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Abstract. The experimental results by using various exchanging solvents in the preparation of two step (acid and
base) processed ambient pressure dried hydrophobic silica aerogels, are reported. Silica alcogels were prepared
by hydrolysis with oxalic acid and condensation with NH4OH of ethanol diluted tetraethylorthosilicate (TEOS)
precursor and hexamethyldisilazane(HMDZ) methylating agent. The exchanging solvents used were: hexane,
cyclohexane, heptane, benzene, toluene and xylene. The physical properties such as % of volume shrinkage,
density, pore volume, % of porosity, thermal conductivity, % of optical transmission, surface area, pore size
distribution and contact angle (θ ) of the silica aerogels with water, were measured as a function of EtOH/TEOS
molar ratios (R) for all the exchanging solvents. It was found that the physical and hydrophobic properties of the
silica aerogels strongly depend on the nature of the solvent and R. Heptane solvent resulted in highly transparent
(≈90% optical transmission at 700 nm for 1 cm thick sample), low density (≈0.060 g/cm3), low thermal conductive
(≈0.070 W/m·K), high % of porosity (97%), high surface area (750 m2/g), uniform porosity and hydrophobic (θ ≈
160◦) aerogels compared to other solvents. On the otherhand, xylene resulted in aerogels with higher hydrophobicity
(θ ≈ 172◦) among other solvents.
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1. Introduction

Aerogels are among the most versatile materials
available for technological and scientific applica-
tions because of their exceptional properties particu-
larly homogeneity and uniformity, low density (0.05–
0.30 g/cm3), high porosity (≈95%) high surface area
(500–1200 m2/g), low dielectric constant (≈1.5) and
low thermal conductivity (≈0.01–0.15 W/mK) [1, 2].
They are used in laser experiments, sensors, nuclear
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particle detectors, waste management (gas absorption,
radioactive waste confinement) optics and light guides,
MOSFETs, capacitors, energy storage, high explosive
research, imaging devices catalysts and X-ray laser re-
search [3–7]. Generally, silica aerogels are produced
using supercritical drying method as originally done
by Kistler [8]. However, this is an expensive and risky
method because of the high pressures (8–10 MPa)
and high temperatures (250–270◦C) are involved. The
shrinkage in the alcogels is largely irreversible, as the
pore surfaces come together, silanol groups on the sur-
face condense and lock the structure in the collapsed
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state. This irreversibility of the shrinkage is prevented
by end capping of the silanols, so that after the solvent
has been evaporated, deformation is elastic as reported
in earlier publications [9–14]. The end capping is done
by the attachment of the trimethylsilyl groups to the
end groups (Si–OHs) of the pore surfaces. The present
paper reports the research results on the preparation and
physical properties of the ambient pressure dried silica
aerogels using tetraethylorthosilicate (TEOS) and two
step acid and base catalysed process with EtOH/TEOS
molar ratio (R) variation from 4 to 16 and hexamethyl-
disilazane (HMDZ) surface modification by varying
the exchanging solvents such as hexane, cyclohexane,
heptane, benzene, toluene and xylene.

2. Experimental

Hydrophobic silica aerogels were prepared by two step
acid base sol-gel process followed by ambient pressure
drying using tetraethylorthosilicate [TEOS] precursor,
oxalic acid [C2H2O4, 2H2O, OXA] and ammonium
hydroxide [NH4OH] catalysts and HMDZ methylating
agent. The preparation method is clearly explained in
our previous paper [15]. Figure 1 shows the flow chart
of the preparation of the hydrophobic silica aerogels
by ambient pressure drying method. The silica
alcosols were prepared by keeping the molar ratio of
TEOS:acidic H2O:basic H2O:OXA:NH4OH:HMDZ
constant at 1:3.75:2.25:6.23 × 10−5:4 × 10−2:0.36
respectively and varying the R from 4 to 16. In the first
step, to the ethanolic TEOS, water with oxalic acid
was added and stirred thoroughly and kept in 50 ml
beakers at room temperature for 24 h for hydrolysis.
Then water with ammonium hydroxide was added and
stirred and kept at room temperature for gelation.The
gels were put in the oven at 50◦C for 3 h for strength-
ening. The solvent in the gels was exchanged with
each exchanging solvent three times in 48 h. Then
the gels were immersed in 5% HMDZ in the solvent
for 24 h. Unreacted HMDZ was exchanged with the
solvent two times in 36 h. Finally the solvent was
decanted and the gels were put in the oven at 50◦C for
6 h, 150◦C for 24 h and 200◦C for 12 h. The resulting
aerogels were cooled to room temperature and the
physical properties of the aerogels were studied.

