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Abstract The properties of silica aerogels are highly
dependent on the post-treatment steps like gel washing, gel
aging and gel drying. The experimental results of the
studies on one of the post-treatment steps i.e. gel aging
effect on the physical and microstructural properties of
methyltrimethoxysilane (MTMS) based silica aerogels, are
reported. These hybrid aerogels were prepared by two step
sol-gel process followed by supercritical drying. The molar
ratio of MeOH/MTMS (M) was varied from 7 to 35 by
keeping the H,O/MTMS (W) molar ratio constant at 4. The
as prepared alcogels of different molar ratios were aged
from O to 5 days. It was observed that 2 days of gel aging
period is the optimum gel aging period for good quality
aerogels in terms of low density, less volume shrinkage and
high porosity. The well tailored network matrix with low
density (0.04 g/cm3), less volume shrinkage (4.5%), low
thermal conductivity (0.05 W/mK) and high porosity
(98.84 %) was obtained for 2 days of gel aging period of
M = 35. Further, the gelation time varied from 8 to 1 h
depending on the M values. The gelation time was being
more for lesser M values. The aerogels were characterized
by bulk density, porosity, volume shrinkage, thermal con-
ductivity, Scanning Electron Microscopy and the Fourier
Transform Infrared spectroscopy.
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1 Introduction

Silica aerogels are low density solid state porous materials
derived from gel in which the liquid component of the gel
has been replaced by air. Such a unique morphology
modifies the parent molecular mechanism, resulting in
exceptional thermal, acoustical, mechanical and electrical
properties [1-3]. Hybrid organic—inorganic silica aerogels
are generally produced by incorporating organic phase into
inorganic precursor sol, before the gelation. However, sil-
ica organic-inorganic hybrid aerogels can be obtained by
alkylalkoxysilane precursors such as methyltrimethoxysi-
lane (MTMS) and methyltriethoxysilane (MTES) which
has one nonhydrolysable organic radical. These hybrid
aerogels are open cell polymers with an intricate internal
structure and high porosity [4]. Therefore, they exhibit low
thermal conductivity (~0.04 W/mK) and high acoustic
insulation (~ 100 m/s) properties [5]. These fascinating
properties were made the aerogels as a prime candidate in
various fields of applications such as Cerenkov radiation
detectors in high energy physics [6-9], thermal insulators
in solar energy systems, refrigerators, thermos flasks [10-
13], internal confinement fusion (ICF) targets for the het-
erogeneous catalyst supports [14], storage media for the
liquid rocket propellants and radio luminescent devices
[15].

It is well established that small variation in the sol-gel
preparative conditions can have a profound influence on
the structural and other physico-chemical properties of the
resulting hybrid aerogels. The chemical reactions (hydro-
lysis and condensation) which are responsible for the
gelation of alcosol continue long after the gel point and
results in strengthening, stiffening and coarsening of the
gel network structure. This is called aging process [16] and
has a great effect on the microstructural properties of the
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aerogels. Though, there is an extensive literature present on
aging process reviewed by Iler [17], Brinker and Scherer
[18], some knowledge of the quantitative effect of aging
process on the physical and microstructural properties of
MTMS based silica hybrid aerogels, is focused in the
present paper.

2 Experimental procedure
2.1 Sample preparation

A two stage acid-base catalyzed sol gel process was fol-
lowed to prepare the alcogel. In the first step, MTMS was
diluted in methanol solvent with varying molar ratio of
MeOH/MTMS from 7 to 35. The acidic water (oxalic acid,
0.001 M) was added to these solutions, drop by drop, while
constant stirring for 15 min. In the second step, after 24 h,
basic water (ammonium hydroxide, 10 M) was added to
the alcosol, drop by drop, again while stirring for same
time interval. The homogeneous alcosols thus obtained

supercritical drying process by lowering the capillary
pressure (Pr) and hence the surface tension (y) of the sol-
vent to zero as per the Laplace’s equation [19]:

Pr = —2ycosf/r (1)

where 7y is the surface tension of the solvent, 0 is the
contact angle and r is the pore radius. For supercritical
drying, the alcogels were placed in an autoclave (Parr
Instruments Company, USA) with an excess amount of
MeOH to attain the critical temperature (T.) and pressure
(P.) (T. = 240 °C and P, = 7.9 MPa) of methanol. The
temperature of the autoclave was raised to 265 °C at a rate
of ~80 °C/h and the corresponding pressure increased to
10 MPa in 3 h. Under these conditions, methanol gets
transformed into a supercritical fluid, which was evacuated
from the autoclave, slowly, under an isothermal conditions.
The complete evacuation took nearly 2 h. The hybrid
aerogel so produced was taken out of the autoclave after it
was cooled down to the room temperature. The hydrolysis
and condensation reactions are as per the following
chemical reactions [20].

