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The experimental results on the physical and hydrophobic properties of the ambient
pressure dried silica aerogels as a function of sol-gel and drying conditions, are
reported.The aerogels have been produced by a two stage (acidic and basic ) catalytic
sol-gel process using tetraethylorthosilicate (TEOS) precursor, oxalic acid (OXA) and
ammonium hydroxide (NH4OH) catalysts, ethanol (EtOH) solvent and hexamethyldisilazane
(HMDZ) silylating agent at 200◦C.The molar ratios of HMDZ/TEOS (M), OXA/TEOS (A)
NH4OH/TEOS (B), acidic H2O/TEOS (Wa) basic H2O/TEOS (Wb), EtOH/TEOS (S) were varied
from 0.09 to 0.9, 3.115 × 10−5 to 3.115 × 10−3, 4 × 10−3 to 8 × 10−2 , 2 to 9, 1.25 to 5 and 1 to
16 respectively. The physical properties such as the percentage (%) of volume shrinkage,
density, thermal conductivity, percentage of porosity, the percentage of optical
transmission and contact angle have been found to be strongly dependent on the sol-gel
parameters. It was found from the FTIR spectra of the aerogels that with the increase of M,
the bands at 3500 and 1600 cm−1 corresponding to H-OH and Si-OH respectively decreased
and the bands at 840 and 1250 cm−1 due to Si C and 2900 and 1450 cm−1 due to C H
increased. The best quality silica aerogels in terms of low density, low volume shrinkage,
low thermal conductivity, high hydrophobicity and high optical transmission have been
obtained with the molar ratio of TEOS:EtOH:acidicH2O:basicH2O:OXA:NH4OH:HMDZ at
1:8:3.75:2.25:6.23 × 10−5: 4 × 10−2:0.36 respectively, by ambient pressure dried method.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Aerogels with water contact angle higher than 150◦
i.e., with superhydrophobic surfaces and hence low
surface energy, are of great interest for various appli-
cations such as frictionless flow of liquids, microflu-
idic devices and corrosive resistant coatings on stain-
less steel and metals [1, 2]. Silica aerogels have be-
come quite popular because of their special and unusual
properties such as high surface area (∼1000 m2/g),
low density (∼0.030 gm/cm3 ), high optical transmis-
sion (∼90%), high porosity (∼99%), low thermal con-
ductivity (∼0.020 W/mK) and low dielectric constant
(∼2) [3–7]. Therefore, they have a number of applica-
tions such as shock wave studies at high pressures [8],
Cerenkov radiation detectors in high energy physics
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[9], inertial confinement fusion (ICF) [10], radiolumi-
nescent devices [11], containers for liquid rocket pro-
pellants [12], micrometeorites [13], light weight ther-
mal and acoustic insulating systems [14], adsorption
and catalytic supports [15, 16] and for super capacitors
[17, 18]. However, the commercial viability of these
materials has been limited mainly by the high cost of
supercritical drying.

By varying the sol-gel parameters and pore fluid of
wet gel, microstructure of the aerogels may be altered
[19]. In the supercritical drying production of the
aerogels, the process involves heating and evacuation
of highly flamable solvents such as alcohols, which is a
risky process at high temperature and pressures. Hence,
there is a need to produce silica aerogels by drying
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wet gels at atmospheric pressures. In the year 1995
Prakash et al., reported the synthesis of silica aerogel
films at atmospheric pressure using silylation of wet
silica gel [20, 21]. Ambient pressure dried aerogels
were prepared by chemical modification of silica gels.
The hydrophobic nature of the ambient pressure dried
aerogels give the structure stability against humidity.
Microstructure of the ambient pressure dried aerogels
show strikingly similarities with aerogels prepared by
supercritical drying.

Aerogels produced using TEOS precursor , in the
presence of a strong acid catalyst such as HCl, in-
volves disadvantages such as large gelation time of
greater than 3 days, higher volume shrinkage (≈40%),
low optical transmission (≈45%) and higher densi-
ties (≈0.2 gm/cm3) [22]. A few results on acid-base
(HCl and NH4OH) catalysed aerogels using two step
process [23, 24], were reported. However, the aero-
gels produced using strong acidic catalysts corrode the
ovens used for the atmospheric pressure drying. So
far, there are no detailed reports on the oxalic acid
and ammonium hydroxide two step processed TEOS
based silica aerogels by the ambient pressure drying
method.

