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Alumina gels can be made by spontaneous gelation of alkoxides in organic solvents, their
hydrolysis rate can be controlled by chelating agents and the wet gels obtained can be
transformed to aerogels by supercritical drying. The present study reports on such alumina
aerogels made from aluminum tri-sec-butoxide in organic solvent and complexed with
ethylacetoacetate at high temperature (=260 °C) in methanol. The aerogels were studied by
X-ray diffraction, nitrogen adsorption, infra-red spectroscopy and 2’ Al nuclear magnetic
resonance. The results show that both the chemical complexation and drying methods can
significantly affect the texture and structure of these gels. © 7999 Kluwer Academic
Publishers

1. Introduction 2. Experimental
The synthesis of silica gel monoliths, either as xero-Alumina gels were synthesized by sol-gel according
gels or as aerogels has been extensively reported. Qo conditions which are summarized in Table I. In this
the contrary, publications on the synthesis of alumindable, as well asin all further tables, the data for samples
gel monoliths are more limited. The most outstand-AAa60/260 and AAa50/35 made in a previous study [2]
ing success was as small xerogel monoliths by Yoldasvere added. In all samples, the Al precursor was alu-
[1]. The difficulty in making such samples is related minum sec-butoxide (Al-sb), the solvent was acetone
to the fact that alumina gels are usually made in ex-and ethyl acetoacetate (etac) was added in this solvent
cess water and they consist of a phase which is relate@is a complexing agent, before mixing with the alkox-
to boehmitey-AIO(OH) and soluble in water. Conse- ide. This organic additive made it possible to slow down
quently, gelation can only be achieved if water is elimi-the hydrolysis of Al-sb in a further step. Three different
nated either by evaporation or by dialysis in an organianolar ratio [acetone]/[Al-sb] were studied; each corre-
solvent. sponded to series respectively labeled a, b and c, as
In the present report a synthesis technique differindicated in Table I. For each Al-sb dilution, three dif-
ent from the Yoldas one was used, as spontaneougrent molar proportions [etac]/[Al-sb] were examined:
gelation of aluminum secondary butoxide was stud+~1;~1.5 and~2.1. Hydrolysis was always carried out
ied in acetone with the help of an organic complex-with the same water molar ratio p@]/[Al-sb] ~2.6
ing additive. Such gels could then directly be dried byin all samples and a small quantity of ammonia was
the supercritical method in methanol at high temperaalways added as a catalyst, because a previous study
ture (=260°C) to obtain aerogels, instead of xerogels.showed that this catalyst somewhat enhanced obtain-
The materials which were obtained are described froning monoliths [2].
the point of view of their structure and pore texture For all samples except AAa50/35, gelation was
in the dry state. In particular, in order to try under- achieved by bringing the solution &~ 60°C in a
standing the role of etac in the formation of the gelthermal bath and it always occurred in less than 24 h.
network, samples with different [etac]/[Al] and [sol- All gels were dried by the supercritical method in
vent]/[Al] ratio were made, and they were studied by methanol afT ~260°C according a method initially
X-ray diffraction (XRD) Fourier transform infra-red designed by Teichnegt al. [3, 4]. For this purpose,
absorption (FTIR), and nuclear magnetic resonancéest tubes containing the gels to dry were placed in an
(NMR). autoclave. A known volume of methanol, in excess by
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TABLE | Synthesis conditions of wet gels specific surface are (excep h at 400°C for samples
AAa60/260 and AAa50/35). Infra-red absorption data

Al-sb Molar ratio Molar ratio Molar ratio Molar ratio

Sample  mass (g) acetone/Al Etac/Al ,®AI  NHa/Al were obtained on a Fourier transform FTIR Vector 22
from Bruker, under nitrogen, and NMR data on a DSX

w 20.6 6.5 1.2 2.6 Bx 1072 400 MHz from Bruker.

X 10 6.7 1.2 2.6 2x10°2

AAa60/260 10 6.7 1.2 1.2 3x107?

AAa50/35 10 6.7 1.2 1.2 3x 1072
3. Results

al 751 6.7 1 2.6 8x 1072

The characteristics of all aerogels are summarized in

a2 768 65 15 25 B 102 Table Il. The typical aspect of a wet gel before super-
a3 750 6.7 2.1 2.6 Bx10- " . ) - .
critical drying, labeled gel w in Table |, is illustrated in
bl 939 53 1 26 Bx 102 Fig. 1a. If suchawetgelis very slowly dried by evapora-
b2 9.43 53 1.6 2.6 8x1072  tjon in air, a transparent xerogel monolith with a bright
b3 938 54 21 26 8x10%  grange color is obtained, such as the xerogel labeled x
c1 1146 4.4 1 26 §x 10-2 in Table | and shown in Fig. 1a. Xerogel x was slowly
c2 11.21 45 15 26 By 102 dried in about two years through a porous tube closure
c3 11.24 45 2.1 26 Bx102  to reach the state illustrated in Fig. 1a. All wet gels,

apart from AAa50/35, shrunk b25% during trans-
formation to aerogels by supercritical drying, as this is