Hydrolysis:
OCH;, OH
I I
. C,H,0, )
H,C — Si— OCH; +3H,0 ——— > H,C — Si — OH+ 3CH;0H
: | MeOH : |
OCH; OH
MTMS Silanol
Condensation:
OH OH
| | NH;OH =|s|— o— S|'= + nHz0
[ | CH, CH,

OH OH

were transferred to airtight Borosil glass test tubes of
15 mm outer diameter and 150 mm height. Gelation took
place under ambient conditions (temperature ~ 27 °C). In
order to study the effect of gel aging on the properties of
the MTMS based aerogels, the as produced hybrid alcogels
were aged at various aging periods ranging from O to
5 days in the methanol bath.

If the alcogels are dried under ambient conditions, the
solvent exerts a capillary pressure on the gels resulting in
the collapse of the network structure. Therefore, the
monolithic tenuous network structure is preserved using
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2.2 Characterization of the aerogels

The aerogels were characterized by studying the physical
properties such as the bulk density, volume shrinkage,
porosity and thermal conductivity along with the surface
morphological studies using Scanning Electron Micro-
graphs (SEM). However, the chemical bondings responsible
for the formation of network structure were studied by the
Fourier Transform Infrared spectrographs. Some of the
above mentioned physical properties of the aerogel samples
were studied using the following formulae:
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Mass(M) of 1
Bulkdensity(oy) — —a58(M) of acroge 2)
Volume(V) of aerogel
Vs% = (1 — Va/Vg) x 100 (3)

where Va is Volume of aerogel and Vg is Volume of
alcogel.

% of porosity = (1 — p,/p,) x 100 4)

where py, is the bulk density and p; is the skeleton density
(~1900 kg/m’) which was measured using Helium Pyck-
nometer (Quantachrome).

3 Results and discussion

3.1 Effect of MeOH/MTMS molar ratio (M)
on gelation time

In order to determine the effect of MeOH/MTMS molar
ratio (M) on the gelation time, M value was varied from 7
to 35 by holding the molar ratios of oxalic acid (0.001 M)/
MTMS and NH,OH (10 M)/MTMS constant at 4 for each.

It was observed that the gelation time increased from to
I to 10 h with an increase in M value from 7 to 35 as
shown in Fig. 1. This increase in gelation time with M
value is due to the fact that for lower M value, the spacing
between the reacting silica species is less which leads to the
formation of 3-D silica network within a short period of
time. However, with an increase in M value, the spacing
between reacting species increases due to more dilution of
the precursor in the solvent which leads to decrease in rate
of condensation reaction and hinders the formation of gel
network, resulting in a longer gelation time.

12

10

Gelation time (hrs)
[=2]
1

0 ! ! !
0 10 20 30 40

MeOH/MTMS molar ratio

Fig. 1 Effect of MeOH/MTMS molar ratio (M) on gelation time

3.2 Effect of gel aging on the bulk density and volume
shrinkage

As the bulk density and volume shrinkage are the prime
physical properties of the aerogels, the effect of gel aging
on the volume shrinkage and hence on the bulk density of
the aerogels have been studied and the results were tabu-
lated in Table 1. The bulk density and the volume
shrinkage of the as produced hybrid silica aerogels found to
decrease with an increase in aging period upto 2 days.

Table 1 Physical properties of the as prepared aerogels at different

M values
Sr.  Gel aging  Bulk Volume Porosity ~ Thermal
No  period density shrinkage (%) conductivity
(days) (glem®) (%) (W/mK)
MeOH/MTMS molar ratio, M = 7
1 0 0.11498  19.54 93.68 0.097
2 1 0.11178  19.31 93.71 0.093
3 2 0.11083  19.12 93.85 0.091
4 3 0.11348  19.48 93.54 0.095
5 4 0.11514  19.62 93.36 0.098
6 5 0.11789  19.79 93.11 0.099
MeOH/MTMS molar ratio, M = 14
7 0 0.09346 1743 94.15 0.087
8 1 0.09114  17.24 94.22 0.085
9 2 0.09021 17.03 94.48 0.084
10 3 0.09279 17.36 94.36 0.086
11 4 0.09312  17.41 94.31 0.087
12 5 0.09526  17.79 94.29 0.089
MeOH/MTMS molar ratio, M = 21
13 0 0.08743  13.89 96.48 0.077
14 1 0.08529  13.61 96.51 0.074
15 2 0.08343  13.37 96.66 0.071
16 3 0.08459  13.53 96.49 0.073
17 4 0.08619  13.71 96.32 0.076
18 5 0.08943  13.97 96.25 0.079
MeOH/MTMS molar ratio, M = 28
19 0 0.06473 9.57 97.59 0.063
20 1 0.06310 9.36 97.72 0.062
21 2 0.06285 9.22 97.87 0.060
22 3 0.06319 9.38 97.70 0.061
23 4 0.06467 9.46 97.64 0.063
24 5 0.06816 9.71 97.58 0.064
MeOH/MTMS molar ratio, M = 35
25 0 0.04386 4.69 98.54 0.059
26 1 0.04231 4.62 98.75 0.058
27 2 0.04156 4.59 98.84 0.057
28 3 0.04351 4.66 98.73 0.058
29 4 0.04576 4.81 98.66 0.058
30 5 0.04723 4.96 98.51 0.059
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Fig. 2 Effect of gel aging on the bulk density of the aerogels