The purpose of using the oxalic acid in the first step
and ammonium hydroxide in the second step for the
preparation of the aerogels, is for setting the gels in a
reasonable amount of time of around one hour. In the
case of hydrolysis (acidic) reaction, even though vari-
ous acids have been used, it has been found that oxalic
acid is the best catalyst in terms of lower gelation and
the noncorrosive nature. After the acid catalysed re-
action, ammonium hydroxide base catalyst is used for
the condensation reaction. Ammonium hydroxide is a
noval base catalyst because it gets vaporized at the dry-
ing temperatures (200◦C). We have carried out system-
atic experimental investigations to obtain the aerogels,
with improved properties in terms of low density, high
hydrophobicity, low thermal conductivity, high poros-
ity and high optical transmission, by the two step pre-
cessing using oxalic acid and ammonium hydroxide
catalysts at ambient pressure with TEOS precursor and
HMDZ silylating agent .

2. Experimental
Hydrophobic silica aerogels were produced by the two
step acid/base catalysis with HMDZ silylating agent
at ambient pressure, as shown in a general scheme of
Fig. 1. In the first step, TEOS and ethanol from Fluka
Company (puram grade) and oxalic acid (from Merck
Company) in water were mixed in the molar ratio of
1:8:6.23 ×10−5:3.75and stirred at room temperature
for 15 min. This mixture was kept for 24 h at room
temperature. In the second step, a mixture of H2O and
NH4OH in the molar ratio of 2.25:4 ×10−2 was added
to the silica sol (prepared in the first step) while stirring
for 5 min and covered tightly and kept for gelation in
100 ml beakers. After gelation (<30 min), the beakers
containing the gels, were covered with aluminium foils
and kept in the PID controlled oven at 50◦C for 3 h to
strengthen the gel.The solvent of the gel was exchanged

Figure 1 General scheme for the preparation of the two step hydropho-
bic silica aerogels by ambient pressure dried method.

with hexane 3 times in 48 h. Then the silylation was
carried out by immersing the gels in 2–20% HMDZ
(0.09 to 0.9 of HMDZ/TEOS molar ratio) in hexane for
24 h at 50◦C. After the silylation process, the solvent
exchange was carried out with hexane for two times
in 36 h in order to remove the unreacted HMDZ. Fi-
nally, the hexane solvent was decanted and pinholes
were put in the aluminium foil to control the evapora-
tion and the gels were kept at 50◦C for 6 h, 150◦C for
24 h and 200◦C for 12 h. The oven was switched off
and the resulting aerogels were taken out after reaching
to the room temperature and used for characterization
studies.

2.1. Characterization
The bulk density (ρb) of the aerogels was measured
using a known volume of the aerogel and its weight
(measured with micro balance, 10−5 g accuracy), the
percentage of volume shrinkage (%Vs) was determined
from the change in the volume of the alcogel to the
aerogel, using the formula

%Vs = (1 − Va/Vg) × 100 (1)

where Va and Vg are the volumes of the aerogel and
alcogel respectively.

The percentage of porosities and pore volumes of the
aerogels were calculated from the equations

Percentage of porosity = [1 − ρb/ρs] × 100 (2)

and

Pore volume = [1/ρb − 1/ρs] (3)
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where ρb and ρs are the bulk and skeletal densities of the
aerogel respectively. The skeletal density, ρs, was mea-
sured using Helium pycknometer (Quantachrome).The
analysis was performed by pressurising the sample cell
to approximately 1.25 bar above the ambient and allow-
ing the gas pressure to equilibrate. From the difference
in the pressure readings of the sample cell and the ref-
erence cell, the actual volume of the aerogel skeleton
was calculated. ρs was then calculated using the known
weight of the aerogel sample and it was found to be
1900 kg/m3.

