifted in right with increase of
power input and reactant concentration. However, the mode of
particle size distributions was kept canstant as monomodal.

The mean particle size of silicon oxide powder was cal-
culated with the size distribution and as shown in Fig. 4, it was
markedly influenced by the power input and reactant con-
centration. Below 1.0 mol/l of the reactant concentration the
mean particle size of silicon oxide was insensitive to the power
input. However, when the reactant concentration is greater than
1.0 mol//, the mean particle size of silicon oxide became sen-
sitive to the power input and then increased with increase of
power input.

This trend of experimental data may be explained by the two-
step growth model [Karpinski, 1985]. Since the supersaturation
level of silicon oxide generated below 1.0 mol// of reactant con-
centration were expected to be low, the mass transfer rate of sil-



Effect of Reaction Conditions on Size and Morphology of SiO; 499

a.
® o03BmoL ¥ 12
B 07molL 1.5 mol/\}
7- A 1moin ® 3moiL
3 |
2 8
:
§ 5
[=]
w
Q 4
g .
o
o
& 3-
L]
= v
2 I
- 2
1 T T I T T
0 1 2 3 4 5 3 7
Power Input (m2u3)

Fig. 4. Influence of power input and TEOS concentration on
the mean particle diameter of SiO, at 30 min of feeding
time in methanol solvent.

icon oxide from the bulk to the particle interface could be as-
sumed dominant to the surface reaction rate on the particle sur-
face, as mentioned in the model previously. Thus, the particle
growth process of silicon oxide was determined by the surface
reaction step and became independent of the power input. This
result was consistant with the experiemntal data of Leung and
Nancollas {1978a, 1978b} and Liu and Nancollas {1973, 1975]
in barium sulfate crystallization. However, as the concentration
of TEOS increased, the supersaturated concentration of silicon
oxide in the solution increased and then the surface reaction
rate was assumed to surpass the mass transfer rate in the par-
ticle growth process of silicon oxide. The particle growth rate
of silicon oxide was controlled by the mass transfer step and
became sensitive to hydrodynamic condition of the solution.
Consequently, at TEOS concentration greater than 1.0 mol// the
mean particle size of silicon oxide increased with increase of
the power input. Our experimental result for the dependency of
mean particle size on the power input at high reactant con-
centration was also consistant with the experimental data of
Fitchett and Tarbell [1990] and Kim and Tarbell {1991].

It should be noted that at 3.0 mol/l of TEOS each particle
was much deviated from a spherical shape and was seriously
aggregated together. Thus, it was obvious that the mean par-
ticle size measured by particle size analyzer did not represent
the size of a single particle but the size of aggregate of par-
ticles. This experimental results will be conformed by micro-
scopic figures in later.

As shown in Fig. 5, even if the feeding time was widely
changed, the mean particle diameter of silicon oxide produced
at 1.0 mol// of reactant concentration was almost insensitive to
power input. This experimental data indicated that at low reac-
tant concentrations the surface reaction step may dominantly in-
fluence on the particle growth process.

To observe the influence of the power input and feeding
time on the particle nucleation process the relative induction
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Fig. 5. Influence of power input and feeding time on the mean
particle diameter of SiO. at 1.0 mol/L. of TEOS in meth-
anol solvent.

8

26 kh___‘___._____.
=
5 . Feeding Time
T ® 10mn
-é‘ A A 30 ming
= 4 W 60 miny
p
3
=
[
a 3
®
° —
2 ﬁ :
1
0 2 3 4 5 6

Power Input Hn;rs:"']

Fig. 6. Influence of power input and feeding time on the relative
induction time of SiQ, at 1.0 mol/L. of TEOS in meth-
anol solvent.