However, further increase in the aging period upto 5 days
resulted in more volume shrinkage of the aerogels after the
supercritical drying which in turn gives the high bulk
density aerogels. The variation in bulk density and volume
shrinkage with respect to gel aging period are depicted in
Figs. 2 and 3, respectively. From Fig. 2, it is clear that the
value of bulk density is least for 2 days of gel aging period
for all the M values.

Since, the hydrolysis and condensation reactions are the
route reactions for the formation of gel network, the
hydrolysis reaction was carried out for 24 h to have the
sufficient number of hydroxyl species in the alcosol which
are responsible for the formation of Si—O-Si bonds by

Fig. 3 Photograph showing the shrinkage in the volume of aerogel
samples at various aging period
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liberating H,O in the condensation reaction. At the gel
point, the network forms sufficiently enough to prevent the
solvent flow from the pores of the network. As mentioned
in the introduction that the chemical reactions which are
responsible for the gelation, will continue long after the gel
point. Therefore, though the gel network builds up suffi-
ciently, many of the Si atoms still have unreacted —OR and
—OH groups that continue to condense, during the aging
process and form Si—O-Si bonds. Therefore, for the less
aging period (less than 2 days), most of the Si atoms have
unreacted —OR and —OH groups giving rise to very delicate
gel which shrinks easily during supercritical drying process
because of poor stability in the network structure and
turned into high density aerogels. This brings out an
automate change in the other physical properties like
porosity and thermal conductivity. On the other hand, at
higher aging period (more than 2 days), the terminal —OR
and —OH groups condense more and more, and the gel
network become more hybrid which is pulled-in greatly
during the drying process. Therefore, more shrinkage of the
gel occurs which automatically leads to the high density
aerogels. In this case, though the network becomes more
and more hybrid with an increase in the aging time, the
stability of the network is very less because of excess
condensation. This excess condensation makes the network
more brittle and hence the poor stability. The 2 days of
aging period of an alcogel is found to be optimum aging
period for low density aerogels where the condensation of
the hydroxyl species takes place to the appropriate extent
with efficient bond strength. Figure 3 clearly depicts the
lateral shrinkage in the volume of the as prepared hybrid
aerogels. The shrinkage was found minimal for 2 days of
gel aging process and went on increasing on both the sides
of aging period scale. Therefore, the diameter of the
aerogel has been found to be large (i.e. d = 14 mm) for
2 days of gel aging period than the relative aging time.
Further, the stability of the network is good since it with-
stands the thermal stresses developed during the drying
process. This gives rise to remarkable improvement in the
properties of the final aerogel product in terms of low
density.

Specifically, it was observed that the as prepared aero-
gels at M = 35 have lowest bulk density (0.041 g/cm®) and
least volume shrinkage (4.5%), while it was around 0.1 g/
cm® bulk density and nearly 20% volume shrinkage for the
other M values, shown in the Table 1. This is due to the
fact that though the acid and base catalyst concentrations
are constant, the lower dilution of MTMS in methanol
solvent results in an enhancement of the catalyst reactivity.
Therefore, the rate of hydrolysis and condensation reac-
tions would increase leading to the rapid clusterification of
the siloxanes [20]. This would result in the dense network
structure with high bulk density. In contrast, an increase in
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the M value reduces the catalyst concentrations in the
alcosol and forms well tailored intricate 3-D porous net-
work structure. Therefore, the bulk density and volume
shrinkage were obtained very less. But, the dilution beyond
certain limit (M > 35) inhibits the polymerization of silica
particles and hence the network structure. In this case, gel
did not set due to the large increase in the spacing between
the reacting species.