The thermal conductivity (λ) of the aerogels was
measured using the C-T meter from Teleph company,
France, by sandwitching the ring probe in between the
two aerogel samples (the two samples are to be made
under same conditions).

The hydrophobicity of the aerogels was tested by
measuring the contact angle (θ ), of a water droplet with
the aerogel surface using the formula,

θ = 2 tan−(2h/w) (4)

where h is the height and w is the width of the wa-
ter droplet touching the aerogel surface. A travelling
moicroscope was used for measuring h and w

The surface modification was confirmed with the
Fourier Transform Infrared spectroscopy (FTIR) using
a perkin Elmer (Model no1760 × in 450–4000 cm−1

range) IR spectrophotometer.
The optical transmittance of the aerogels (thickness:

1 cm) was measured at a wavelength of 750 nm using
a Systronic 119 optical spectrophotometer (USA).

3. Results and discussion
For the preparation of hydrophobic silica aerogels,
H of Si OH of the alcogels should be replaced by
Si-aklyl, vinyl or methyl groups. Therefore, the pore
fluid of the silica alcogels was exchanged with 2–20%
HMDZ (0.09 to 0.9 of HMDZ/TEOS molar ratio) in
hexane and hence the surface of the gel was modified
with the O Si (CH3)3 groups. The HMDZ reacts
with water and ethanol but does not react with hexane
and it has good miscibilty with hexane. HMDZ is a
silylating agent which provides the necessary surface
modification.

The hydrolysis and condensation of the TEOS and
the surface chemical modification of silica alcogels oc-
curs as per the following chemical reactions:

(8)

Figure 2 Change in the volume and % of weight loss of the gels with
the variation of the temperature.

Figure 3 Change in the % of volume shrinkage and density of the aero-
gels with the variation of the HMDZ/TEOS (M) molar ratio.

Hydrolysis:

Si(OC2H5)4 + 4H2O
C2H2O4−→ Si(OH)4 + 4C2H5OH

(5)

Condensation:

Si(OH)4 + Si(OH)4

NH4OH−→ (OH)3-Si-O-Si(OH)3 + H2O (6)

Si(OH)4 + Si(OC2H5)4

NH4OH−→ (OH)3-Si-O-Si(OC2H5)3 + C2H5OH (7)

surface chemical modification :
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3.1. Drying
The percentage of volume change and the weight
loss of the gel during the drying process for
the molar ratio of TEOS:EtOH:acidicH2O:basic
H2O:OXA:NH4OH:HMDZ at 1:8:3.75:2.25:6.23 ×
10−5:4 × 10−2:0.36, are shown in Fig. 2. It has been
found that the percentage of volume change decreased
upto 100◦C and then increased above 100◦C and finally
remained constant above 150◦C, clearly indicating the
spring back effect. At the same time, the percentage
of weight loss of the aerogel decreased with increased
temperature upto 200◦C which is due to the evaporation
of the solvent from the gel. During the drying process,
in the wet gel, condensation occurs continuously. The
capillary force results from the pore fluid evaporation.
In non modified gels, drying promotes shrinkage and
additional condensation between -OH groups leads to
Si O Si bond formation and hence making the shrink-
age irreversible. Therefore an additional condensation
in the wet gel can be prevented by attaching nonre-
active -CH3 species by means of surface modification
with silane compounds such as HMDZ. Substitution of
-Si-CH3 for -H also contributes to the gel porosity.The
extent of shrinkage of the gel during drying is governed
by the capillary pressure (Pr) of the pore fluid [25],

Pr = −2γLV cos θ/rp − δt (8)

γLV is the liquid/vapour surface tension, rp is the radius
of the pore, θ is the contact angle of the liquid with the
wall of the pore and δt is the thickness of the surface
adsorbed liquid layer.The negative sign is due to the
negative radius of curvature of the meniscus. Shrink-
age occurs until capillary pressure is resisted by the
modulus of the solid network [26]. The extent of gel
shrinkage is dependent on many factors such as pore
size changes during drying and pore size distribution.
The modulus of the gel changes dramatically during
shrinkage, the gel expands after the critical point and
chemical reactions continue during drying which may
strengthen the gel. The bulk modulus of the silica net-
work (Kp) is given by a power law [27, 28],

