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Abstract

Shrinking behavior of tin oxide gels during solvent exchange in CO, supercritical drying was investigated. The drying
process consisted of two solvent-exchanging steps, including a first replacement of water by acetone and a second of acetone
by liquid CO,. Gels prepared from a basic sol with a {-potential of —75 mV exhibited extensive shrinkage during both
steps, while those from an acidic hydrous precipitate of lower potential (| Z-potential| < 35 mV) shrank only during the
second step. The shrinkage during the first step correlates with the &-potential reduction with increasing acetone
concentration, while that during the second step for both gels can be attributed to osmotic compressive pressure that arises
from an increase in the liquid—solid (gel skeleton) interfacial energy with increasing CO, concentration. Dramatically
different aerogel microstructures were obtained by controlling the gel surface potential in conjunction with different
combinations of solvent-evaporating and supercritical drying. © 1998 Elsevier Science B.V.

PACS: 81.05.Hd; 81.05.Rm; 81.20.Fw; 81.40.— z; 82.70.Gg

1. Introduction

The nature of gel-shrinkage during drying is
known to have a decisive effect on gel microstruc-
ture. For instance, the existence of predominantly
micro-pores in oxide xerogels, that are obtained by
the conventional solvent-evaporating drying process,
is a consequence of the capillary force at vapor—
liquid interfaces, which causes gel shrinkage and
pore-size reduction. To minimize gel shrinkage su-
percritical drying was introduced by Kistler [1] for
making oxide agrogels. There are two types of super-
critical drying processes, namely the high- and low-
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temperature ones, that have appeared in the literature
for the drying of oxide gels. In the high-temperature
process, the original solvent, mostly alcohol—water
mixtures, used to prepare the wet gels, is heated and
pressurized to the supercritica state (T, = 374°C,
P.,=220 MPa for water; 240°C, 7.93 MPa for
methanol; 243°C, 6.36 MPa for ethanol [2]) and
isothermally vented [3-9]. In the low-temperature
process, the original solvent was replaced by another
solvent, such as CO,,, (T, = 31.1°C, P, = 7.36 MPa),
which has a lower T, [2,10-13]. A CO, supercritical
drying process generaly involves two solvent-ex-
changing steps, including the first replacement of the
original solvent by a solvent that has high miscibility
toward both the original solvent and CO,,, and a
second replacement of this solvent by CO,, in an
autoclave. CO, is subseguently vented as supercriti-
cal fluid.
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Previous studies showed that, when subjected to
high- or low-temperature supercritical drying, oxide
gels shrink [12,14,15], although less than in solvent-
evaporating drying. It was observed that, while the
gel dimension remained unchanged during the final
CO,-venting step, significant gel shrinkage takes
place during the solvent-exchange steps. A large
literature devoted to the understanding of the gel
shrinkage in solvent-evaporating drying, is summa
rized by Brinker and Scherer [16]. In contrast, there
have relatively been few for supercritical drying
[12,14], which focused mainly on silica and none of
which concerns metal oxide gels. In this work, tin
oxide particul ate gel s containing particles with greatly
different surface potentials were subjected to the
CO, supercritical drying that consisted of two most
commonly adopted solvent-exchanging steps, includ-
ing first one with water being replaced by acetone
and the second with acetone by CO,,,. Their shrink-
age behavior, along with the driving mechanisms,
during the solvent-exchanging steps were investi-
gated.

2. Experimental

Wet gel preparation by a spontaneous solution—
sol—gel method has been previously described [17].
An agua-alcoholic (H,0/ethanol = 3:2 by volume)
solution containing 0.03 M SnCl ,.5H,0 was aged at
room temperature without introducing any precipitat-
ing reagent. During aging, solution-to-sol and sol-to-
gel transitions took place spontaneously to produce
gelatinous precipitates. Once the precipitate sedi-
mented, the supernatant solution was decanted and
fresh water was replenished. The cycle consisting of
consecutive aging, solution-decanting and water-re-
plenishing steps was repeated until the solution pH
value reached ~ 4.0. The precipitate was then col-
lected in a Teflon container and was either directly
subjected to the supercritical CO, drying process or
partially dried at 34°C under 75% humidity to pro-
duce a free-standing gel. These gels will hereafter be
referred to as the acidic gels and the one without
being partialy dried as the fresh gel. To prepare the
basic gels, ammonia was added into the solution
containing the precipitate until pH reached ~ 9.0.
The white precipitate was completely peptized within

24 h into a transparent sol. Free-standing basic gels
were obtained by subjecting the sols to solvent-
evaporating drying under the same conditions as the
acidic ones.

