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Preparation of silica particles by sol-gel process
In reverse suspension
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Sol-gel process of silicon alkoxide was performed in reverse suspension to limit the

sites of hydrolysis and dehydration-condensation of alkoxide to the inside of the dispersed
droplets and to prepare silica particles of tens um in diameter. Acetic acid aqueous solution
was used as a dispersed phase, and hexane as a continuous phase. The dispersed phase
was poured into the continuous phase, in which silicon alkoxide has dissolved, with stirring
to form a reverse suspension. Silica particles of 67 um in mean diameter were obtained by
calcining the gel particles produced. Effects of pH of the dispersed phase and concentration
of dispersion stabiliser on the characteristics of the silica particles were discussed. The
formation mechanism of the gel particle was inferred with applying Jander’s model, which is
often used to analyse solid phase reaction of particles. © 1999 Kluwer Academic Publishers

1. Introduction 2. Experimental

In general, sol-gel process was performed in homoge2.1. Raw materials

neous systems with using alcohol as a common solvertEOS was used as silicon alkoxide, sorbitan monoore-

for metal alkoxide of a raw material ang @ of a cata- ate(Span80) of oil-soluble surfactant as dispersion sta-

lyst, because these materials are immiscible each othdiliser, and hexane as a continuous phase media. Deion-

This process is used to produce not only massive bodzed and then distilled water was used as a dispersed

ies but also fine particles; e.g. submicron-sized silicgphase. pH of a dispersed phase was controlled with

particles [1]. The size of tengm is desired for easy acetic acid. Grade, purity and manufacturer are listed

handling when silica is used as particulate materialsn Table |. These reagents were selected as ones in-

such a catalyst support. Silica particles with the meartluding no metallic element with exception of TEOS.

size of 20 to 4Qum can be prepared in a ternary sys- This aim was to omit the possibility of catalytic poison

tem of tetraethoxysilane (TEOS)-acetic acigckH[2].  in the future application of silica particles to catalysis

It is thought that particles larger than those can be prosupports.

duced, if stabilisation of larger dispersed droplets in

reverse suspension is formulated an_d solfgel process i, Preparation

perfr?rmedhm thﬁse dLopIets az reaction sites. ¢ TEOS and Span80 was dissolved in hexane to prepare

o o e e oy Coninuous phase. A isprsed phase of ui i
&as controlled was poured into it with stirring for a

by suspension polymerisation [3-5], interfacial reac- : ;
tion [6], and drying-in-liquid method [7-11]. These fixed duration at 303 K. Wet gel particles produced was

methods using liquid-liquid suspensions have sever ashed with hexane and then methanol and d”-Gd for
. . 0 h at 298 K in atmosphere to obtain dry gel particles.

a_ldvantages ofthe S|mplg system, the convenient operT\_—l order to convert into silica particles, the dry gel par-

fuon_, easiness Qf con'grolllng thg strgcture, and so on. | icles were calcined fol h at1073 K. The preparation

is significant to investigate appllcatlor) of such methodsConditions are listed in Table II.

to the preparation of inorganic materials, also. A preparation tank was a separable flask, inner dia-

D_ispersed dro_plets of tensm in _diameter can _be eter of 85 mm and capacity of 500 énisk turbine-
easily produced in reverse suspension. If hydrolysis ana;'

b t dehvdrati q " £ ail Ik pe impeller with 6 blades was used as a stirrer and set
subsequent denydration-condensation OT SICon alkoXy; 4 hirq of the liquid depth from the bottom. To inhibit
ide dissolved in a continuous phase occurs inside th

di d droplets. sili el ith si imilar t the air entrainment from the free surface of the disper-
ISPErsea droplets, slica particles with size simiiar {0g;,, 4 paffles made of stainless steel were installed.
dispersed droplets are expected to be produced.

