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Abstract

In the present paper, the experimental results on the influence of temperature on the physical properties such as bulk density,
percentage of porosity, percentage of volume shrinkage and weight loss of silica xerogels, are reported. The xerogels have been
prepared by hydrolysis and polycondensation of tetraethoxysilane (TEOS) using a new catalyst (citric acid) followed by drying at
ambient temperatures (<90°C) and atmospheric pressure. The lowest density silica xerogels obtained were of the order of
0.22x10*kgm~—3. The xerogels were then heated in air at different temperatures ranging from room temperature (25°C) to 1200°C
with a controlled heating rate of 1.5°Cmin~!. It has been found that highly transparent (~90 %), monolithic, pure and densified
(2.2x103kgm—3) silica glasses were obtained at a temperature as low as 980°C when compared to conventional melting of silica
glasses (=2000°C). The experimental results have been discussed by taking into account the processing conditions and related che-
mical changes. Besides the porosity and density measurements, the gels and glasses were also characterised by infrared (IR) spec-
troscopy and scanning electron microscopy (SEM). © 1999 Elsevier Science Ltd and Techna S.r.1. All rights reserved

1. Introduction

Sol—-gel processing of glasses and ceramics has attrac-
ted enormous research interest during the past several
years due in part to apparent advantages, over the con-
ventional processing in special area of glass formation
[1].

A controlled densification of silica xerogels is a pre-
requisite for some technical applications of these highly
porous, sol-gel derived and conventionally dried mate-
rials. Densification is usually carried out in the tem-
perature range from 600 to 1200°C. In this range we get
partially densified porous silica glasses. These glasses
are very useful for impregnation with second phases as
required for many multifunctional optical devices.
Recently, this process has been extrapolated to multi-
component glasses such as SiO»—B,03 and SiO»,—P,Os
[2] or doped glasses with lanthanides [3]. The use of
open porosity of a glass to modify the nature of material
has been previously applied to “Vycor glass” [4]. Xer-
ogels are another matrix which allows the nanocompo-
sites [5], polymer glass composites [6], materials or clays
[7] and luminescence effect [§], to be obtained. For many
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applications silica glasses with required percentage of
porosity and transparency are needed. Although Prassas
et al. [9] and Henning et al. [10] described the prepara-
tion of silica glasses using tetramethoxysilane (TMOS)
as a precursor and NH4OH as a catalyst, there is no
report on the physical properties such as bulk density,
percentage of porosity, weight-loss and volume shrink-
age of citric acid catalysed tetraecthoxysilane (TEOS)
silica xerogels. Moreover TEOS precursor is less toxic
and much lower in price as compared to TMOS pre-
cursor. Also, the sintering temperature of TEOS xer-
ogel is lower (~980°C) than TMOS aerogel (~1200°C).
Therefore, we present and discuss the results on the
influence of temperature on the physical properties of
TEOS silica xerogels.

2. Experimental procedure

Silica alcogels (the dispersed phase is SiO, skeleton
and the dispersing medium is alcohol) were prepared by
hydrolysis and polycondensation of solvent (ethanol
(EtOH)) diluted TEOS in the presence of citric acid cat-
alyst using the following chemical reactions:

Hydrolysis:
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Si(OC,H5s), + 4H,0 5 Si(OH), + 4C,HsOH )
where, K is a catalyst (citric acid).

Condensation:

Si(OH), + Si(OH), —»=Si—0—Si = + 4H,0 ©)

Si(OH), + Si(OC,Hs), —= Si—0—Si = +4C,H;OH
(3)

The chemicals used in the present work were of
“pursis” grade except TEOS which is of “puram”
grade, from Fluka Company (Switzerland). Triple dis-
tilled water was used for the preparation of 0.001 M
citric acid solution. The TEOS was diluted with its
respective alcohol (EtOH) in order to avoid transester-
ification [11]. In order to obtain transparent and homo-
geneous silica xerogels, the molar ratio of
TEOS:EtOH:H,0O was kept constant at 1:5:7, respec-
tively. Alcogels were washed in ethanol 4 times with an
interval of 24 h at room temperature before aging in 70
vol% percent TEOS/EtOH for 2 days at 60°C before
drying. Aging leads to improve strength and stiffness of
the silica network.