3.3 Effect of gel aging on the thermal conductivity
of the aerogels

The effect of gel aging on the thermal conductivity of the
as prepared aerogel samples was studied by varying the gel
aging period from O to 5 days and the result has been
shown in Fig. 4. The lowest thermal conductivity, among
the respective M values, was observed for the aerogels of
2 days of aging. However, it is the maximum for the lowest
as well as highest aging periods i.e. for 0 and 5 days. It is
due to the fact that the high thermal resistance in the
aerogel is caused by high porosity of the gel network,
which constituently has low thermal conductivity. As the
less porous network has been obtained for the lower as well
as higher aging periods of the alcogel, the heat conducted
in the aerogel sample is a bit larger and hence the thermal
conductivity is expected to be more. For the 2 days of
aging period, the silica network is well tailored with high
porosity leading thereby less thermal conductivity varies in
between 0.05 and 0.09 W/mK for the M values from 7 to
35 days.
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Fig. 4 Effect of gel aging on the thermal conductivity of the aerogels
samples

3.4 Effect of gel aging on the microstructure of the
aerogels

After gelation but before the drying, the gel structure alters
significantly by varying the gel aging period [21]. The
effect of gel aging on the microstructure of the aerogel was
studied by the SEM. Figure 5a and b show the SEM of the
aerogel samples of same molar ratio (M = 35) aged for 2
and 5 days, respectively. Since the silica chains of the
alcogel aged for 2 days are quite apart from each other, it
shows the highly porous network. However, for the 5 days
of aging, the degree of polymerization is increased and
extensive cross-linking in three dimensions resulted in the
dense structure.

Furthermore, coarsening or ripening process is pro-
foundly more with increase in gel aging period. Therefore,
the growth of necks advances the strength and the stiffness
of the gel network. As the percentage of volume shrinkage
during drying is mainly depends on the stiffness of the gel

Fig. 5 (a) SEM of the aerogel sample aged at 2 days for MeOH/
MTMS molar ratio 35. (b) SEM of the aerogel sample aged at 5 days
for MeOH/MTMS molar ratio 35
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Fig. 6 FTIR spectrographs of the silica aerogels prepared with
MeOH/MTMS molar ratio 28 at different aging days (a) 5 days (b)
1 day (c) 3 days (d) 4 days and (e) 2 days

network [22], the shrinkage of the alcogels is more for
higher aging periods. Therefore, the alcogels aged for
5 days resulted in denser network than the 2 days of aging,
after the supercritical drying.

3.5 Fourier Transform Infrared (FTIR) spectroscopy
studies on the gel aging periods

The effect of gel aging on the chemical bondings present in
the aerogels has been studied using Fourier Transform
Infrared spectroscopy. Figure 6 shows the normalized
FTIR spectra of the aerogels prepared with MeOH/MTMS
molar ratio at 28 and at different aging periods, as a
function of wave number. The data points obtained were
normalized to the percentage transmission of the highest
days of aging sample (i.e. (a) shown in the FTIR spectra).
Since a non continuous evolution in the intensity of the
bonds as a function of aging period has been observed,
the FTIR spectra were arranged in the increasing order of
the intensity of C—H and Si—C bonds and decrease in the
intensity of O—H bonds from (a) to (e). The absorption
bands observed at around 3000 and 725 cm™' are due to
the stretching and bending of C-H bonds [23]. The broad
absorption bands at around 3500 and 1600 cm™" are due to
asymmetric bending modes of SiO, [24]. The residual
Si—OH groups are the main source of hydrophilicity of the
aerogels [25]. It can be seen in the figure that there is an
increase in the intensity of C-H and Si—C bonds and
decrease in the intensity of the O—H bonds for 2 days of
aging period [i.e. spectrum (e)]. However, an increase in
the intensity of O-H bonds for higher days of gel aging
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periods (3-5 days) is due to fact that the polycondensation
of the silica species increases with an increase in gel aging
period. Therefore, this gave rise to an increase in the
number of terminal O-H bonds.

4 Conclusions

The gel aging parameter has been found to strongly affect
the physical properties of the hybrid silica aerogels. The
remarkable change in the results have been obtained by
varying the gel aging period from 0 to 5 days. It has been
observed that the 2 days gel aging period is optimum for
good quality of the aerogels. The significant alteration in
the microstructure of the aerogels has been observed for
different gel aging periods. The FTIR spectrographs have
been shown the decrease in the concentration of the
hydroxylated groups for 2 days of gel aging period. The
best quality aerogels in terms of low bulk density (0.04 g/
cm?), less volume shrinkage (4.59%) and high porosity
(98%) have been obtained for the molar ratio of MTMS/
MeOH/Oxalic acid/NH4,OH at 1:35:4:4, respectively with
2 days gel aging period.
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