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The sol-to-gel transition for different starting compositions of tetraethm.ysilane (TEOS), ethanol, and water mixtures 
under acidic catalyzed conditions are reporled. According to the physical appearance of the mixtures after mixing, four 
different lypes of behavior can be idenlified. For lhese systems, opened to an - 70% relative humidity atmosphere, seven 
regions of the phase diagram have been distinguished according lo ge lling t imcs. The gelling limes arc sensitive lo the 
starting com position and have been organized for presentation as runclions of the concentration of ethanol (EtOH], the ratio 
(H 20)/(TEOS), and [TEOS]/ [EtOH). Ge lling time increases with increasing [ElOH). As [H 20 )/[TEOS) ralio increases, the 
gelling time first decreases and increases with a minima at lhe 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: 

11Si(OR)4 + 4nH 20 =11Si(OH)4 + 411ROH 

(hydrolysis); 

nSi(OH)4 = 11Si0 2 + 2nH 2 0 

(I) 

(condensation polymerization); (2) 

11Si(OR)4 +2nH 20 = 11Si02 + 411ROH 

(net reaction). (3) 

The major variables in this reaction sequence 
include the type of alkoxysilanc and its funcional­
ity, catalyst (OH- or tt+) and its concentration 
(i.e., pH), the ratio of [H20]/[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 
alkoxysilanc-alcohol-water solutions catalyzed 
with hydrochloric acid have been studied with 
different alkoxysilanes which include tetram­
ethoxysilane (Si(OCH:) 4 , TMOS), tctracthoxysi­
Ianc (Si(OC 2 H 5)4 , TEOS) and tetrabuo>.-ysilane 
(Si(OC4 H 9 ) 4 , TBOS). The hydrolysis rate has 
been compared for these alkoxysilanes and it 
decreases with increasing size of the alkoxides, 
i.e., TMOS > TEOS > 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. I. 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-cluste r 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 po lyme rizing the newly generated 
monomers by a mo nome r- cluster growth mecha­
nism. Under such conditions, a highly branched 
st ructure 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 syste m to another. For example, in the 
TMOS- methano l (MeOH)-watcr system [5], 
modified with e ither HC I of NH 3, the relative 
gelling times was found to follow the sequence: 
t g(acidic) > t 

6
(ncutral) > t &(basic). 

T he gelling times were also found to be hig hly 
dependent o n temperature [6). The reaction rates 
o f both hydrolysis and condensation increase as 
temperature increases. Colby e t al. [7] and Ki­
nouchi Filho c t a l. [5] have shown that the reac­
tion rates obey an Arrehenius relationship with 
the appare nt activation energy of ~ 10 kcaljmol 
for TMOS-McOH-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. Gela tio n is much faster in the open system 
[8]. This difference is due to (I) solvent evapora­
tion and (2) adsorption of moisture from the 
atmosphere both of which increase the net rate of 
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polymerization. Rheological prope rties of gels 
produced in open and closed systems also differ. 
Open systems with [H 20]/[TEOS] < 4 are New­
tonian and closed systems are non-Newtonian 
e ithe r shear thinning or thixotropic. 

With all this work, however, there is no consis­
tent map of the gel times place on a terna ry 
phase diagram. For this reason, in this work, we 
report on the sol-to-gel transition times for the 
te rnary system of TEOS-EtOH- H 20 catalyzed 
by HCI with different starting compositions 

2. Ex1>crimcntal materials and methods 

Materials TEOS (Merck, 98% pure), etha n ol 
(Fluka, 99.8% pure), and filtered deionized wat er 
(thru Milli-Q, Millipore) were used. The catalyst 
was H CI at a fi,xed mole ratio of 0.025 to TEOS 
for all experiments. A two-step procedure was 
adopted. The first step is to mix TEOS, ethanol 
a nd water containing the H CI that has a mole 
ratio of TEOS to H 2 0 of l in a beaker under 
vigorous stirring. The temperature was ma in­
ta ined at 50 ± 0.2°C. After l h, the rest of water 
o r TEOS was added into the bath. T he solutio n 
was kept in a beaker either open or close to t h e 
atmosphere until gelation occurred. The average 
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Fig. I. Schematic diagram of reaction mechanism and gel structure under acidic and basic conditions. 

