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The sol-to-gel transition for different starting compositions of tetracthoxysilane (TEOS), ethanol, and water mixtures
under acidic catalyzed conditions are reported. According to the physical appearance of the mixtures after mixing, four
different types of behavior can be identified. For these systems, opened to an ~ 70% relative humidity atmosphere, seven
regions of the phase diagram have been distinguished according to gelling times. The gelling times are sensitive to the
starting composition and have been organized for presentation as functions of the concentration of ethanol [EtOH], the ratio
[H,0]/[TEOS], and [TEOS]/[E1OH]. Gelling time increases with increasing [EtOH). As [H,0]/[TEOS] ratio increases, the
gelling time first decreases and increases with a minima at the equilibrium concentration.

1. Introduction

The principal synthetic route used by re-
searchers to form silica gels, aerogels or xerogels
is through the hydrolysis and condensation poly-
merization of tetralkoxy silanes, as shown in the
following reactions:

nSi(OR), + 4nH,0 = nSi(OH), + 4nROH

(hydrolysis); (1)
nSi(OH), =nSiO, + 2nH,0
(condensation polymerization); (2)

nSi(OR), + 2nH,0 =nSi0, + 4nROH
(net reaction). (3)

The major variables in this reaction sequence
include the type of alkoxysilane and its funcional-
ity, catalyst (OH~ or H') and its concentration
(i.e., pH), the ratio of [H,0]/[alkoxide], the reac-
tion temperature, and if the system is open or
closed to the atmosphere. These variables control
the polymerization growth and aggregation of the
silica species throughout the transition from the
sol to the gel state.

The reactivity of different types of alkoxysilane
has been studied by Chen et al. [1]. Systems of
alkoxysilane—alcohol-water solutions catalyzed
with hydrochloric acid have been studied with
different alkoxysilanes which include tetram-
ethoxysilane (Si(OCH,),, TMOS), tetracthoxysi-
lane (Si(OC,Hy),, TEOS) and tetrabuoxysilane
(Si(OC,H,),, TBOS). The hydrolysis rate has
been compared for these alkoxysilanes and it
decreases with increasing size of the alkoxides,
i.,e., TMOS > TEQOS > TBOS.

Solution pH affects the sol-gel process by
modifying the relative rates of the hydrolysis and
condensation, controlling the reaction mechanism
[2]. The reaction mechanisms [3] and the formed
structures are shown in fig. 1. Under acidic condi-
tions, hydrolysis is rapid, producing a rapid in-
crease of Si—OH-containing monomers. These
monomers arc then slowly polymerized by clus-
ter—cluster growth mechanism into lightly
branched polymers which entangle to form a
cross-linked gel. This type of gel is usually re-
ferred as a polymeric gel [4]. Under basic condi-
tions, the condensation reaction is much faster
than hydrolysis reaction. The reactions proceed
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by quickly polymerizing the newly generated
monomers by a monomer—cluster growth mecha-
nism. Under such conditions, a highly branched
structure is produced. Eventually, the highly
branched clusters aggregate to become a net-
work. This type of gel is called ‘colloidal’ [4]. The
rates of sol-to-gel transition are different from
one system to another. For example, in the
TMOS-methanol (MeOH)-water system [5],
modified with either HCI of NH,, the relative
gelling times was found to follow the sequence:
t (acidic) > fg(llcutral) > tg(basic).

The gelling times were also found to be highly
dependent on temperature [6]. The reaction rates
of both hydrolysis and condensation increase as
temperature increases. Colby et al. [7] and Ki-
nouchi Filho et al. [S] have shown that the reac-
tion rates obey an Arrehenius relationship with
the apparent activation energy of ~ 10 kcal /mol
for TMOS-MecOH-water system. Because of this,
the gelling time deceases as the reaction temper-
ature increases.

Reactions performed in open systems and
closed systems show great differences in proper-
ties. Gelation is much faster in the open system
[8]. This difference is due to (1) solvent evapora-
tion and (2) adsorption of moisture from the
atmosphere both of which incrcase the net rate of

polymerization. Rheological propertics of gels
produced in open and closed systems also differ.
Open systems with [H,0]/[TEOS] < 4 are New-
tonian and closed systems are non-Newtonian
either shear thinning or thixotropic.