K p = Ko(ρb/ρt)
m (9)

where ρb is the bulk density of the network, ρt is the
threshold density beyond which the modulus increases
in power law, and m ≈ 3. Ko is the bulk modulus of the
silica network when ρo ≤ ρt. The determination of m
and Ko was described by Scherer and co-workers [29].
Irreversible shrinkage is due to the fact that the sur-
face of the wet gels are terminated with either hydroxyl
(OH) or alkoxy (OR) groups. During the drying these
surface groups can react to form Si O Si bonds via
the water or alcohol producing condensation reactions
[30] as shown in the Equations 5 and 6 . A reversible
shrinkage also occurs for non-modifying wet gels if the
gels are stiff enough so they are not forced beyond the
yield point by the capillary pressure during drying [31].
In the case of effective surface modification, a complete
recovery of the volume occurs during the last stage of
drying due to the “spring back effect” and similar densi-

ties were obtained as in the case of supercritical drying
method.

3.2. HMDZ/TEOS molar ratio (M)
The effect of HMDZ on the physical prop-
erties of the aerogels, was studied by vary-
ing the molar ratio of HMDZ/TEOS (M) from
0.09 to 0.9 by keeping the molar ratio of
TEOS:EtOH:acidicH2O:basicH2O:OXA:NH4OH con-
stant at 1:8:3.75:2.25:6.23 × 10−5:4 × 10−2 respec-
tively. The % of volume shrinkage and density of the
aerogels decreased with increase of the M from 0.09
to 0.27 and then increased for M > 0.36 as shown in
Fig. 3. The density is higher (> 0.105 gm/cm3) at lower
M (<0.18) because of incomplete silylation due to less
amount of HMDZ and hence the condensation of OH
groups leads the gels shrink more during drying. With
the increase of M > 0.18, complete surface modifica-
tion of the wet gels gives rise to the “spring back effect”
and hence shrinkage of the gels is negligable, leading
to low density aerogels. Low density (≤0.09 gm/cm3)
aerogels were obtained for M values in between 0.18
and 0.36.

The porosity of the aerogels increased with an in-
crease of M up to 0.36 and then it decreased for
M > 0.36. The high porosity silica aerogels were ob-
tained for the M value of 0.36, eventhough the % of
volume shrinkage for the 0.27 and 0.36 is similar as
shown in Figs 3 and 4, because with the addition of more
HMDZ, the network structure of the silica gel increased
leading to more porosity. The thermal conductivity de-
creased up to M ≈ 0.36 and then increased as shown in
Fig. 4. The thermal conductivity depends on the poros-
ity of the aerogels, higher the porosity lesser the thermal
conductivity, which is due to less solid content per unit
area. In addition, the pore size and the pore size distribu-
tion also play a significant role in thermal performance.

The % of optical transmission of the aerogels in-
creased up to an M value of 0.4 and then decreased
for M > 0.4 as shown in Fig. 5. At higher M (>0.4),
more and more -O-Si-(CH3)3 groups were attached
to the already formed silica clusters resulting in less
cross linking between clusters and leading to change
in the particle and pore sizes. Optical properties of the

Figure 4 Change in the thermal conductivity and % of porosity of the
aerogels with the variation of the HMDZ/TEOS (M) molar ratio.
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Figure 5 Change in the contact angle and % of optical transmission of
the aerogels with the variation of the HMDZ/TEOS (M) molar ratio.

aerogels are largely dependent on the pore and particle
sizes and their distributions and particle density. Op-
tical clarity is governed by the light scattering results
through inhomogenities between the air and the solid
matrix of the aerogel. Although typical length scale
within aerogel pore structures and the primary SiO2
building blocks is far below (10–70 nm) the wavelength
of visible range (400–700 nm), even just a small frac-
tion of large pores and particles are enough to enhance
the scattering, therefore at high M (0.4) the packing of
clusters becomes looser and hence the opacity of the
aerogel increases [32, 33].