3. Characterization

The % of volume shrinkage, density, pore volume,
% of optical transmission, % of porosity, thermal con-

Figure 1. Flow diagram of the preparation of ambient pressure
dried hydrophobic silica aerogels.

ductivity and contact angle of the silica aerogels were
measured. The density was measured by measuring the
weight and volume of the aerogels. Weight was mea-
sured with a microbalance of 10−5 g precision. The %
of volume shrinkage and % of porosity were calculated
using the following equations:

% of volume shrinkage = (
1 − Va

/
Vg

) × 100 (1)

% of porosity = (
1 − ρb

/
ρs

) × 100 (2)

where Va and Vg are the volumes of the aerogel and
alcogel respectively, ρb and ρs are the bulk and sketetal
densities of the silica aerogel respectively.

The thermal conductivity was measured using ther-
mal ring probe sandwitched in between two identi-
cal aerogel samples [C-T meter from Teleph Com-
pany, France]. The sensitivity of the C-T meter is
0.001 W/mK. The contact angle of silica aerogels with
water was measured using the Tantec contact angle
meter, USA. The % of optical transmission was mea-
sured using Systronic 119 optical spectrophotometer
at 700 nm. Fourier Transform Infrared spectroscopic
(FTIR) studies were carried out using Perkin Elmer
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Table 1. Some of the Physical constants of the solvents used in the work [16].

Name Formula
Molecular

weight Viscosity (mp)

Vapour
pressure at

30◦C (mm/Hg)

Surface
tension

10−7 Nm−1

Water H2O 18 10.087 – 72.75

Methanol CH3OH 32 5.93 160 22.60

Ethanol C2H5OH 47 11.943 78.8 22.75

Hexane C6H14 86 3.26 188.6 18.40

Cyclohexane C6H12 84 9.3 121.3 25.30

Heptane C7H16 100 4.163 58.35 19.65

Benzene C6H6 78.11 6.47 118.24 29.02

Toluene C6H5 CH3 92 5.903 36.27 28.50

Xylene C6H4 (CH3)2 106.17 8.102 16.35 28.37

(Model no. 760x in 450–4000 cm−1 range) IR spec-
trophotometer.

Surface area was determined via five point BET
analysis from the amount of N2 gas adsorbed at var-
ious partial pressures (0.05 < p/p0 < 0.3, nitrogen
molecular cross-sectional area = 16.2 Å2).

The pore size distributions were measured via ni-
trogen desorption isotherms, using as ASAP 2000 by
Micromeritics. A single condensation point (p/p0 =
0.99) was used to find the pore radius (r) using the
Kelvin equation:

ln(p/po) = −2γ V /r RT (3)

This equation establishes a relationship between
pore radius (r) and the relative pressure (p/p0) em-
ployed in the N2 adsorption–desorption technique. The
symbols V and r represent the molar volume and the
surface tension of the condensed liquid (N2) in the
pores. The pore volume was calculated by using the
relation:

pore volume = (1/ρb − 1/ρs) cm3/g (4)

4. Results and Discussion

The physical properties of the aerogels strongly de-
pend on the nature of the exchanging solvent. Some of
the physical properties of the exchanging solvents are
given in Table 1 [16]. The change in the % of volume
shrinkage, pore volume and contact angle of the aero-
gels with the variation of the R from 4 to 16 for various

Figure 2. Change in the density of the silica aerogels with the
variation of the EtOH/TEOS molar ratio (R) for various exchanging
solvents.

solvents are given in Table 2. Figures 2 and 3 show the
change in the density and the % of porosity of the aero-
gels with the variation of the R for various solvents. It
is seen from Table 2 and Figs. 2 and 3, that the % of
volume shrinkage and density, with various solvents is
in the increasing order of heptane < xylene < hexane
< toluene < cyclohexane < benzene and whereas pore
volume and % of porosity is in the decreasing order of
heptane > xylene > hexane > toluene > cyclohexane
> benzene.