With all this work, however, there is no consis-
tent map of the gel times place on a ternary
phase diagram. For this reason, in this work, we
report on the sol-to-gel transition times for the
ternary system of TEOS-EtOH-H,O catalyzed
by HCI with different starting compositions

2. Experimental materials and methods

Materials TEOS (Merck, 98% pure), ethanol
(Fluka, 99.8% pure), and filtered deionized water
(thru Milli-Q, Millipore) were used. The catalyst
was HCI at a fixed mole ratio of 0.025 to TEOS
for all experiments. A two-step procedure was
adopted. The first step is to mix TEOS, cthanol
and water containing the HCI that has a mole
ratio of TEOS to H,0O of | in a beaker under
vigorous stirring. The temperature was main-
tained at 50 + 0.2°C. After 1 h, the rest of water
or TEOS was added into the bath. The solution
was kept in a beaker either open or close to the
atmosphere until gelation occurred. The average
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Fig. 1. Schematic diagram of reaction mechanism and gel structure under acidic and basic conditions.
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Fig. 7. Effect of [H,0]/[EtOH] ratio on the gelling time for
different TEOS concentrations.

observed at [H,0]/[TEOS]~ 4. Theoretically,
increasing [H,O] will increase the hydrolysis rate.
However, Le Chatelier’s principle states that the
reaction rate slows down after [H 2O] concentra-
tion exceeds the equilibrium value since water is
also the product of the condensation reaction.
Thus as [H,0] increases, the gelling time will first
decrcase and then increase with a minima at the
equilibrium concentration, as shown in fig. 6.
Figure 7 gives the results of these compensating
effects of [H,0] and [EtOH] on the ¢, for differ-
ent [TEOS). For all TEOS concentrations, the gel
time increases with decreasing [H,0]/[EtOH] ra-
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Fig. 8. Effects of [TEOS)]/[EtOH] ratio on the gelling time for
different water concentrations.

tio. This increase becomes abrupt at a particular
[H,O]/[EtOH] ratio for 35 mol%, 30 mol% and
20 mol% TEOS. These points of diversion corre-
spond to the points where there is insufficient
H,O for the amount of TEOS in the system.
Figure 8 is a plot of gelling time versus [TEOS]/
[EtOH] ratio for different [H,O]. Since increases
in the [TEOS] diminishes the ratio of [H,01/
[TEOS], the gelling time is thus increased. This
figure shows that ¢, increases as [TEOS]/[EtOH]
ratio increases for [TEOS]/[H,0] ratios less than
the equilibrium value of 0.25 and that r, de-
creases as [TEOS]/[EtOH] ratio increases for
[TEOS]/[H,0] more than the equilibrium value
of 0.25. 2

4. Discussion

Sakka and co-workers have reported a great
difference in the properties of the sols prepared
from opened and closed vessels [11,12]. The sols
prepared in the open system with composition of
[H,O1/[TEOS] ratio less than 4 show an unique
characteristic of spinnability. The rheological
properties of the sol are different for open and
close systems. In the open system, the solutions
have the Newtonian behavior up to a viscosity of
2.3 Poise and exhibit spinnability [11] in the range
10-100 Poise. In the closed system, the solution
becomes non—Newtonian at high viscosities and
shows non-spinnable. Shear thinning as well as
thixotropy characteristics can also be found at
still higher viscositics in the closed system [12].
We have also observed this spinnability of sols in
our preparations with compositions of [H,01/
[TEOS] < 4. In addition, with small [H,0]/
[TEOS] ratio near to 1, the resulting gels are
strong and they did not crack when exposed to air
for months. These compositions fall in group 1 of
fig. 3 but close to the boundary with group 2 are
non-cracking (e.g., sols with [TEOS] = 20 mol%,
[EtOH] = 60 mol%, [H,0] = 20 mol%, [TEOS] =
35 mol%, [EtOH] = 25 mol%, [H,0] = 40 mol%,
[TEOS] = 35 mol%, [EtOH] = 20 mol%, [H,0] =
45 mol%; and [TEOS] =30 mol%, [H,0]=40
mol%, etc.)
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5. Conclusions

This work reports the sol-gel transition for
different starting compositions of TEQS, ethanol,
and water mixtures under acidic catalyzed condi-
tions. Physical appearance of the mixtures and
the gelation times were observed. According to
the physical appearance of the mixtures after
mixing, four different types of behavior can be
classified. For these systems opened to a ~ 70%
relative humidity atmosphere, seven regions of
the phase diagram have been distinguished ac-
cording to gelling times. The gelling times are
sensitive to the starting composition and can be
explained by the Le Chatelier principle and dilu-
tion effects (i.e., gelling time increases with in-
creasing [EtOH]). As [H,0]/[TEQOS] ratio in-
creases, the gelling time first decreases and in-
creases with a minima at the equilibrium concen-
tration. .

Those solutions with compositions of low wa-
ter contents result in the long gelling times and
form strong gels which did not crack even when
exposed to the air for months.

This work was financed by the Suisse Fonds
National, NPF 19.
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