59 

·ison 
The 
than 
anol 
le re, 
iker. 
and 

·asti-
sys­

than 
:eme 
osed 
. dif­
~rent 

0, 30 
, arc 

20 

me for 



60 S. }'. Chang, T.A. Ring / Ge/ tilll<'S for TEOS - t•t/u1110/- wa1er region 

10000 

'2 
], 
.,, 

E-< 1000 

~ TEOS= 1 Omoilll 
~ TEOS= 15motsl 
~ TEOS= 20moil11 
~ TEOS=30mob11 
~ TEQS ;::=35moba 

[H2 0)/[Etbtt) (mole ratio) 

Fig. 7. Effect of [H zO]/[EtOH] ratio on the gelling lime for 
different TEOS concentrations. 

observed at [H 20]/[TEOS] ~ 4. Theoretically, 
increasing [H 20] will increase the hydrolysis rate. 
However, Le Chatelier's principle states that the 
reaction rate slows down after [H 20 ] concentra­
tion exceeds the equilibrium value since water is 
also the product of the condensation reaction. 
Thus as [H 20 ] increases, the gelling time will first 
decrease 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 [H20] and [EtOH] on the l g for differ­
ent [TEOS]. For all TEOS concentrations, the gel 
time increases with decreasing [H 20]/[EtOH] ra-
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Fig. 8. Effects of [TEOS)/[ElOl I] ratio on the gelling lime for 
different water concentrations. 

tio. This increase becomes .abrupt at a particu lar 
[H 20]/[EtOH] ratio for 35 mo1%, 30 mol% and 
20 mol% TEOS. These points of diversion corre­
spond to the points where there is insufficient 
H 20 for the amount of TEOS in the system. 
Figu1-e 8 is a plot of gell ing time versus [TEOS]/ 
[EtOH] ratio for different [H 20]. Since increases 
in th e [TEOS] diminishes the ratio of [H 20]/ 
[TEOS), the gelling time is thus increased. This 
figure shows that l e increases as [TEOS]/[EtOH) 
ratio increases for [TEOS]/[H 20] ratios less th a n 
the equilibrium value of 0.25 and that / g de­
creases as [TEOS]/[EtOH] rat io increases for 
[TEOS]/[H20] more than the equilibrium val uc 
of 0.25. 

4. Discussion 

Sakka and co-workers have reported a great 
difference in the properties of the sols prepared 
from opened and closed vessels [ l l ,12]. The sols 
prepared in the open system with composi tion of 
[H 20]/[TEOS] ratio less than 4 show an unique 
characteristic of spinnability. The rheological 
properties of the sol arc 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 solutio n 
becomes non- Newtonian at high viscosities and 
shows non-spinnable. Shear thinning as well as 
thixotropy characteristics can also be found at 
still higher viscosities in the closed system [12]. 
We have also obse1ved this spinnability of sols in 
our preparations with compositions of [H 20 ] / 
[TEOS] < 4. In addition, with small [H 20 ] / 
[TEOS] ratio near to 1, the resulting gels are 
strong and they did not crack when exposed to a ir 
for months. These compositions fall in group l of 
fig. 3 but close lo the boundary with group 2 arc 
non-cr acking (e.g., sols with [TEOS] = 20 mo!% , 
[EtOH] = 60 11101%, [H 20] = 20 mo!%, [TEOS] = 

35 mol %, [EtOH] = 25 mol%, [H 20] = 40 mol%, 
[TEOS] = 35 11101%, [EtOH] = 20 11101%, [H 20] = 

45 11101%; and [TEOS) = 30 mol%, [H 20] = 40 
11101% , etc.) 
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S. Conclusions 

This work reports the sol-gel transition for 
different starting compositions of TEOS, 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 20]/[TEOS] ratio in­
creases, the gelling t,ime 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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