time was measured, as shown in Figs. 6 and 7. In this study
the relative induction time was defined as the ratio of the in-
duction time to the feeding time, where the induction time
represented the time interval between beginning of reactant feed-
ing and the first formation of particle nuclei in the solution.
Even at the low reactant concentration of TEOS. in contrast
to the mean particle diameter, the relative induction time was
markedly influenced by the reaction conditions of power input
and feeding time (Fig. 6). In general, the particle nucleation of
silicon oxide occurred by supersaturated concentration of the
silicon oxide and its rate depended on supersaturation level of
solution. Since the silicon oxide was produced by the hy-
drolysis and condensation of TEOS, the supersaturation level
of silicon oxide in the solution might be directly influenced by
micromixing of reactant solution. as described previously. The
higher power input into solution might improve the aclual rates
of hydrolysis and condensation of TEOS and result in gen-
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Fig. 7. Influence of power input and TEOS concentration on
the relative induction time of SiOQ, at 30 min of feeding
time in methanol solvent.

erating higher supersaturation level of the silicon oxide in the
solution and facilitating the particle nucleation process. In ad-
dition, the shorter feeding time which means the higher flow
rate of TEOS solution into the reactor might cause rapid in-
crease the supersaturated concentration of the silicon oxide in
the solution. Therefore, the relative induction time was reduced
with increasing power input and feed flow rate.

At high reactant concentration of TEOS the dependency of
relative induction time on the power input and feeding time
was similar to that at the low reactant concentration. As dis-
played in Fig. 7, the relative induction time was reduced with
increase of the power input and reactant concentration due to
the increase of supersaturation level of silicon oxide in the solu-
tion.

The effects of the reaction conditions of power input, reac-
tant concentration and feeding time on the morphology of the
silicon oxide particles were observed, as shown in Fig. 8. Be-
low 2.0 mol/l of reactant concentration a spherical particle of
the silicon oxide was produced. However, the morphology of
the silicon oxide particle which was synthesized at 3.0 mol/l of
TEOS concentration was much deviated from a spherical shape
and the particles were seriously aggromerated.

Even though sioichiometric molar ratio of TEOS to water in
the hydrolysis reaction is four, Brinker and Scherer [1990) re-
commended that the molar ratio of TEOS to water be the great-
er than 20 to obtain a single spherical particle of silicon oxide
in sol-gel process. In our study a spherical particle of silicon
oxide was successfully obtained until the molar ratio of TEOS
to water was 11, which was equivalent to 2.0 mol// of TEOS
concentration at a fixed amount of water. However, the shape
of silicon oxide particle becames irregular at 7 of molar ratio
of TEOS to water, which corresponed to 3.0 mol// of TEOS
concentration, due to too much reduction of the molar ratio
from the value suggested by Brinker and Scherer {1990]. It is
interesting that rhe morphology of silicon oxide was not af-
fected by variation of power input and feeding time in the
range carried out in our experiment.
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(b)

(c)

Fig. 8. Influence of power input and TEOS on the morphology
of silicon oxide particles produced in methanol solvent at
30 min of feeding time.
{(a) 1 mol/L of TEOS and 0.9028 m’/s’ of power input, (b) 2
mol/L. of TEOS and 3.05 m’/s’ of power input and (c) 3
mol/L of TEOS and 3.05 m’/s’ of power input.

Since the alcohol is generally used as a solvent in the sol-gel
process, the structure of solvent may play an importnat role in
the production of silicon oxide particles. In Figs. 9-11, we ob-
served the influence of solvent structure on the particle nu-
cleation, particle growth and particle morphology of silicon ox-
ide. As shown in Fig. 9, the relative induction time for silicon
oxide nucleation was reduced with increase of molecular weight
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Fig. 9. Influence of alcehol solvents and power input on the re-
lative induction time of SiO, at 1.0 mol/L. of TEOS and
30 min of feeding time.
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Fig. 10. Influence of alcohol solvents and power input on the
mean particle diameter of SiO, at 1.0 mol/L. of TEOS
and 30 min of feeding time.

