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Aging Behavior of Metal Oxide Aerogels
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Abstract—Aerogels of titania, zirconia, niobia, and silica were prepared bysGgercritical drying of the cor-
responding alcogels. Their porous texture could be modified by further aging of the alcogels. This kind of textural
modification was found to be different according to the nature of the metal precursor and sol-gel conditions.
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INTRODUCTION Table 1. Sol-gel conditions used in preparing the alcogels

Precursor  Water Catalyst
(mol/l solvent) (mol)* (moly

methanol Ti(OC,Hy), 0.625 4.1 HNO, 0.018

Aerogels are highly porous solids made by the sol-gel syn-Metal Solvent
thesis and subsequent removal of the liquid solvent from within

the pores of the gel by employing supercritical drying. The most ! "

common sol-gel process involves the controlled hydrolysis of Nb i;g{ﬁg:;oﬁré(c())%ﬁ); gggg ‘511 Em% (1)(1)2 9
an alkoxide precursor followed by condensation to form a three- _. . 5 ' 3 e
dimensional polymeric gel network [Hench and West, 1990]. methanol Si(OCGH,), 2.076 8.67 NH,OH 0.0%
Even though hydrolysis and condensation occur concurrently, it NHF 0.003-0.32
is possible to vary not only the absolute but also the relativePe" Mol of metal precursor.

rates by adjusting a host of so-called sol-gel parameters that

include the type and concentration of alkoxide precursor, typeparing the alcogels. The alcogel was covered with plastic film
of solvent, acid or base content, water content, and temperaturand aged under different conditions in order to study the aging
[Brinker and Scherer, 1990]. These parameters affect the struceffect. Unlike the most common aging process, which allows
ture of the initial gel and, in turn, the properties of the resultingthe alcogel to remain in its mother liquor, the aging fluid was
aerogel. Before supercritical drying, the structure and chemistrynot used in this work. The solvent entrapped in the gel network
of a wet gel may be considerably altered by varying the agingvas removed from the aged gel by flowing supercritical &0
conditions such as time, temperature, pH, and pore fluid. How-333 K and 24 MPa. The product aerogel was ground to <100
ever, at present, an understanding of the cause and effect is mtesh and calcined in a tube furnace in flowing He at 573 K for
best qualitative. For this reason aging is often an overlooke® h and then in flowing Cat 773 K for 2 h, which was the stand-
step in the sol-gel synthesis of metal oxides. It is therefore sciard calcination procedure in this study. After this calcination
entifically and technologically important to determine how wet step, it was slowly cooled to room temperature and stored in a
gels can undergo textural changes during aging. In this workdesiccator. The BET surface areas, pore volumes, and pore size
various metal oxide aerogels with mesoporosity have been predistributions of the dried and calcined samples were determin-
pared by the formation of a polymeric alcogel under appropri-ed by nitrogen adsorption-desorption at 77 K by using a Micro-
ate sol-gel conditions followed by G8upercritical drying. Here  meritics ASAP 2000 instrument. Prior to the measurements, all
we present the effect of aging on the pore structural propertiesamples were outgassed under vacuum at 383 K overnight.

of the metal oxide aerogels thus obtained.

RESULTS AND DISCUSSION
EXPERIMENTAL
1. Titania Aerogel

The detalils of the preparation of metal oxide aerogels were Table 2 shows the effect of aging conditions on the textural
described previously [Suh and Park, 1996]. Alcogels were preproperties of titania aerogels. Over the range studied, aging con-
pared from metal alkoxide, alcohol solventOHand acid or  ditions had no significant effect on the surface area of the cal-
base catalyst. Table 1 lists the sol-gel parameters used in preined product. On the contrary, the pore volume and pore size
T were shown to increase with the extent of aging. This kind of

0 whom correspondence should be addressed. . T "
E-mail: disuh@kistmail kist.re.kr textural modification induced by aging is well known for silica

