
J O U R N A L  OF M A T E R I A L S  S C I E N C E  25 (1990) 3111 -3117  

Glasses from aerogels 
Part 1 The synthesis of monolithic silica aerogels 
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Experiments carried out to obtain monolithic silica aerogels are reported. The different ways to 
synthesize silica aerogels from alkoxides are investigated. The manner by which the critical 
point of the solvent can be reached is discussed as a function of the nature of the solvent. 
Physical parameters such as the amount of additional solvent or pressure, play a very important 
role in the direction of the liquid-vapour interface displacement during the heating of the 
autoclave. Some experiments performed using hypercritical drying with C02 liquid are also 
mentioned. 

1. In troduct ion  
A few years ago, research on the synthesis and charac- 
terization of aerogels underwent considerable develop- 
ment, Aerogels were initially studied for the catalytic 
properties expected from their large specific surface 
area [1-5]. However, recent works have shown their 
fascinating physical properties, such as extremely low 
thermal conductivity [6, 7], sound velocity as low as 
100 m sec ~ [7, 9, 10] and fractal structure of the solid 
skeleton [11, 12]. Moreover, this solid exhibits a refrac- 
tive index close to 1 and can be used as Cerenkov 
detectors [13, 14]. All these properties are adjustable 
by modifying the parameters used in the synthesiz- 
ation process. 

Further interest in this material arises from the fact 
that Prassas and colleagues [15, 16] have sucessfully 
achieved the conversion of monolithic silica aerogel 
into bulk silica glass at a low temperature (1000 ~ C). 

The purpose of the present work was to develop the 
different processes leading to the synthesis of aerogels 
in the silica system as precursor for glass preparation. 
The results are reported here, and in Part 2 [17]. 

2. Pr inc iple  o f  hypercr i t i ca l  drying 
Hypercritical drying was initially developed by Kistler 
[1, 2] to obtain materials having large pore volume 
and specific surface area. He studied the conditions 
of drying for different kinds of gels such as oxide 
gels, cellulosic gels and gelatine. For the materials 
obtained, where the liquid within the porous structure 
was replaced by air, he proposed the term "aerogel". 
However, the gels were synthesized in an aqueous 
medium and due to the mineralizing effect of H20 at 
high pressure and temperature, Kistler was contrained 
to exchange the water by alcohol, ether or other sol- 
vents. In more recent works scientists have used the 
ability of some gels to be synthesized in an alcoholic 
medium, so the solvent exchange was no longer 
necessary [3, 18]. Teichner and co-workers [3, 4] have 

0 0 2 2 - 2 4 6 1 / 9 0  $03.00 + .12 �9 1990 Chapman and Hall Ltd. 

enlarged this technique to cover a wide range of oxide 
gels. They determined the parameters which provide 
useful catalist aerogels having high specific surface 
areas. 

2.1. Goal  of the  process 
The goal of the process is to minimize the capillary 
stresses which appear during the drying of the gel. 
These stresses occur when the air-liquid interface is in 
contact with the solid part of the gel and are depen- 
dent on the interfacial energy, 7. For any liquid, 7 
decreases with temperature as presented below. 

7 = A ( T c  - T -  T,) (1) 

This linear relationship applies up to T = Tc - Tx 
where Tx - 6 ~ C, Tc is the critical temperature and A 
is a constant related to the liquid. The values of 7, A 
and Tc are given in Table I for some liquids. 

E6tv6s [19] has established that 7 is related to the 
molecular mass, M, and the specific volume, V, of the 
liquid according to the relation 

(MV)2/37 = K ( T ~ -  T -  T , )  (2) 

Finally, it is possible to eliminate 7 if the liquid is 
heated to To. Figures l a and b show that above the 
critical point the liquid and the gas are not distinguish- 
able and no interface exists. It should be noted that in 

T A B L E  I Parameters allowing calculation of ~' as a function 
of temperature 

T (ergcm-- ' )  (20~ C) A (ergcm -~ T,, 
oC-~) 

H,O 72.6 0.21 375 
Heptane 20.26 27 
Chloroform 25.3 54 
Ethanol 22.3 0.10 240 
Methanol 22.65 0.105 240 
Acetone 23.3 0.111 235 
Acetic acid 27.42 57 
Benzene 28.88 0.11 48 
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Figure 1 Phase diagram of  liquid-gas equilibrium for a pure compound using different representations: (a) pressure-volume, (b) pressure- 
temperature, (c) ways to bypass the critical point. 

the case of a heterogeneous medium (liquid-gel) the 
critical parameters of the liquid could be changed due 
to the reactivity between the solid and the liquid 
phase. This reactivity is revealed by the esterification 
reaction occurring in the autoclave between the silanol 
groups at the surface of the gel and the alcohol in the 
liquid phase [20]. This esterification is more extreme 
when the alcohol is of low molecular weight. More- 
over, it is well known that while at room temperature 
the silica is insoluble in alcohol, at high temperature 
(500 ~ C) the solubility is not negligible and thus the 
nature of the liquid is modified [21]. On the other 
hand, the silica dissolution-redeposition phenomenon 
may be significant in that instance. 