In the present study, effects of pH of dispersed
droplets and the concentration of dispersion stabilise?.3. Characterisation
on the characteristics of the silica particles and the forThe yieldy was defined as a ratio of the actually mea-
mation mechanism were discussed. sured weight of silica produced to the theoretical weight
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TABLE | Specification of raw materials and adhere to walls of the apparatus. It may be thought
that the irregular-shaped products were produced in this

i 0,
Grade Punty 6) Manufacturer situation that the dispersed phase cannot keep its shape
TEOS 3N 99.9 w spherical.
Span80 — 97.5 K When dispersion stabiliser was used, on the other
Hexane Primary 95 w hand, spherical products were obtained. At a concen-
Acetic acid Extra 99.7 w

tration of dispersion stabiliser & = 5 mol/n? spheri-
a: Wako Pure Chemical Industries Ltd., K: Kanto Chemical Co., Inc. Cal particles and a small amount of bulky product were
obtained, and all the products @> 10 mol/n? are

TABLE Il Preparation conditions spherical. Those particles have smooth surfaces shown
in Fig. 1. Any linkage between them is not recognised.
Preparation temperature 303K These results indicate that the dispersion droplets were
Preparation duratior, 3-48h effectively stabilised by the dispersion stabiliser.
Stirring speed 5.0 Most of the particles are solid, although some ones
Volume fraction of dispersed phase 0.050 contain small bubbles or voids. It is found that the gel
Concentration of TEOS 0.34 mol/dm A . .
Hydrogen ion exponent of dispersed phase, pH 1-3 was produced in the whole of a dispersed droplet during
Concentration of dispersion stabiliser, 0-15 mol/n? the preparation for 48 h. The patrticle size is observed

to be almost uniform, 60 to 8@m.

Fig. 2 shows an optical micrograph of the specimen,
which was withdrawn after a lapsé ®h and ruptured
of silica calculated from the amount of TEOS used. Thewith a needle. It seems to be a thin film-like product.
morphologies of the wet gel particles during the prepa-This must be a piece of evidence that a shell-shaped gel
ration and the silica particles obtained were observethyer was formed on the surface of the dispersed phases
with an optical microscope. The particle size distribu-in the earlier state of the preparation.
tion was measured by sieving. The mean particle size
was calculated as volume-area mean size.

3.2. Yield

Fig. 3 shows change in the yield at pH=1 and a
3. Results and discussion concentration of dispersion stabilise®f= 10 mol/n?
3.1. Morphology with the duration of the preparatidn The yield was

When dispersion stabiliser was not used, the final pro44% for 6 h and increased as time elapsing to reach
ducts were mixtures of plate-shaped ones with bulky95% for 48 h.

ones of hundredgim to mm in size or tengum in Fig. 4 shows effect of pH of the dispersed phase onthe
thickness. Deposition of the product on the stirrer andyield y of the silica particles prepared for 48 h at a con-
the baffles was also observed. Stable dispersion wasentration of dispersion stabiliser 6f = 10 mol/n?.

not formed without dispersion stabiliser. Therefore, theThe yield decreased with increasing pH, frgma= 95%
dispersed droplets repeatedly coalesce and break wp pH=1toy=20% at pH=3.

o O

e
Figure 1 An optical micrograph of silica particles prepared for 48 h atHL andC = 10 mol/n.
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Figure 2 An optical micrograph of the product withdrawn afteh and ruptured with a needle.
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Figure 3 Change in the yield with the duration of reaction at pH1 Figure 4 Effect of pH of the dispersed phase on the yield of the silica
andC = 10 mol/n?®. particles prepared for 48 h & = 10 mol/n?.

the step 1 is very rapid and the steps 2 to 4 are slower
[12]. Products hydrolysed through the steps 2 to 4 can
polymerise by subsequent dehydration-condensation to
produce gel. Most product hydrolysed only through the

step 1 can notbe incorporated into the gel. Furthermore,

TEOS can be hydrolysed through following four
steps:

1. Si(OGHs)s + H,O — Si(OGHs)3(OH) +

C,HsOH o : o .
. : itis hydrophobic. Therefore, it will be lost together with
Cj_isgl(_'OCzHS)3(OH)+ H20— Si(OGHs)2(OH)2 + the continuous phase in a washing process. The hydro-
: . lysis through the steps 2 and more is still slower at
Cj—i5gll(—|OCZH5)2(OH)2 + H20 — Si(OGHs)(OH); + higher pH, so that the yield may decrease in this way.