The contact angle increased continuously with the
increase of M from 0.09 to 0.9 (as shown in Fig. 5).
At lower M due to insufficient HMDZ, the incomplete
surface modification occurs and hence the contact angle
is less. The contact angle increased with the increase

Figure 6 Infra red spectra of the aerogels with the variation of the HMDZ/TEOS (M) molar ratio. 1 = 0.9, 2 = 0.18, 3 = 0.36, and 4 = 0.72 of M.

of M due to an increase in the hydrophobicity of the
aerogels The contact angle is measured with respect to
water. A water drop placed on the aerogel surface will
be characterized by a contact angle (θ ), if the difference
between the solid-liquid and liquid-vapour interfacial
energy is greater than zero. The balance of the phases
is given by the Young‘s equation [34, 35] .

γsv = γsl + γlv(cos θ ) (10)

Based on the Young‘s equation one would expect
that only one value of contact angle for a particular
solid/liquid drop/gas system should appear. The con-
tact angle depends on the surface roughness, micro-
scopic chemical heterogeneity, drop size, molecular re-
orientation [36] and penetration of the liquid molecules
into the solid surface. The surface hydroxyl groups are
responsible for the hydrophilic nature of the aerogels
[37–39]. During surface modification the -H groups are
replaced by -Si-(CH3)3 groups resultuing in dehydroxy-
lation of the aerogel surface leading to hydrophobicity.
This process drastically changes the physical as well
as the chemical properties of the surface bulk of the
aerogel.

Fig. 6 shows the FTIR spectra of the aerogels with
the variation of M. The investigations indicate that the

OH bond peaks at 1600 and 3500 cm−1 decreased
with increase of M and these bands completely disap-
peared for M > 0.36 There are additional absorption
bands at 2900, 2980, 1450 cm−1 related to C H bonds
[40, 41], 2968 and 840 cm−1 related Si C of surface
modified gels [42–44] and the intensity of these bands
increased with increase of M from 0.09 to 0.9 indi-
cating an increase in the surface modification. These
facts reflect in the contact angles as shown in Fig. 5.
Each monomer of HMDZ consists of two alkylsilane
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TABLE I

S. No Molar ratio % of volume Density Pore volume Thermal
(A) shrinkage (gm/cm3) % of porosity (cm3/gm) conductivity (W/mK)

1 3.115 × 10−5 34 0.145 92.30 6.37 0.110
2 6.23 × 10−5 14 0.09 95.20 10.58 0.102
3 3.115 × 10−4 17 0.11 94.20 8.56 0.118
4 6.23 × 10−4 21 0.13 93.15 7.16 0.125

(B)
5 4 × 10−3 45 0.162 91.47 5.65 0.135
6 8 × 10−3 15 0.125 93.40 7.47 0.108
7 4 × 10−2 14 0.090 95.20 10.58 0.102
8 8 × 10−2 38 0.158 91.70 5.80 0.120

(Wa)
9 2 43 0.170 91.05 5.36 0.115

10 3.75 14 0.095 95.00 10.00 0.105
11 6.25 37 0.139 92.62 6.67 0.125
12 9 43 0.173 90.89 5.25 0.140

(Wb)
13 1.25 40.25 0.168 91.15 5.43 0.130
14 2.25 14.1 0.092 96.15 10.34 0.103
15 3.75 46.7 0.165 91.30 5.53 0.145
16 5.0 51.1 0.182 90.42 4.97 0.153

groups which get attached to the aerogel surface as de-
scribed in Equation 8 [43]. Therefore with an increase
of M , the number of alkyl groups attached to the surface
of the aerogel increases, and hence the hydrophobicity
of the surface also increases as observed from the in-
creased intensity of the Si C absorption band in the
FTIR spectra. Hence the contact angle increases with
increase of M values.