2.2. Experimental  p rocess  
Table II gives values of the critical parameters of the 
most common solvents used for the synthesis of inor- 
ganic gels. As a result of the temperature and pressure 
required, the experiments must be performed in an 
autoclave. Figure lc shows two different methods 
allowing the aerogels to be obtained. In method 1, the 
gel and its liquid are heated together in the autoclave. 
Heating of the liquid induces an increase in pressure 
inside the autoclave. However, to reach point b 
(a pressure higher than Pc at temperature Tc) it is 
necessary to add an extra volume of liquid to the 
autoclave. In method 2, no extra volume is added, but 
a preliminary pressure, P0, of an inert gas is applied 
from the beginning of heating. This procedure has 
been perfected in the laboratory with a prepressure of 
argon [22] and used recently .with nitrogen gas [23]. 
Whichever route is used to reach point b, the pressure 
is then decreased isothermally to atmospheric press- 
ure, by a gentle venting of the autoclave. Solvent 
vapours are allowed to condense outside the auto- 
clave. When the whole volume of solvent is released 
(point d), the autoclave can be cooled to room tem- 
perature. However, to avoid condensation of solvent 

T A B L E 11 Critical parameters of common liquids 

�9 Pc (MPa) T~ (~ 

Methanol 7.9 240 
Ethanol 6.3 240 
l-propanol 5.1 265 
l-butanol 4.3 290 
Acetone 4.6 235 
Ether 3.6 192.5 
H,O 22 375 

on the walls of the autoclave (point e) the autoclave 
must be flushed with an inert gas. No solvent droplets 
can thus come into contact with the gel and thereby 
destroy it. 

2.3. Hypercritical drying of gel in the 
presence of two liquids 

Up to this point we have only been concerned with a 
gel whose pores are saturated by a pure liquid. In the 
real case the solvent is a mixture of alcohol and water, 
and thus the hypercritical conditions will be completely 
modifed compared to the pure solvent. 

The curves ACIcH~o~ ) and BCIH2o) in Fig. 2a are 
the liquid-gas equilibrium curves for the pure liquid. 
They are, in fact, the boundaries of the volume corre- 
sponding to the two-phase equilibrium domain (gas- 
liquid) of the diagram. The pressure-composition and 
temperature-composition diagrams, shown in Figs 2b 
and c, respectively, are estimated from thermodynamic 
data. In the Fig. 2c the curve at P = 1 atm corresponds 
to the classical boiling diagram of the methanol-water 
mixture [24]. 

Fig. 3 shows the estimated P-Tdiagram constructed 
for methanol-water. The critical locus is calculated 
from both values given in Figs 2b and c. These values 
are estimated from an additivity formula expressed in 
weight per cent (see below). A P-T curve for a com- 
position of about 50% is plotted. The border of this 
curve is sharp, indicating that there is no retrograde 
condensation. The critical locus shows no point at a 
higher temperature or pressure than that of water. 

In the well-known ethanol-water system, the dia- 
gram shows an extremum for 95wt % [25]. Similar 
behaviour is also observed for other systems, including 
the 1-propanol-water system [26] and 2-propanol- 
water [27] which are of interest in sol-gel processing. 
These last cases may be very useful because we can 
expect to surpass the critical point at a lower pressure 
and temperature, due to the presence of the azeotropic 
point which induces a plateau in the P - X  curves at 
low temperatures and for composition rich in alcohol 
[27]. However, for temperatures higher than 250 ~ C this 
plateau is usually absent. Cox [28] has shown how it is 
possible to evaluate this change graphically. 

Usually silica aerogels are made from low molecular 
weight species of silicon alkoxides dissolved in low 
alcohol. If the synthesis is conducted with an alcoholic 
solvent different from the by-product alcohol of 
hydrolysis, the final liquid will be a three-component 
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system. In silica aerogels, methanol-ethanol-H20 [29] 
is the most common system. For alcohol with a higher 
molecular weight an immiscibility range occurs. The 
phase d iagams  are then much more complex [30]. 