The CO, supercritical drying consisted of sol-
vent-exchanging first with water being replaced by
acetone and second with acetone by liquid CO,. For
the free-standing gels, the first solvent-exchanging
step was carried out by consecutively immersing the
gels in agua-acetonic solutions with increasing ace-
tone contents, ranging from 50% (by volume) to
100% with 10% increment between solutions.
(Throughout this paper, the composition of an aqua-
acetonic solution will be expressed in terms of species
volume fraction calculated before mixing; i.e., the
volume change, which is no greater than ~ 3%, due
to mixing is ignored.) The gel was then moved to a
windowed autoclave, where the gel was immersed in
an acetone bath. Fig. 1 shows the CO, pressure—
temperature, P(CO,)-T, path during the second sol-
vent-exchanging and final supercritical drying steps.
The second solvent-exchanging step was carried out
by continuously flushing the autoclave with flowing
COyy for ~ 30 min a 6.2 MPa. Slightly different
procedures were adopted for handling the fresh acidic
gel. In this case, the fresh wet gel, i.e., the precipi-
tate, was directly dispersed in acetone in the first
step. After the precipitate sedimented, sludge con-
taining the precipitate and acetone was collected in a
tube which has a frit attached to one end. The sludge
was viscous enough to show no leakage through the
frit. Then the gel aong with the entire tube was
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Fig. 1. The P(CO,)-T diagram showing the operating path
involved in the supercritical CO, drying process.
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immersed in acetone inside the autoclave for the
second solvent-exchanging step. Fresh basic gels,
i.e., the sols, cannot be handled in the same manner
due to its low viscosity and hence only the partially-
dried, free-standing basic gels were used.

The final drying step, as indicated in Fig. 1, was
carried out by raising the temperature to 40°C and
the pressure simultaneously went up to ~ 9.6 MPa.
The entire system was then alowed to equilibrate for
0.5 h and was then vented.

Photographs of gels at different stages were taken
for determining shrinkage. Corrections for image
distortion caused by light refraction through various
liquid—liquid, liquid—solid and gas—solid interfaces
were made by using objects of known dimensions.
Microstructures of aerogels were characterized by
using nitrogen adsorption (ASAP2000, Micromerit-
ics) and scanning electron microscopy (SEM; Hi-
tachi, S800). &(zeta)-potential was measured by us-
ing a &potentiometer (Malvern, Zetamaster). The
particle sizes of the sol were determined by aMalvern
4700 C particle-size analyzer, which employed a 633
nm laser incident beam and a light-scattering detec-
tor located at 90°. The particle size was calculated
based on the Stoke-Einstein equation, assuming
spherical solid particles.

3. Results

Acidic wet gels, prepared from the gelatinous
precipitate with pH = 4.0, are opaque, apparently
consisting of large coagul ated masses that effectively
scatter visible light. Basic gels obtained from sols at
pH = 9.0 are transparent. The &-potential measure-
ments of the sol gave a potential distribution that had
an average potential of ~ —75 (+3) mV (Fig. 2a),
while light scattering measurement of the sol showed
a narrowly distriputed particle-size distribution that
peaked at ~ 60 A with 85% (in mass) having a size
less than 200 A (Fig. 2b). &-potential measurements
were also conducted on the solutions containing
diluted acidic precipitate but the data widely scat-
tered over the range between —13.5 and —35 mV,
presumably because the acidic precipitates easily
coagulate. They, however, serve to demonstrate the
fact that the &potential of the acidic gel is indeed
rather smaller than that of the basic sol.
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Fig. 2. The properties of the sol from which the basic gels are
made. Shown are (a) &potential distribution curve; (b) particle
size distribution.

In addition to their different appearances, the
acidic and basic gels exhibited different shrinking
behaviors during the solvent-exchanging steps (Table
1). When the fresh acidic gel was loaded in a test
tube and immersed in acetone bath, no shrinkage was
observed. Nor has shrinkage taken place when the
partially-dried acidic gels were subjected to the stan-
dard first-step solvent-exchanging procedures. Sig-
nificant gel shrinkage, however, took place for all
the acidic gels during the second step (Table 1,
samples A-O ~ 2). The basic gels exhibited shrinkage
during both solvent exchanging steps (Table 1, sam-
ples B-1 and 2). In all cases, the shrinkage taking
place during the first step is far more extensive than
that during the second step. For the former, more
than one-half of the overall shrinkage occurred when
the gels were finally immersed in pure acetone (after
being previously washed in a 90%-acetone solution).