The shrinkage of a gel during drying due to the
capillary pressure Pc of the pore solvent is given by



288 Rao, Rao and Pajonk

Table 2. Physical and hydrophobic properties of the ambient pressure dried silica aerogels.

EtOH/TEOS Benzene Cyclohexane Toluene Hexane Xylene Heptane

% of volume shrinkage (Vg − Va)
/

Vg × 100

4 48 35 25 20 18 16

6 28 25 18 12 10 7

8 20 15 12 8 5 4

10 30 24 15 13 11 9

12 37 35 25 22 17 15

16 50 45 42 40 35 32

Pore Volume (1
/
ρb − 1

/
ρs) ρs = 1.9 g/cm3

4 5.03 5.53 6.14 7.17 7.8 8.17

6 5.79 5.8 7.8 8.56 8.7 15.1

8 6.32 7.67 8.56 9.47 10 16.14

10 5.62 6.05 7.9 8.25 9.1 14.92

12 5.36 6.72 7.05 7.8 8.17 9.37

16 5.03 5.06 5.36 5.7 6.14 7.81

Contact angle (θ )

4 133 133 135 130 137 138

6 149 150 153 156 165 158

8 157 159 158 157 172 160

10 155 156 157 154 169 156

12 153 155 154 152 163 154

16 147 139 149 136 152 144

[17, 18],

Pc = 2ϒLV
/

(rp − t) (4)

assuming that the contact angle of the pore liquid with
pore walls is zero [19]. ϒLV, is surface tension of the
pore liquid and rp, is the pore radius and t, is the thick-
ness of the surface absorbed layer. The capillary pres-
sure can be reduced only by reducing the surface ten-
sion of the pore liquid or preparing the gel with a large
pore size [9]. By drying the gels at an ambient pressure,
surface tension between liquid and vapour cannot be
avoided and shrinkage occurs until the capillary pres-
sure is resisted by bulk modulus (Ko) of the gel (i.e.
modulus of the drained gel network) [20]. However,
reversible shrinkage in the gels can occurr i.e., spring
back, during the last stage of the drying, if the inner
surface of the wet gel has been modified by silylation
to hinder siloxane bond formation during drying [10,
21]. It was found that the drying of the gels in various
pore solvents permit the decrease of capillary pressure
by using the solvent with low surface tension. The gel
network will not experience shrinkage as long as the
capillary pressure is lower than or equal to the pristine

Figure 3. Change in the % of porosity of the silica aerogels with the
variation of the EtOH/TEOS molar ratio (R) for various exchanging
solvents.

gel strength. Supporting this conclusion, the solvents:
heptane and xylene with low surface tension (even-
though hexane has less surface tension than heptane,
molecular weight and chain length of heptane play an
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important role) produce less capillary pressure and the
low vapour pressures of heptane and xylene cause less
shrinkage in the gels during drying, therefore low den-
sity aerogels with less shrinkage were obtained.

Two phenomena which explain the solvent effects on
silica alcogels are (1) variation of silica solubility and
(2) structural modification. According to Kitahara et al.
[22, 23] silica solubility decreases with increase of the
solvent molecular weight. This effect causes variation
in the shrinkage of the aerogels for different solvents
[24]. The bulk density of the aerogels decreased for sol-
vents of large chains. The contact angle between the
pore walls and liquid decreased with molecular weight
of the solvent [25], and has been found that the contact
angle for these solvents was zero and capillary pressure
depended only on the surface tension of the pore liquid
and pore size of the silica network.Therefore it is sug-
gested that the structural modification of the network
by high molecular weight and long chain length sol-
vents, is responsible for decreasing the density, high
percentage of porosity and pore volume in the silica
aerogels.

Dissolution and reprecipitation of silica gives coars-
ening because of the silica solubility and it is dependent
on the primary particle/neck curvature. Silica is dis-
solved on the primary particle surface and redeposited
around the point of contact to minimize the negative
radius of the curvature (Oswald ripening). The rate of
dissolution and reprecipitation of silica is also influ-
enced by the type of pore solvent [26].