With changing the concentration of dispersion
stabiliser, the yield after 48 h was not significantly
ghanged.

4. Si(OGHs)(OH)3 + H20 — Si(OH) 4 CoHsOH

Under acidic conditions, these hydrolysis reactions ar
initiated by electrophilic attack of hydrogen ion upon
oxygen atom of ethoxy group to promote nucleophilic3.3. Particle size distribution and mean

attack of HO upon silicon atom. When the step 1 oc- particle size

curs, the number of both attacking hydrogen ion and-ig. 5 shows the particle size distribution of the silica
ethoxy group to be attacked decreases. It is known thagiarticles prepared for 48 h at pH1. When dispersion
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concentration of the dispersion stabiliser. This reflects
the reduction of the size of the dispersed droplets with

Figure 5 Particle size distribution of the silica particles prepared for the dispersion stabiliser.
48 hatpH= 1. The concentrations of dispersion stabiliser are () 0and  The size of the dispersed droplets was not signifi-

(b) 10 mol/n¥. cantly changed during the preparation at a fixed con-
centration of the dispersion stabiliser, about 60 to 100
600 ‘ | | | um, but that of final silica particles was changed. Fig. 7
shows change in the mean particle sixgof the silica
580 \. B particles prepared at pH= 1 and a concentration of
dispersion stabiliser & = 10 mol/n? with the dura-
F T tion of the preparatio. The mean particle size was
80 _\ _ 53 um for 6 h and slightly increased with time elapsing

(pum )
/

to reach 67um for 48 h. This tendency of the change
is not in accordance with that of the yield. This may

60 |- \.~ — suggest that the gel particles formed in the early stage
5 of the preparation were hollow, and ones prepared in

the earlier stage shrink larger on drying the wet gel.

40 —
3.4. Formation mechanism of gel particle

20 — Following Jander’s equation [13] is often utilised to
analyse solid phase reactions of particles:

0 ' ' ' {1-(@1—x)"32 =kt

0 5 10 15
C (mol/m3)

Figure 6 Change in the mean patrticle size of the silica particles prepare
for 48 h at pH= 1 with the concentration of dispersion stabiliser.

20

wherex is conversionk reaction rate constant, atnd
reaction duration. This is based on some assumptions

%hat (i) particulate reactant A is surrounded with an-

other reactant B and completely contacted each other,
(ii) particle size of reactant A is uniform and constant

stabiliser was not used, the distribution was so broad agduring reaction, (iii) reaction proceeds spherically from
to spread over wide range. This is owing to the irregulathe surface toward the centre of reactant A, (iv) the rate-
shape of the product. In the case of a concentration afontrolling step is diffusion of reactant B though the

dispersion stabiliser & = 10 mol/n?, the distribution

product layer, and so on. The authors attempted to ap-

was very narrow. This may be owing to the formation ply the results of the yield to Jander’s model, although
of the gel particles with keeping the morphology of thethe present system was not just solid phase reaction.

dispersed droplets.

Fig. 6 shows change in the mean particle sixg
of the silica particles prepared for 48 h at pH 1

Fig. 8 was obtained by redrawing the results in
Fig. 3 with substituting the vyields for the conver-
sionx. It gives a straight line, indicating that applica-
tion to Jander’s model is valid. From considering how

with the concentration of the dispersion stabiliger
The mean particle size decreases with increasing thiéhe above assumptions are interpreted in the present
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05 I I I I dehydration-condensation occurs to grow the gel layer
when the hydrolysis product reaches its inner surface.

4. Conclusion

Spherical silica particles of 6&m in mean diameter
0.3 | _ were prepared by sol-gel process in reverse suspension
without using a common solvent. It was confirmed that
the gel grows toward the centre of the dispersed droplet.

{1-(1-x)" (-)

02 |- PS — This implies that the structure of a microcapsule is con-
structed during the preparation process. Therefore, this
/ method is expected to be applicable to the preparation
01 ® — of particulate inorganic composites with controlling the
/ core-shell structure.
ok® 1
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