3.3. (Oxalic acid or NH4OH)/TEOS
moalr ratio

The aerogels were prepared with the variation of the
molar ratios of oxalic acid/TEOS (A) and NH4OH
/TEOS (B) from 3.115 × 10−5 to 3.115 × 10−3 and
4 × 10−3 to 8 × 10−2 respectively by keeping the mo-
lar ratio of TEOS:EtOH:acidicH2O:basicH2O:HMDZ
constant at 1:8:3.75:2.25:0.36 respectively. B and A
values were kept constant at 4 × 10−2 and 6.23 × 10−5

respectively while varying the A and B. The % of
volume shrinkage, density and thermal conductivity
of the aerogels decreased with the increase of A to
6.23 × 10−5 and B to 4 × 10−2 and then increased
for A > 6.23 × 10−5 and B > 4 × 10−2 and whereas
the % of porosity and pore volume increased with in-
crease of A to 6.23 ×10−5 and B to 4 × 10−2 and then
decreased for A > 6.23×10−5 and B > 4×10−2 of B
as shown in Table. I. At lower A (< 6.23 × 10−5) and
B (< 4 × 10−2) due to insufficient oxalic acid and am-
monium hydroxide, the hydrolysis of TEOS, does not
occur completely and condensation occurred among the
hydrolysed -OH and unhydrolysed –OC2H5end groups
to form the silica network, as shown in Equation 7,
therefore nonuniform silica network formation is ob-
served. Hence during drying, the shrinkage is more
leading to the dense, with less % of porosity , high ther-
mal conductivity aerogels. At higher A(> 6.23×10−5)
and B(> 4 × 10−2) the presence of more oxalic acid
and ammonium hydroxide resulted in faster hydrolysis
and condensation of TEOS leading to fewer particle and
pore sizes and therefore resulted in more shrunk, dense

and high thermal conductive and cracked aerogels [45].
Whereas, at A ≈ 6.23 × 10−5 and B ≈ 4 × 10−2 ,
complete hydrolysis and condensation of TEOS with
uniform silica network occurred and particle and pore
sizes also increased and hence the connectivity of the
particles increased [46]. Hence, the aerogels with less
shrinkage, low density, high pore volume high % of
porosity and low thermal conductivity were obtained
for A of 6.23 × 10−5 and B of 4 × 10−2 respectively.

The contact angle increased with increase of A to
6.23 × 10−5and B to 4 × 10−2 and remained constant
for A > 6.23 × 10−5and decreased for B > 4 × 10−2

as shown in the Figs 7 and 8 respectively. At lower
A and B due to incomplete hydrolysis of TEOS and
condensation reactions, incomplete surface modifica-
tion resulted. Hence, the entire surface of the silica net-
work would not be hydrophobic. For A > 6.23 × 10−5

there is no change in the contact angle because com-
plete surface modification of silica network occurred
whereas, the contact angle decreased for B > 4×10−2

because of big particle sizes, less surface undergoes
surface modification.

The transparency of the gels increased with increase
of A to 6.23 × 10−5 and B to 4 × 10−2 and remained

Figure 7 Change in the contact angle and % of optical transmission of
the aerogels with the variation of the OXA/TEOS molar ratio (A).
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Figure 8 Change in the contact angle and % of optical transmission of
the aerogels with the variation of the NH4OH /TEOS molar ratio (B).

constant for A > 6.23 × 10−5 and decreased for
B > 4 × 10−2 as shown in Figs 7 and 8 respectively.
This is because with increase of A and B to 6.23×10−5

and 4×10−2 respectively, particle and pore size growth
is uniform so the transparency of the aerogels increased,
where as at higher B values (>4 × 10−2) due to fast
condensation, cluster formation and irregular network
structure forms leading to decrease in the optical trans-
parency of the aerogels. Transparent aerogles were ob-
tained for A and B values of 6.23 × 10−5 and 4 × 10−2

respectively.