With the increase of R from 4 to 16, the percentage
of shrinkage and density of the aerogels decreased,
whereas the pore volume and percentage of poros-
ity increased for R of 8 and percentage of shrinkage
and density increased and pore volume and percent-
age of porosity decreased for further increase of R >

8 as shown in Figs. 2 and 3 and Table 2. At lower R,
due to insufficient EtOH, the availability of the free
TEOS molecules is low, therefore the hydrolysis did
not occur completely so the condensation occurred be-
tween hydrolysed and unhydrolysed species, therefore
more shrinkage during drying leading to dense gels.
At higher R (>8) due to the presence of excess ethanol
[27], due to dilution, the distance between TEOS hy-
drolysed species is more, therefore continuous silica
network did not form and hence during drying the gels
shrink more resulting in dense gels. Low density aero-
gels have been obtained for R of 8 for various solvents.

The thermal conductivity of the aerogels decreased
with increase of R to 8 and then increased with increase

Figure 4. Change in the thermal conductivity of the silica aerogels
with the variation of the EtOH/TEOS molar ratio(R) for various
exchanging solvents.

of R > 8 for various solvents as shown in Fig. 4. The
increasing order of thermal conductivity of the aero-
gels for various solvents is heptane < xylene < hexane
< toluene < cyclohexane < benzene. The thermal per-
formance of the aerogels is strongly dependent on the
particle, pore sizes and their distributions. The parti-
cle density or particle size is the first candidature to
explain the trends in thermal conductivity. Change in
the thermal conductivity results from the radiative and
conductive heat transfer contributions and they effec-
tively cancel each other out. This is due to the fact
that the solid phase thermal conductivity is directly
proportional while the radiative thermal conductivity
is inversely proportional to the particle density [28].
The porosity dominates than particle volume in the
silica aerogels hence to thermal conductivity is less.
Among all the solvents, low thermal conductive aero-
gels (0.07 W/mK) are obtained with heptane because
heptane produced with low density and high porosity
the aerogels.

Figure 5 shows the percentage of optical transmis-
sion of the aerogels at 700 nm as a function of R from 4
to 16 for various solvents . It was found from the figure
that the order of the percentage of optical transmission
for various solvents at R of 8 is hexane > cyclohex-
ane > heptane > benzene > xylene > toluene. The
optical transmission of the aerogels is largely a func-
tion of the particle size, size distribution, shape and
particle density and surface roughness [29]. Optical
clarity is governed by the light scattering resulting from
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Figure 5. Change in the % of optical transmission of the silica
aerogels with the variation of the EtOH/TEOS molar ratio (R) for
various exchanging solvents at 700 nm.

inhomogeneities between the air and the solid matrix
of the aerogels on small length scale in the nanometer
range. In addition, scattering can result from the large
macroscopic particles with inherent irregularities and
surface roughness. The former is manupulated by the
species from the sol–gel route to the network of the
aerogel. The solvent is one of the primary factors to
form the particles and the pore sizes because the pore
size and particle size formation is dependent on the
nature of the solvent. With toluene, bigger particle and
pore sizes are formed and scattering is more with these
aerogels hence the percentage of optical transmission
is low where as hexane and cyclohexane produce
smaller particle and pore sizes and therefore the
aerogels with hexane and cyclohexane are more trans-
parent. Hence, the type of solvent plays an important
role in the production of transparent aerogels.

The change in the surface area of the aerogels with
the variation of the R from 4 to 16 for various solvents
is shown in Fig. 6. The order of the surface area for
various solvents is benzene < cyclohexane < toluene <

hexane < xylene < heptane. Low surface area silica
aerogels were obtained with benzene because of more
percentage of volume shrinkage and also irregular pore
distribution in the aerogels whereas high surface area
silica aerogels were obtained with heptane because of
less percentage of volume shrinkage in the aerogels due
to uniform porosity. The surface area of the samples
increased with the increase of R to 8 and then decreased
for R of >8. Irregular pore and particle sizes and more
percentage of volume shrinkage occured in the silica

Figure 6. Change in the surface area of the silica aerogels with the
variation of the EtOH/TEOS molar ratio (R) for various solvents.

Figure 7. Pore size distributions of the silica aerogels for various
solvents at EtOH/TEOS molar ratio (R) of 8.

aerogels for the R values of >8> therefore low surface
area of the silica aerogels were obtained at the lower
and higher of R at 8 .