In order to obtain the best quality silica glasses in
terms of transparency, homogeneity and monolithicity,
isothermal sintering of TEOS xerogels covering a tem-
perature range from room temperature to 1200°C was
done with controlled heating rate of 1.5°C min~—! using
microprocessor based Eurotherm Temperature Con-
troller connected to a muffle furnace.

Thermogravimetric analysis (TGA) of the xerogel
samples of 10 to 20 mg in weight were carried out in air
atmosphere on a thermobalance with a heating rate of
1.5°Cmin~! up to 1000°C . The physical and chemical
changes lead to weight losses; were interpreted by TGA.
In order to measure the volume shrinkage of the xer-
ogels during sintering, the dimensions of the samples
like diameter and length were measured accurately using
a travelling microscope.

Percentage of porosity (P;) was obtained from the
values of bulk (py) and skeletal (p,) densities using the
relation

Pr=1—(py/ps) 4)

The skeletal density (p,) was measured by the pycn-
ometer (QUANTACHROME) while the bulk density
was measured from the known volumes and weights of
the xerogels.

The surfaces of the xerogel and glass samples, heated
at different temperatures have been carefully observed
by SEM with Cambridge 250 MK3 scanning electron
microscope. The xerogel samples were carefully cut into
3x3x2mm? sizes at atmospheric pressure in a dust-

proof clean chamber. Then the samples were coated
with gold containing 20% palladium, at a pressure of
1.333 Pa, in order to avoid electric charge during the
SEM observations. In the present work, different sam-
ples, each prepared under the indentical conditions have
been examined and the results have been found to be
very similar. The xerogels and glasses were also char-
acterised by the Infrared Spectrophotometer (model:
Perkin—Elmer).

3. Results and discussion

We have used parent solvent (EtOH) for the TEOS
precursor and citric acid as the catalyst because this
combination resulted in the best quality silica xerogels
in terms of monolithicity and transparency. From the
present studies it has been found that the temperature
influences strongly the physical properties such as bulk
density, percentage of porosity and volume shrinkage
and weight loss of the citric acid catalysed (TEOS) silica
xerogels.

3.1. Bulk density

The variation of bulk density versus temperature is
shown in Fig. 1. Before any heat treatment, the bulk
density of the xerogels has been found to be around
0.22 x10° kgm~3. After the heat treatment with a con-
trolled heating rate of 1.5°C min~!, the bulk density of
the xerogel decreases from 0.22 x10° to
0.19 x103kgm—3 with an increase in temperature from
25 to 250°C, which is due to the evaporation of the
trapped solvent molecules while with an increase of
temperature above 250°C, the bulk density of the xerogel
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Fig. 1. Bulk density of silica xerogel vs temperature.
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increases and it reaches a maximum value of 2.2 x103
kgm™3 at 980°C which is equal to the density of vitr-
eous silica. It has been found that above 980°C the bulk
density remains constant. This density enhancement can
also be attributed to the elimination of the steric effect
of the organic species and to the smoothening of the
roughness of the particles which occurs due to heat
treatment [12]. During the heat treatment at higher
temperatures (>950°C) the structure of the xerogels
tends to change progressively towards the structure of
glass. Water and unstable products are slowly elimi-
nated and non-bridging oxygen molecules disappear.
After the complete densification at 980°C, the resulted
glassy structure was found to be very similar and close
to the vitreous silica; and the bulk density (py) and the
refractive index (n) were found to be 2.2x10°kgm—3
and 1.5, respectively.

3.2. Weight loss and volume shrinkage

The most obvious physical change that occurs when
gel is heated above room temperature is shrinkage. The
variation of weight loss and volume shrinkage of the
xerogels as a function of temperature is shown in Fig. 2
The shrinkage curve is divided into two regions defined
by the accompanying weight loss.

In region I the weight loss is substantial. In region II
both the shrinkage and weight loss are substantial and
at last instant (~875°C) shrinkage occurs without
weight loss. The weight loss of around 16% in region |
(up to the temperature of 400°C) corresponds to the
endothermic reaction which is attributed to the deso-
rption of physically adsorbed water (or perhaps residual
solvent). Here in region I the removal of EtOH and
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Fig. 2. Percentage of volume shinkage and weight loss of the xerogel
vs temperature.