3.4. Acidic or basic H2O/TEOS molar ratio
To study the effect of H2O/TEOS molar ratio on the
physical properties of the aerogels, the acidic and
basic H2O/TEOS molar ratios (Wa) and (Wb) var-
ied from 2 to 9 and 1.25 to 5 respectively by keep-
ing the TEOS:EtOH: OXA:NH4OH:HMDZ constant
at 1:8:6.23×10−5 :4×10−2:0.36 respectively. The val-
ues Wb and Wa were kept constant at 2.25 and 3.75
respectively for Wa and Wb variations. The % of vol-
ume shrinkage, density thermal conductivity decreased,
pore volume and the % of porosity increased with the
increase of Wa to 3.75 and Wb to 2.25 and the % of vol-
ume shrinkage, density, thermal conductivity increased
for > 3.75 of Wa and > 2.25 of Wb as shown in the
Table. I.

In the sol-gel process, H2O is used for hydrolysis
and condensation reactions. An increase of Wa reduces
the concentration of silicic acid per unit volume results
in lower oxide content in the polymer product [47].
At low Wa, due to insufficient water for hydrolysis
of TEOS, the silica net work surface contains unhy-
drolyzed –OC2H5 groups. While condensation occurs
among these groups resulting in dense gels. For Wa =
3.75 and Wb = 2.25 due to complete hydrolysis and
condensation the modulus of the network increases due
to more silica compared to Wa >3.75 and Wb >2.25
and hence, low density aerogels are obtained. Whereas
in the case of high Wa and Wb (>3.75 and >2.25), the
density is higher because water separates the silanol
molecules and hinders the cross linking of the silane
chain formation. Hence, during drying the gel shrunk
more leading to dense aerogels. And also due to ex-
cess water, polymerization is lower than the hydrolysis

producing cyclization and enhancing the siloxane bond
formation with in the particles resulted in packing of
these densified particles into silica cluster formation.

With the increase of Wa to 3.75 and Wb to 2.25,
shrinkage of the gels decreases and % of porosity in-
creases and hence the thermal conductivity decreases.
Further increase of Wa > 3.75 and Wb > 2.25 , the
thermal conductivity of the aerogels increases because
the shrinkage increases and % of porosity decreases as
shown in the Table. I.

The changes in the % of optical transmission and
contact angle with the variation of Wa and Wb are
shown in Figs 9 and 10 respectively. The contact an-
gle and % of optical transmission increased with in-
crease of Wa and Wb to 3.75 and remained constant
for further increase of Wa > 3.75 whereas the contact
angle remained constant and the % of optical trans-
mission decreased for Wb > 3.75. At lower Wa and
Wb, due to insufficient amount of water, the TEOS is
not completely hydrolysed and therefore less number
of silica clusters are formed. Since the silyl groups get
attached to the silica clusters, the total silylation is less
and therefore the contact angle is less leading to hy-
drophilic aerogels. On the other hand, increase of Wa
and Wb leads to complete hydrolysis and condensation
and thus more surface modification occurs, resulting
in aerogels with higher hydrophobicity and therefore
higher contact angle.

Figure 9 Change in the contact angle and % of optical transmission of
the aerogels with the variation of the acidic H2O /TEOS molar ratio
(Wa).

Figure 10 Change in the contact angle and % of optical transmission
of the aerogels with the variation of the basic H2O /TEOS molar ratio
(Wb).
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At lower Wa (<3.75) and Wb (<2.25 ), the obtained
aerogels were dense and translucent due to condensa-
tion of hydrolysed -OH and nonhydrolysed OC2H5
causing irregular growth of the particles and silica net-
work leading to decrease in % of optical transmission.
For Wa = 3.75 and Wb = 2.25, uniform and regular
growth of small silica particles and pore sizes were
observed leading to homogeneous silica network, and
hence the % of optical transmission increased as shown
in the Figs 9 and 10. Where as for Wb > 3.75, due to
larger particle sizes, the % of optical transmission de-
creased as shown in the Fig. 10. Highly transparent,
low density and low thermal conductive aerogels have
been obtained for Wa and Wb values of 3.75 and 2.25
respectively.