For a rough estimate of the critical parameters 
of the binary solution CH3OH-H20 , the following 
relations may be used 

T c = X(H20 ) Tc(n20) -J- Y(CH3OH ) Tc(CH3OH) 

Pc = X(H2O) Po(H20) + Y(CH3OH) Pc(CttgOH) 

where X(H20) and Y(CH3OH) are the weight per cent of H20 
and CH3OH. For a classical gel synthesized with a 
volumetric ratio TMOS/CH3OH equal to 1.5 and 
hydrolysed with 4tool water per mol TMOS, the 
liquid impregnating the pores of the alcogel would be 
a binary liquid containing between 15 and 35wt % 
H20, depending on the completion of the hydrolysis 
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Figure 3 Planar representation of the critical locus curve in the 
binary CH3OH-H20 system. X represents the expected curve 
obtained for an equimolar composition. (----) boiling curve, 
( . . . . . . .  ) dew point curve. 
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Figure 4 Role of the additional solvent in the evolution 
of  the liquid-gas interface as the temperature increases. 
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and polycondensation reactions. Thus, the estimated 
critical parameters are T~ = 260 to 285~ and 
Pc = 10 to 13MPa. This calculation is done on the 
basis of results previously obtained in the C2HsOH- 
H20 system for which the critical locus is approxi- 
mately a straight line, as a function of composition 
expressed in weight per cent [31]. Refinements in cal- 
culations may be done using Gilliland's relation [32]. 

3. Hypercrit ical  drying wi th  an extra 
volume of solvent 

Figure 4a shows the pressure-specific volume equilib- 
rium diagram. The line corresponds to an isotherm for 
which the temperature is lower than the critical tem- 
perature (for example, room temperature). At this 
temperature, the specific volumes of the liquid and gas 
are, respectively, V/and Vg. When T = To, VI and Vg 
are identical and equal to the critical specific volume, 
V~ (see Table III for various liquids of interest). 

Now let us consider the autoclave partially filled by 
the liquid at room temperature. Because the volume of 
the autoclave is constant, the specific volume is higher 
when the liquid volume in the autoclave is low. During 
the heating treatment the volume of the autoclave 
remains constant and as a consequence so does the 
specific volume. An increase in temperature can then 
be regarded as a vertical straight line on the equilib- 
rium P - V  diagram. 

In case 1 (Fig. 4a) the liquid-gas system evolves 
from V~ to A which corresponds to the presence of the 
liquid alone; the liquid-gas meniscus rises. To be sure 
that this phenomenon will occur during autoclave 
heating, an extra amount of solvent must be added 
(Fig. 4b). A similar argument for case 3 shows that the 
liquid transforms into a gas at B and the liquid-gas 

meniscus falls. If  the specific volume is equal to V2 
(V2 = V~), the meniscus does not move and disap- 
pears when T = To. Thus without additional solvent 
in the autoclave, a gel corresponds to case 3. During 
the increase in temperature, the liquid is transformed 
into gas and the skeleton of the gel will not always be 
totally immersed in the liquid. This phenomenon 
occurs at a temperature which depends on the prep- 
aration parameters of the gel (concentration of 
TMOS, H20, ageing, etc). Then, during heat treat- 
ment, only the upper part of the gel undergoes capil- 
lary stresses. The bottom part may remain wetted with 
the solvent when T reaches T c. No textural evolution 
of the bottom part of the aerogel will therefore be 
detected. However, if this phenomenon appears at a 
high temperature, the 7 value will be low and the 
possibility of obtaining monoliths even in this case is 
not excluded. With a low 7 value the capillary stresses 
may have a low intensity and the solid part of the gel 
can resist without cracking. This fact was supported 
by our experimental results (Table IV) obtained with 
hypercritical drying of methanol. In such a case the 
critical volume is about 3.67cm3g -1. As a conse- 
quence, shrinkage of the gel during the hypercritical 
drying step will be unusually high due to the effect of 
low capillary stresses. 

T A B L E  I I I  Critical specific volume of common liquids 

Solvent V~ (era 3 g -  ~ ) 

CH3OH 3.67 
C2HsOH 3.62 
H20 3.1 
CO 2 2.2 
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4. Hypercri t ical  drying w i th  a 

prepressure of inert gas 
For a given temperature, the surface tension of a 
liquid decreases as the pressure increases [32]. Fig. 5 
shows several experimental P - T  curves obtained in a 
11 autoclave containing a gel whose volume is 
130cm 3. Curve 1 corresponds to route 1 of Fig. lc 
with an extra volume, V0, of  methanol of 250cm 3 
(Vm = 3.7cm 3 g - l ) .  

Another way of reaching the hypercritical point is 
to apply a prepressure of an inert gas, for example 
nitrogen or argon. During heat treatment, the press- 
ure increases due to expansion of the inert gas as well 
as to evaporation of the liquid. Curves 2, 3 and 4 
correspond to the increase in pressure as a function of  
temperature for three different experiments: curve 2 
for a prepressure of argon of  5MPa  and an extra 
volume of 150 cm 3 CH3OH; curve 3 for a prepressure of 
argon of 5 MPa and an extra volume of 50 cm 3 CH3OH; 
curve 4 for a prepressure of argon of  5 MPa and no 
extra volume of CH3OH. 