This paper was presented at the 8th APCChE (Asia Pacific Confedersd€!S Soaked in solutions [Smith et al., 1990]. It has been report-
tion of Chemical Engineering) Congress held at Seoul between Augused that condensation in silica gels continues long after gelation
16 and 19, 1999. [Brinker and Scherer, 1990; Vega and Scherer, 1989]. Similarly,
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Table 2. Effect of aging conditions on the textural properties of 5
titania aerogels after calcination at 773 K for 2 h
Aging . BET  Total poreAverage pore
Aging . 4 |
temperature time surface areavolume  diametet —
(K) (M) (cc/g) (nm) o)
Room 3 hours 211 0.91 17.3 § 3]
temperature 15 days 206 0.90 17.5 =
38days 200 0.99 19.8 ‘g)
80 days 204 1.04 204 S 5|
323 1 hour 226 1.11 19.6 XS]
2 hours 211 1.07 20.3 S
12 hours 220 1.28 23.3 T4
2calculated from #(pore volume)/(BET surface area).
5 0 1
Pore diameter (nm)
4] o Fig. 2. Effect of aging temperature on the pore size distribution
= of titania aerogels. Aged at: (O), room temperature for
> 3 hours; (n) 323 K for 2 hours; @) 323 K for 12 hours.
g 3 All samples were calcined at 773 K in ©for 2 hours.
o .
=2 2. Zirconia Aerogel
= 2 The greater reactivity of zirconium alkoxides required much
= higher acid content in order to prepare homogeneous gels rather
% than precipitates. Zirconia alcogels were prepared in about one
1 hour under these highly acidic conditions. To obtain structural
rigidity for subsequent supercritical drying, they should be aged
for more than one day. However, as shown in Fig. 3, their porous
0- structure was not fully developed even after aging at room tem-

Pore diameter (nm)

Fig. 1. Effect of aging time on the pore size distributions of
titania aerogels aged at room temperature for (), 3
hours; () 38 hours; @) 80 days. All samples were cal-
cined at 773 K in Q for 2 hours.

aging of titania alcogels may modify their texture by continued

perature for a few days. The pore size distribution became nar-
rower with aging at the expense of larger pore portions. A nar-
row and much sharper pore size distribution of calcined zirco-
nia aerogels was finally obtained after aging for at least 10 days.

1.6

condensation reactions leading to a more branched gel networl
The more branched the gel network is, the larger interconnect
ed particle may be formed and the resulting pore size will be-
come larger.

The changes in the pore size distribution during aging at roon
temperature and 373K are clearly shown in Figs. 1 and 2. Wit
prolonged aging at room temperature, larger pores were newl
produced without changing the original peak maximum in the
pore size distribution curve, and thus even bimodal distributions
could be observed. Presumably, at room temperature, there is
lower driving force for the entire pore structural changes by fur-
ther condensation. Thus, the overall pore structure was better pr
served and these textural changes occurred only in limited regior
of the gel. Since the aging behavior can be thermally activated, |

aerogel by raising the aging temperature. As shown in Fig. 2, at
the higher temperature, the pore size distribution became broader
and progressively shifted to larger pore sizes during aging.
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is possible to change the overall pore size distribution of the fina|:ig_ 3. Effect of aging time on the pore size distributions of

zirconia aerogels aged at room temperature for(()), 2
days; (») 5days; (0) 7 days; @) 47 days. All samples
were calcined at 773 K in Qfor 2 hours.
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Table 3. Effect of aging conditions on the textural properties of ~ Table 4. Effect of aging time on the textural properties of nio-

zirconia aerogels after calcination at 773 K for 2 h bia and silica aerogels after calcination at 773 K for
Aging Adin BET Total pore Average pore 2h
temperature * 99 surface area volume  diameter Aging BET surface Total pore Average pore
time Aerogel )
(K) (m¥g) (cclg) (nm) time area (Mg) volume (cc/g) diameter (nm)
Room 2 days 114 0.44 15.4 Niobia 3 hours 246 0.76 12.2
temperature5 days 125 0.45 14.3 2 days 269 0.78 11.6
7 days 132 0.41 12.3 15 days 256 0.86 134
18 days 133 0.42 125 66 days 266 0.92 13.8
47 days 136 0.43 12.6 Silica 1 day 1143 2.06 7.0
308 2hours 129 0.44 13.6 5 days 976 2.13 8.7
1 day 145 0.49 13.4 11days 1035 452 17.4
2after aging at room temperature for one day. “prepared by using an NHTEOS molar ratio 0.04.
1.6 7
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Pore diameter (nm)