3.5. EtOH/TEOS molar ratio (S)
Silica aerogels were prepared by varying the molar
ratio of EtOH/TEOS (S) from 1 to 16 by keeping the
TEOS:acidicH2O:basicH2O:OXA:NH4OH:HMDZ
constant at 1:3.75:2.25:6.23×10−5:4×10−2:0.36
respectively. The change in the % of volume shrinkage
and density are shown in Fig. 11. It was observed
that the % of volume shrinkage and density decreased
with increase of S to 8 and then increased for S >

8 . Ethanol solvent acts as a diluting agent which
is very important in hydrolysis and condensation
processes of the sol-gel method. For lower S (<8), the
% of volume shrinkage is more and cracked aerogels
obtained because at lower S, the water content is more
as compared to the higher S, cluster formation occur
and therefore dense aerogels were obtained. For S > 8
, in the presence of more solvent the oxide content per
unit area in the hydrolysed product is less [47] and
the particle separation is more which leads to cluster
formation with less cross-linkages. During the drying
process more shrinkage occurs and therefore dense
aerogels obtained.

The % of porosity increased with the increase of S
to 8 and then decreased for S > 8 and hence the ther-
mal conductivity decreased for S of 8 and increased for
S > 8 as shown in the Fig. 12. At lower and higher

Figure 11 Change in the % of volume shrinkage and density of the
aerogels with the variation of the EtOH/TEOS molar ratio (S).

Figure 12 Change in the thermal conductivity and % of porosity of the
aerogels with the variation of the EtOH/TEOS molar ratio (S).

Figure 13 Change in the contact angle and % of optical transmission of
the aerogels with the variation of the EtOH /TEOS molar ratio (S).

S, the aerogels shrunk more and hence the % of poros-
ity is less and the thermal conductivity is high. The
% of optical transmission and the contact angle of the
aerogels increased with an increase of S up to 8 and
remained constant for S > 8 as shown in the Fig. 13.
For S < 8, due to insufficient solvent, hydrolysis and
condensation reactions occur slowly leading to inho-
mogenity, irregular pore and particle size distribution
and incomplete surface modification in the silica aero-
gel network which causes less % of optical transmis-
sion and low hydrophobicity to the aerogels. With the
increase of S (>8) due to complete hydrolysis and con-
densation of TEOS,which leads to uniform pore and
particle sizes and complete surface modification result-
ing in transparent and hydrophobic aerogels.The con-
tact angle also increased with the increase of S up to
8 and then remained constant for S > 8 as shown in
Fig. 13. Once the surface modification took place com-
pletely for S ≈ 8, further increase of S (>8) did not
have any effect on the hydrophobicity of the aerogels.
Transparent, hydrophobic low density and low thermal
conductive silica aerogels were obtained with S value
of 8.
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4. Conclusions
The obtained results show that the surface modifica-
tion and the sol-gel parameters have great influencing
effect on the physical properties of the ambient pres-
sure dried silica aerogels. The molar ratios of sol-gel
parameters such as HMDZ/TEOS (M), OXA/TEOS
(A) NH4OH/TEOS (B), acidic H2O/TEOS (Wa), basic
H2O/TEOS (Wb), EtOH/TEOS (S) were varied from
0.09 to 0.9, 3.115 × 10−5 to 3.115 × 10−3, 4 × 10−3

to 8 × 10−2, 2 to 9, 1.25 to 5 and 1 to 16 respectively.
During drying, the spring back effect was observed.
The physical properties of the aerogels such as % of
volume shrinkage, density and thermal conductivity,
% of porosity, pore volume, % of optical transmis-
sion and contact angles were measured. In the FTIR
spectra of the aerogels, it was found that the bands at
3500 and 1600 cm−1 related to H-OH, Si-OH respec-
tively decreased and the bands at 840 and 1250 cm−1of
Si C and 2900 and 1450 cm−1 of C H increased
with increase of M . The best quality silica aerogels
in terms of low density (0.075 gm/cm3),high poros-
ity (96.5%) low thermal conductivity (0.090 W/mK),
high hydrophobicity (≈160◦) and high optical
transmission (>90%)have been obtained with the
molar ratio of TEOS:EtOH:acidicH2O:basicH2O:
OXA:NH4OH:HMDZ at 1:8:3.75: 2.25:6.23x10−5 :4×
10−2:0.36 respectively at ambient pressure dried
method.
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