&-potential measurements were carried out on ba
sic sols dispersed in agua-acetonic solutions of dif-
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Table 1

Gel shrinkage during the solvent-exchanging steps

Sample no. Period of pre-drying? (h) Shrinkage (— AL /L))" by solvent-exchanging
1st step (1st + 2nd) step

A-0 0 0.0 25%

A-1 24 0.0 8.0%

A-2 48 0.0 7.0%

B-1 24 25% 30%

B-2 48 11% 16%

#Pre-drying was carried out at 34°C under 75% humidity.

b_ AL/Ly: the axia linear shrinkage with respective to the gel dimension, L,, after pre-drying and before any solvent-exchanging

procedure.

ferent acetone concentrations. These solutions were
introduced with the same concentration of ammonia
as that used in peptizing the basic sol, showing
approximately the same pH value (8.5-9.0). It was
found that, with increasing acetone concentration,
the &-potential first showed a gradual decrease up to
90%-acetone, followed by a rapid drop to ~ —30
mV in pure acetone (Fig. 3).

During the second-solvent exchanging step, as
indicated in Fig. 1, CO, was introduced into the
autoclave originally as a gas and, when the dew
point was reached, as a liquid. Dissolution of CO,
into the acetone was evidenced by the presence of a
‘finger-pattern’ flow. Simultaneously, the gel shrink-
age, for both acidic and basic gels, commenced from
the top and propagated to the bottom, in the same
direction as that of the CO, flow. In a set of
experiments, CO, pressure was increased step-wise
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Fig. 3. |&potential| of the basic sol as a function of acetone
concentration in water—acetone solutions.

and the gel dimension was monitored in situ. Fig. 4a
shows the dynamics of shrinkage of a fresh acidic
gel. As shown, with each step-increase in CO, pres-
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Fig. 4. Shrinking behaviors of the fresh acidic gel under pressur-
ized CO,. Shown are (&) the dynamics of shrinkage (AL /L)
upon step-increase (2 MPa) in CO, pressure; and (b) overall
shrinkage (m) and shrinkage caused by unit increment in CO,
molar fraction, A(—AL/L,)/AX(CO,), (@) as a function of
CO, pressure, P(CO,).
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sure, the gel dimension first decreased sharply and
then leveled off. Both the plateau shrinkage and the
shrinkage caused by unit increment in CO, molar
fraction, i.e, A(—AL/L,)/AX(CO,), increase with
P(CO,) (Fig. 4b). (The CO, molar fractions,
x(CO,), are calculated from Ref. [18]). The total
shrinkage in this case is ~ 40%, which is greater
than that encountered in the drying process. That is,
a slower pressurizing protocol results in a greater
shrinkage.

In al runs, the gel dimension was eventually
stabilized during purging of the autoclave with CO,,
at 6.2 MPa and remained unchanged during the final
heating and venting steps. The aerogels, however,
further slowly shrank during its retention in a dry
box (relative humidity ~ 25%). Table 2 summarizes
the nitrogen adsorption data of resulted aerogels,
while Fig. 5 showed the BJH pore size distributions
of the acidic and basic aerogels that have been
subjected to one or two days of pre-drying prior to
supercritical drying. (The terms ‘acidic aerogels’ and
‘basic aerogels’ simply refer to the aerogels prepared
from the acidic and basic gels, respectively.) Data of
xerogels (Sample A-X and B-X) were aso included
for comparison. For aerogels having been subjected
to the same period (up to two days) of pre-drying,
the basic aerogels have a much higher density, and
hence a more compact structure, than the acidic
ones. Furthermore, within the meso- and micro-pore
regions, the pore size distributions are much nar-
rower in the basic aerogels (Fig. 5). The dramatic
differences in their apparent densities (column 2,
Table 2) resulted from different amounts of macro-
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Fig. 5. The BJH adsorption pore size distributions of (curve 1) the

acidic aerogel having been subjected to 48 h of pre-drying; (2)
basic aerogel; 24 h; (3) basic aerogel; 48 h.