Fig. 4. Effect of aging temperature on the pore size distribu- Pore diameter (nm)

tion of zirconia aerogels. Aged at: (O), room tempera- Fig. 5. Effect of aging time on the pore size distributions of
ture for 2 days; () room temperature for 1 day and niobia aerogels aged at room temperature for((), 3
308 K for 2 hours; (@) room temperature for 1 day and hours; () 2 days; (J) 15 days; @) 66 days. All samples
308 K for 1 day. All samples were calcined at 773K in were calcined at 773 K in Qfor 2 hours.

O, for 2 hours.

acid was necessary to obtain transparent niobia alcogels leading

The corresponding surface area increased with no noticeablt® high-surface-area niobia aerogels. Their aging behavior was
change in pore volume, but remained almost constant with moralso studied in a similar way. As shown in Table 4 and Fig. 5,
extended aging. The effect of aging conditions on the texturalaging did not affect textural properties of the niobia aerogels to
properties of zirconia aerogels is shown in Table 3. The rate ofny significant extent. The pore size distribution of niobia aero-
aging was observed to increase with temperature. As shown igels very slowly shifted to larger pores with aging. Out of transi-
Fig. 4, only a two-day aging process including aging at 308 Ktion metal oxide aerogels studied here, niobia exhibited the slow-
for one day resulted in a narrow pore size distribution. The re-est aging rate for textural changes due to further condensation.
sulting pore size distribution remained almost unchanged withindeed, the overall porous structure remained almost unchanged
very little shift to larger pores. after extended aging.

This aging behavior is probably due to the use of a higher4. Silica Aerogel
amount of nitric acid in the zirconia sol-gel processing. More It is well known that silicon alkoxides are much less reactive
acidic conditions strongly inhibit the condensation process andn comparison to the corresponding transition metal alkoxides.
are generally known to induce textural modification during The base-catalyzed gelation of tetraethylorthosilicate (TEOS),
aging [ller, 1979; Brinker and Scherer, 1990]. Thus, the porewidely used as a cheaper and less toxic precursor, could be dras-
size distribution of zirconia aerogels did not shift towards largertically accelerated by using NEH buffered with NEF [Russo
pores with aging. and Hunt, 1986; Mrowiec-Bialon et al., 1997]. The catalyst sys-
3. Niobia Aerogel tems with fluoride anions are known to be effective for reduc-

Compared to titania and zirconia, a medium amount of nitricing the gelation time from hours or even days to minutes [ller,
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virtually unaffected.

124 CONCLUSIONS
The effect of aging on textural properties of titania, zirconia,
niobia, and silica aerogels has been studied. Aging of the alco-
gels was observed to modify their porous texture in a different
manner. For titania aerogels prepared by the sol-gel process un-

der weakly acidic conditions, the pore size distribution shifted
to larger pores with aging, probably due to further condensation.
Niobia aerogels prepared under medium acidic conditions exhi-
bited no noticeable textural changes after aging. For zirconia
aerogels prepared under highly acidic conditions, the highest sur-
face area with a narrow pore size distribution could be obtained
only after extended aging. For silica aerogels prepared by the
rapid sol-gel process using MPH and NHF, subsequent aging

of the alcogels resulted in the progressive transformation from
metastable bimodal pore size distribution to well-defined unimo-
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Fig. 6. Effect of aging time on the pore size distributions of

silica aerogels aged at room temperature for (), 1 day; dal one.
(n)5 daysg' ()] 1% days. All sampﬁ)es were prepéred v\)//nh The rate of aging was found to be much slower than that of

0.04 mol NH,F/mol TEOS and calcined at 773K in Q gelation. There may be differences in the rate of aging, but the
for 2 hours. stable porous texture of the corresponding aerogel for given
sol-gel conditions can be finally obtained by prolonged aging.
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