of alcohol solvent. This result implied that the supersaturated
concentration of silicon oxide increased and the particle nu-
cleation process was facilitated. According to Stober et al.
[1968], the structure of alcohol solvent gave an influence main-
ly on the reaction rates of hydrolysis and condensation of sil-
icon alkoxide, and the reaction rates were reduced with in-
crease of molecular weight of the alcohol solvent due to the
structural inhibition of alcchol solvents on the reactions. Thus,
since in the methanol solvent the production rate of the silicon
oxide was relatively faster than in the ethanol and n-propanol
solvents, the supersaturation of silicon oxide in the methanol
solvent increased to the higher level and it resulted in the short-
er relative induction time.

Since the lower molecular weight solvent exerted the less in-
hibition on the production of silicon oxide, it could cause the

Fig. 11. Morphological change of silicon oxide particles produc-
ed by sol-gel process under n-butanol alcohol solvents
at 3.05 m’/s’ of power input and 1.0 mol/L. of TEOS
and 30 min of feeding time.

higher particle nucleation of silicon oxide by the higher su-
persaturation level in the solution and could result in the more
population of small size of particles. Therefore, the mean par-
ticle size was reduced with decrease of the rnolecular weight of
solvents as shown in Fig. 10. The influence of the alcohol sol-
vents on the particle size of silicon oxide became clearly ex-
hibited as the power input was increased.

The morphology of the silicon oxide particles were sig-
nificantly affected by the solvent structures of alcohols. In the
solvents of methanol, ethanol and n-propanol the shapes of par-
ticles were kept in a sphere. However, as shown in Fig. 11, the
silicon oxide powder produced in the n-tutanol solvent ex-
hibited a serious flocculation of irregularly shaped particles.
This morphological change solvent was due to promoting floc-
culation of particles by n-butanol solvent and was agreed with
experimental results Stober et al. [1968], Lee et al. [1991] and
Lee et al. [1992].

CONCLUSION

In semi-batch Rushton type reactor the effects of reaction
conditions such as power input, TEOS concentration, feeding
time and molecular structure of alcohol solvents on the particle
synthesis of silicon oxide in the sol-gel process were observed.
The particle nucleation and growth of silicon oxide in the sol-
gel process were affected by power input and TEOS con-
centration because the production rate of silicon oxide in the
solution and the mass transfer and surface reaction rates in the
particle growth process were changed. The mean particle size
of silicon oxide inceased and the relative induction time was
reduced with increase of power input in the reactor. This trend
was clearly exhibited at high reactant concentration of TEOS
rather than at low reactant concentration and was coincident
with that of crystal growth in the reaction crystallization. Thus,
it may be possible to apply the two step growth model [Karpinski,
1985] to properly describe the principal mechanism of the par-
ticle growth of the silicon oxide in sol-gel process.

The particle morphology of the silicon oxide was changed

Korean J. Ch. E.(Vol. 13, No. 5)
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with variation of the TEOS concentration and molecular weight
of alcohol solvents. To produce the spherical shape of particle,
even if the stoichiometric molar ratio of TEOS to water in the
hydrolysis reaction was 4, it was observed in our experiment
that the actual molar ratio of TEOS to water should be greater
than 10. In addition, the spherical particles of the silicon oxide
could be obtained with the solvents of methanol, ethanol and n-
propanol, but not with n-butanol solvent. However, it was in-
teresting that the particle morphology of silicon oxide was in-
dependent of the feeding time and power input.
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NOMENCLATURE

A, :surface area of single particle
C  :silicon oxide concentration at bulk
C; :solubility of silicon oxide

D, :impeller diameter

G  :linear growth rate (=dR/dt)
k, :mass transfer coefficient

k,  :surface reaction constant

n :impeller speed [rps]

N, :power number

Ny :Reynolds number

P :power dissipation {Kg m’/s’]

Greek Letters

p  :particle density

ps  :solution density

p  :viscosity of solution
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