In all cases the pressure obtained at 300~ was 
higher than 14 MPa and all the aerogels were mono- 
lithic. Thus, application of an inert gas pressure 
extends the possibilities of hypercritical drying and the 
addition of an extra volume of solvent becomes 
unnecessary. However, the last case produces an 
aerogel whose shrinkage is greater than that of  the 
others: it is thought that the solid part is not entirely 
wet by the liquid for the entire duration of the experi- 
ment. It is clearly apparent that this shrinkage is low 

T A B L E  IV Monolithicity of  the aerogel as a function of  the 
experimental specific volume 

V (cm 3 g 1) Remarks 

3.2 monolithic 
3.45 monolithic 
3.7 monolithic 
3.93 monolithic 
4.11 monolithic 
5.52 cracked 
6.5 cracked 

Figure 5 Experimental curves obtained 
with different amounts of  additional sol- 
vent and with a prepressure (see text for 
details). Cross-hatched area: estimated 
value of the critical point of the liquid. 

when the extra pressure is high. No shrinkage is usually 
observed on base catalysed aerogels [33]. However, if 
the prepressure is not high enough, shrinkage occurs 
[34]. 

5. Hypercrit ical  drying after  a solvent 
change 

In the hypercritical drying of alcohol, the high critical 
parameters can induce reactions in the autoclave. As 
was mentioned above, esterification reactions take 
place between the OH groups at the surface of the gel 
and methanol. That  phenomenon results in the forma- 
tion of SiOCH3 groups which are responsible for the 
"hydrophobic"  property of the aerogel. 

It has been shown [33] that for binary SiO2-BzO3 
and SIO2-P205, an important loss in B203 and P205 
happens during the hypercritical drying treatment, 
These losses are due to the corrosive nature of alcohol 
and water at elevated temperatures and pressures. The 
B-O-Si and P-O-Si  bonds are no longer stable and a 
partial dissolution of  the gel occurs. The effect is 
analogous to leaching which is very severe due to the 
high specific surface area of the material. With gels 
other than silica, another phenomenon may occur 
during the autoclaving heat-treatment. High pressure 
and temperature increase the tendency of the amor- 
phous gels to crystallize. In order to avoid these 
phenomena, it is possible to perform the hypercritical 
drying with a less reactive solvent for which the critical 
parameters are lowered. 

Table V summarizes the most common solvents 
which allow a gentle hypercritical drying. In this pro- 
cedure it is necessary to extract the alcohol present in 
the gel and to exchange it with the chosen solvent, 
Then, the new solvent is released by hypercritical 

T A B  LE V Solvents used for a gentle hypercritical drying 

Solvent Pc (MPa) T c (~ C) 

CO 2 7.3 31.1 
Freon 3.8 28.9 
N20 7.2 36.5 
SO z 7.8 157 
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Figure 6 Monolithic silica aerogels with different shapes, sizes and 
transparencies. 

drying. It is worth noting that the exchange must be 
done between two miscible solvents, otherwise the 
formation of an interface due to the immiscibility 
would again induce capillary stresses as previously 
pointed out by Kistler [1, 2]. 

Monolithic silica aerogels have thus been obtained 
by replacing the methanol (or ethanol) by CO2 liquid. 
The experimental conditions for hypercritical drying 
are 50 ~ C and 7.5 MPa [22-37]. This method has been 
successfully used to study the gel film formed at the 
surface of a leached glass [37] and also to the synthesis 
of alkali borate aerogels [39]. Silica aerogels of large 
dimensions are easily obtained using this method [40], 
but aerogel-glass conversion has not yet been reported. 

To favour the solvent change (alcohol-COz), inter- 
mediate solvents may be useful such as acetone, 
diethylether or amyl acetate. Miscibility diagrams of 
more complex systems are given in the literature [41]. 

6. Conclusion 
The problem of making monolithic gel as a precursor 
for the synthesis of glass may be solved by hypercriti- 
cal drying. With this process, the capillary stresses 
responsible for cracking during the drying step are 
avoided, and large samples of monolithic materials 
are obtained (Fig. 6) in a few hours. Different methods 
are offered, allowing synthesis of silica aerogels with 
different characteristics and also multicomponent 
materials. However, in each case the effects of pres- 
sure, temperature and additional solvent on the solid 
part of the gel must be known to prevent great change 
in the gel structure. We have presented some ways 

3116 

with which to overcome the various difficulties 
encountered for silica aerogels. The objective is now to 
determine the best conditions for transforming these 
aerogels into dense silica glasses. 
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