Figure 7 shows the pore size distribution in the sil-
ica aerogels for various solvents at R of 8. The order
of pore size distribution is hexane < cyclohexane <

heptane < benzene < xylene < toluene. It was found
from the figure that the silica aerogels obtained with
hexane have small pore size distribution hence resulted
in transparent silica aerogels where as in the case of
toluene and xylene, bigger pore size distribution oc-
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Figure 8. FTIR spectra of the silica aerogels with the variation of
the EtOH/TEOS molar ratio (R).

curred and this led to transluscent silica aerogels. Uni-
form pore size distribution was observed in the sil-
ica aerogels with heptane therefore the resulting aero-
gels had less percentage of volume shrinkage and low
density.

The hydrophobicity of the aerogels with various sol-
vents has been observed as a function of R by measur-
ing the contact angle (θ ) of aerogels with water [30]
and the results are shown in Table 2. It was found
that for a solvent, the contact angle (θ ) increased with
the increase of R to 8 and then decreased for R > 8.
Figure 8 shows the FTIR spectra of the silica aero-
gels with variation of the R for xylene solvent. It was
observed that the intensity of the peaks at 840 and
1250 cm−1 of the Si–C and 2900 and 1450 cm−1 of
the C–H [31, 32] increased with increase of R to 8
and decreased for R of >8. At R of <8<, the silica net-
work is not uniform [33], leads to incomplete silylation
of the surface of the silica network resulted, hence the
intensities of the C–H and Si–H peaks were less. There-
fore,the aerogels have low contact angle and hence are
less hydrophobic. Figure 9 shows the FTIR spectra of
the silica aerogels for various solvents for R of 8. It was
observed that the intensities of peaks related to Si–H
and C–H is more in the spectrum of xylene and similar
intensities were obtained for other solvents. Therefore,
all the solvents except xylene have similar contact an-
gle values at R of 8. Xylene has the highest contact
angle (≈172◦) because of its higher molecular weight
and bigger size, it activates the silica surface for more
silylation.

Figure 9. FTIR spectra of the silica aerogels for EtOH/TEOS
molar ratio (R) of 8 for various solvents: (1) hexane (2) toluene (3)
heptane (4) xylene.

Figure 10. Change in the contact angle (θ ) of the silica aerogels
with time for various solvents.

Figure 10 shows the variation in the contact angle (θ )
of the silica aerogels with time from 0 to 120 days. It
was found that the decrease in the contact angle of the
aerogels during 120 days with xylene solvent, is more
(>30◦) even though its initial contact angle is high
and in the case of heptane, the decrease of the contact
angle of the aerogels for 120 days is less (∼=10◦).The
atmospheric conditions have less effect on the heptane-
based hydrophobic silica aerogels than xylene-based
aerogels because of its physical properties. Low den-
sity, highly porous and hydrophobic, durable and low
thermal conductive silica aerogels produced with the
heptane solvent.
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5. Conclusions

Ambient pressure dried hydrophobic silica aerogels
were produced by using the tetraethylorthosilcate
(TEOS) precursor with two step catalytic method and
hexamethyldisilazane silylating (HMDZ) agent with
various exchanging solvents. The solvents used were
hexane, cyclohexane, heptane, benzene, toluene and
xylene. The physical properties of the silica aerogels
were measured with the variation of the EtOH/TEOS
molar ratio (R) from 4 to 16 for these solvents. The %
of shrinkage, % of porosity, density, porevolume, ther-
mal conductivity, % of optical transmission, contact
angle (hydrophobicity) of the silica aerogels with wa-
ter were strongly dependent on the physical properties
of the solvents such as surface tension, vapour pres-
sure, molecular weight, chain length, viscosity. The
hydrophobicity of the aerogels with the time from 0
to 120 days for these solvents has been studied and
found that with the heptane solvent the decrease in the
hydrophobicity of the silica aerogels was slow as com-
pared to the other solvents. Low density (0.06 g/cm3),
highly porous (97%), hydrophobic (θ = 160◦), low
thermal conductive (0.07 W/mK) high surface area
(750 m2/g), uniform porosity and transparent (90%)
silica aerogels were obtained with the heptane solvent
and highly hydrophobic silica aerogels (θ = 172◦),
with xylene solvent.
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