pores therein. The presence of macro-pores, with a
diameter greater than 0.1 pm, which cannot be
accurately measured by adsorption, was evidenced in
both aerogels by SEM studies. The macro-pore vol-
ume was estimated as follows. Sintering and SEM
studies, of which the detail will be reported else-
where, have shown that the xerogels contain negligi-
ble amount (< 5% in total volume) of macro-pores
and, as calculated from their bulk density and pore
volumes, have a skeleton density of ~ 4.3 g/cm®.
By assuming that the solid phase in the aerogels has
the same skeleton density as that in the xerogels, the
total pore volumes were calculated. The differences
between calculated and measured pore volumes were
attributed to the macro-pore volumes, which are

Table 2
Microstructural data of the tin oxide aerogels
Sample # Apparent density? BET surface area Single-point pore volume V, Macro-pore volume V,r?p
(g/cm®) (m?/g) (ecm®*/9) (cm?®/Q)
A-0 011 283 0.7 8.0
A-1 0.20 290 0.76 4.0
A-2 0.53 260 0.66 11
A-X 3.0 210 0.11 ~ 0.0
B-1 0.70 250 0.80 0.40
B-2 0.95 250 0.50 0.08
B-X 32 200 0.10 ~0.0

#The apparent density is determined directly from the weight and dimension of the aerogel.
®The macro-pore volume, Vinp+ IS calculated based on a skeleton density, py, of 4.3 g/cm® and apparent density, p, by Vinp =[(1/p) —

(1/psk)] - Vp-
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listed in Table 2 (column 5). Macro-pores were
found to prevail in all the acidic aerogels (with a
pre-drying period of up to 2 days).

4. Discussion

The zero-charge point and isoelectric point of tin
oxide in water are known to be close to pH = 4.5
[19,20]. Thus, the causes to the differences in their
&-potentials between the acidic and basic gels are
apparent. Being close to the isoelectric point, the
acidic gels (pH = 4.0) are composed of coagulated
particles of low surface potential. The small negative
(but not positive) Z-potential exhibited by the acidic
gel a pH = 4.0 is believed to be due to adsorption of
Cl~, of which the concentration was reduced from
~ 0.1 M in the starting solutionto <5x 107 M as
the pH was adjusted to ~ 4.0. (It should be noted
that it is the high Cl~ concentration that causes
coagulation during the early stage of condensation,
eg., a pH=1.0[21].)

In contrast, being away from the isoelectric point,
the basic gel (pH =9.0) is congtituted of rather
uniformly distributed particles with high surface po-
tentials. The stability of the gel structure of this sort
is known to depend to a great extent on the magni-
tude of the electrostatic repulsive forces acting be-
tween particles. As shown in Fig. 3, as the solution
pH and ion concentration were kept approximately
constant, the &-potential of the basic sol showed a
monotonous decrease with increasing acetone con-
centration. In particular, the rapid reduction between
90% and 100%-acetone solutions correl ates very well
with the observation that shrinkage during the first
step takes place most significantly over the same
concentration range. By DLVO theory [19], a reduc-
tion in &potential (together with a smaller solution
dielectric constant [22,23]) will lead to a decrease in
interparticle repulsive force at the same interparticle
distance, causing gel to shrink. This is also consis-
tent with the fact that the acidic gels, in which the
particles originally have low surface potentials, did
not show shrinkage during this step.

The reduction in ¢&-potential and hence in repul-
sive force during the first step can be reasoned in
several ways, in terms of the changes in solution

properties. For instance, as the solution dielectric
constant decreases with increasing acetone concen-
tration [22,23], the double layer is compressed. That
is, the electrostatic potential drops more rapidly with
distance from the particle surface. Added to that,
dilution in [OH~] by solvent-exchanging is expected
to result in reduction in surface potential. The dra-
matic potential reduction observed between 90 and
100% acetone signals severe reconstruction of the
Stern layer structure. Reasoned along the line of
Langmuir adsorption, the reconstruction is likely to
result from the transition from saturated to under-
saturated regions for water adsorption.

The non-shrinkage behavior of the acidic gels
during the first step gives a clear indication that
balance in interparticle forces cannot be a critical
factor to account for their shrinkage during the sec-
ond step. Basic gels after the first step have a
&-potential comparable to that of the fresh acidic gels
(Fig. 3) and are expected to behave similarly.