H>O contents takes place. Hence a negligible shrinkage
with a weight loss of around 16% results from an
increase in surface energy caused by desorption of water
and alcohol. Concurrent weight loss (=18%) and
volume shrinkage (=90% ) in region II are attributed
primarily to the removal of organics (principally weight
loss), polymerization (shrinkage is proportional to
weight loss), structural relaxation (only shrinkage) and
viscous flow [13]. Shrinkage in region II is the structural
relaxation a process by which excess free volume is
removed, allowing the structure to approach the con-
figuration characteristics of the metastable liquid [14].
Structural relaxation occurs by diffusive motion of the
network. It has been found that the network densifies
rapidly in the last stage of the region II which can be
due to viscous flow and structural relaxation, an irre-
versible process in which the free energy decreases
through bond restructuring or rearrangements with no
associated weight loss at and above the temperature of
875°C has been observed.

3.3. Porosity as a function of temperature

The percentage of porosity as a function of tempera-
ture is shown in Fig. 3 It has been found that the per-
centage of porosity remains constant (80%) up to a
temperature of around 400°C. Fig. 4 shows the SEM
picture of the xerogel which is heated up to 400°C. It is
clearly seen from the figure that almost all the SiO,
particles of the network are spherical in shape and pores
are uniform. This can be due to reversible dehydroxyla-
tion which occurs with the departure of physical water
and decomposition of organic residues. Further increase
in temperature (from 400 to 800°C) led to a decrease in
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Fig. 3. Percentage of porosity of the xerogel vs temperature.
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Fig. 4. SEM picture of silica xerogel heated up to 400°C.

the percentage of porosity. The xerogels heated at
higher temperatures of ~980°C led to the formation of
continuous SiO, network without any porosity or neg-
ligible porosity (Fig. 3) as observed by the SEM picture
(Fig. 5). This also can be due to irreversible dehydrox-
ylation. The departure of water through condensation
mainly takes place between neighbouring silica particles,
on the surface, with the volume shrinkage of overall
surface. Thus, the number of existing silanol groups on
the gel surface is an inverse function of the densification
temperature. It has been found that at ~780°C the per-
centage of porosity becomes 50% to that of the initial
porosity. Above 780°C, the densification process is
enhanced by three mechanisms—condensation reaction,
structural relaxation and viscous sintering. Due to these
mechanisms the percentage of porosity was found to
change drastically from 50 to 0% within the tempera-
ture range of 780 to 980°C.

Fig. 5. SEM picture of silica xerogel heated up to 980°C.
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Fig. 6. IR spectra of silica xerogel heated at different temperature.

3.4. IR spectra

Fig. 6 illustrates the infrared spectra of the silica xer-
ogel between 4000 and 400 cm~!, heated at 50, 500, 700
and 1000°C. The IR absorption bands at 3400 and
2750 cm™! are characteristics for free or absorbed water
and is accompanied by another band at 1620cm~!.
With the heat treatment of the xerogels, these bands
become weaker at and above 500°C suggesting that
the gradual evaporation of water and residual ethanol.
The 1080, 800 and 460cm~! bands are attributed to
different modes of Si-O or O-Si-O vibrations
[12,13]. The band around 950 cm~! corresponds to the
streching vibrations of Si—-O—H. The band disappears at
700°C because of polycondensation of Si—-OH bonds
into Si-O-Si bonds and the evaporation of water
[14,15].

4. Conclusions

We have prepared monolithic, transparent and high
purity silica glasses from citric acid catalyzed TEOS
silica xerogels by heating them in air at around 980°C
for 8 h with a controlled heating rate of 1.5°C min~'. It
was found that initially within the temperature range of
25 to 250°C, the bulk density decreased from 0.22x 103 to
0.19x103kgm~—3 due to significant weight loss without
any volume or porosity change of the xerogels. While
above 250°C the bulk density, percentage of volume
shrinkage and weight loss increased with an increase in
temperature. On the other hand, the percentage of por-
osity was found to decrease with an increase in tem-
perature (above 250°C). Around 980°C, due to viscous
flow, the xerogels have been found to yield transparent
glassy masses without any porosity.
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The studies on the influence of heat treatment on the
acoustical and mechanical propertis of the TEOS silica
xerogels are in progress.
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