Hydrous oxide gel is known to contain large
amount of polar and charged species. The skeleton
surface is covered with a high-density of neutral or
de-protonated hydroxyl surface groups. There exist
layers of water molecules hydrogen-bonded to the
surface groups and among themselves. lons, such as
H*, OH™ and ClI~ ions, are dso embedded within
the water layers, interacting with the surface via
electrostatic and van der Waals forces. Due to the
strong adsorbent—adsorbate interactions, these ad-
sorbed species can not be completely removed even
in pure acetone. Being a non-polar solvent, CO,,
does not support ionic charge and is expected to
have limited affinity toward molecules and groups,
such as OH, with a strong dipole moment. Thus, as
the CO, concentration increases, the ability for the
acetone/CO, solution to accommodate these
polar /charged species is expected to decrease, and
hence the liquid—solid interfacial energy increases.

Accordingly, as the CO, concentration increases,
the gel will tend to expel liquid from inside, creating
an osmotic compressive pressure, in order to reduce
the interfacial area. Similar mechanism has been
known to contribute enormous volume change in
some polymer gels [24]. The higher the CO, concen-
tration, the greater the compressive pressure. This
explains why, as shown in Fig. 4b (curve 1), the
shrinkage increases with P(CO,). Furthermore, in
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the case where dy/dx, where vy is the interfacial
tension and x the solute (in this case, CO,) concen-
tration, increases with solute concentration, a greater
increase in the compressive pressure will be created
by unit increment in the solute concentration. This
explains why, as also shown in Fig. 4b (curve 2),
A(—AL/Ly)/AXx increases with P(CO,).

Strictly speaking, change in interfacial energy
may also occur during the first step. However, in
view of the good affinity of acetone toward most of
the surface polar /charged species, as indicated by
high solubilities of water and most hydroxide and
chloride salts in acetone, the change will be much
smaller than that caused by CO, and the compres-
sive pressure, if exists, may be too small to cause
shrinkage.

The microstructural differences between the acidic
and basic aerogels are dramatic (Fig. 5 and Table 2).
In addition to their original gel networks, the shrink-
age mechanisms discussed above must have con-
tributed to some extent to the differences. Mi-
crostructures are similar among xerogels, dried solely
by solvent-evaporating drying. Acidic gels have a
wide pore size distribution. According to the os-
motic-compression mechanism discussed above, the
smaller pores, which have a higher surface-to-volume
ratio, will contract first, i.e., at lower P(CO,), and
also experience a greater compressive pressure under
the same P(CO,) and Ax(CO,). This causes a
greater shrinkage within the coagulated masses than
between the masses, leaving large voids (macro-
pores) preferentially between the masses. For basic
gels, the shrinkage during the first solvent-exchang-
ing step alows particles to slide freely and homoge-
neously into a more compact configuration, giving a
narrow pore size distribution. These pores are ex-
pected to behave similarly during the second-step
and the uniformity is retained.

Both the potential-reduction and osmotic-com-
pression mechanisms are solution-driven processes.
Gel shrinkage by these mechanisms is expected to
commonly occur in the low-temperature supercritical
drying process, during which, being the nature of the
process, either the solution dielectric constant or
solvent dipole moment is consecutively reduced dur-
ing the solvent-exchanging steps. Extensive shrink-
age of the acetone-washed tin oxide gels has aso
been observed when they were subjected either to

pressurized ethane or to liquid hexane at ambient
pressure.

5. Conclusion

(1) When tin oxide particulate gels are subjected
to CO, supercritical drying, significant gel shrinkage
takes place during the solvent-exchanging steps and
the shrinkage depends strongly on the particle sur-
face potential.

(2) Two shrinkage-driving mechanisms are identi-
fied. First, reduction in interparticle repulsive force
causes shrinkage of gels with high surface potential.
Secondly, osmotic compressive pressure arises from
increasing solution—solid(gel skeleton) interfacial en-
ergy with CO, concentration causes shrinkage of
gels with low potential. Both mechanisms are likely
to commonly occur for supercritical drying of other
oxide gels using the same (CO,) or other nonpolar
solvents.

(3) A wide range of microstructures differing in
both pore size distribution and average value can be
achieved by controlling surface potentia of the gel
in conjunction with different combinations of sol-
vent-evaporating and supercritical drying processes.
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