: ; illustrated in Fig. 1b for the series b samples, shown in
comparison with the volume of gel samples (40C°cm their original test tube. This figure shows that they were

versus>20 cn? gel volume), was added. After closure,
small, brown, opaque or partly translucent rods. The

th toclave w r with nitrogen. Then it was_. ; ) . ) .
e autoclave was purged oge © aSblggest single monoliths were obtained in the series b

heated until its temperature reacheg60°C, while its dwith lecl H tensi . Ki
pressure spontaneously increased-tt0 atm., well andwith sampie 1. However, exiensive microcracking
was obvious in these monoliths, which had to be han-

above the critical point of pure methanol (242 and .
79 atm.). These conditions were maintained for sev-QIIed with great care. These rods shrunk mee@%%

eral hours before evacuating the autoclave. AIthouglgggl C\:/ "E’)u?lthoebs‘lirs\f[?ﬂgqsgog:gtr.;Eelr:mallge";t.rpne?t;?t
the initial gel solvent, acetone, increases the critica o y : ion (Fig. 1c). Simu

point pressure and temperature of methanol, it also e)geously, th_eir _h_andling Stfength and their translucency
changes well with this alcohol, so that the wet geIS|mproved significantly during such heat treatments. The

ended up containing the same supercritical methanol
solution as the entire autoclave. This supercritical fluid »
could be evacuated as a gas, an operation which Wa'lI'SABLE Il Characteristics of aerogels and heat treated samples
carried out very slowly to maintain the temperature at a Characteristic  Characteristic of Characteristic
level making possible to avoid cutting the coexistencesample of wet gel aerogel monolith at 9D

line between liquid and vapor methanol, inside the auto-

o : [ lightl
clave. The evacuated supercritical fluid was cooled and c flzn’oiv'g ty
qon_dens&_ed after leaving the autoclave and_the_ voI_ume of Clear, slightly ~ Orange, transparent
liquid which was recovered gave another indication of yellow xerogel monolith
the proper drying of gels. The autoclave was opened afAAa60/ Clear, slightly  Brown, translucent Partly transparent
ter flushing with nitrogen and after its temperature had?60 yellow fractured fractured
decreased to a reasonable value. No liquid remaine a50/ Clear, slightly  Very light slightly Translucent fluffy
o . o ; . yellow yellow fluffy small aggreagtes
inside and the brittle samples which remained did not aggregates (a few
loose any further mass when let in open air, which pro- mm in size)
vided another indication that they were dry. The only :
processing difference between sample AAa50/35 andt Oszl‘?é’;' slightly E:Z‘é‘gr opadue, fprzrctt'h’rtéznsloarem
all other Samples’ |s_that gelatlon was a?hleved a0 Clear, slightly Brown, opaque, White translucent
and supercritical dryingwas done in liquid @& much yellow fractured fractured
ower temperatur . a3 Clear, slightly ~ Brown, opaque, White translucent
I t t 35°C | lightl hi |

The nature of phases in all aerogels was analyzed by yellow fractured fractured

powder X-ray diffraction in a Siemens D500 diffrac-

. . Opaque, slightly Dark brown, slightl Transparent
tometer using the Gg, radiation. Such analyses were pel oy gy P

; X . yellow translucent, fractured

Came_d Ol:lt just after drying a gel,_ then after a.heat treatpz Clear, slightly ~ Brown, slightly Partly transparent

ment in air at 900C for 5 h (heating and cooling rates yellow translucent, fractured  fractured

~5°C/min in an air flow~6 L/h). The main charac- b3 Clear, slightly ~ Brown, slightly White translucent

teristics of the samples, concerning their monolithic yellow translucent, fractured  fractured

aspect and transparency,_we_re recorded. The spemf&g Opaque, slightly Brown, slightly White translucent

surface of a very small solid piece of each sample, be- yellow translucent, fractured  fractured

fore and after heat treatment at 9@ was determined c2 Clear, slightly ~ Brown, slightly Transparent

by the Bruanuer Emmett and Teller (BET) method on a Iye“OV‘I/_ . trans'“?,e?]tvl fractured y |

customized piece of equipment. All samples were pre®> Clear, slightly - Brown, slightly White translucent
yellow translucent, fractured  fractured

viously desorbed at 30@ for 5 h before measuring the
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o A very weak pseudo-boehmite type XRD pattern
as in samples b1, c2 and c3, where the boehmite
interlayer (020) peak was only a weak shoulder on
the central diffraction peak, at roughly the same
small angle value as for previous samples, and all
other peaks actually were slight bumps onthe XRD
pattern.

e An amorphous one for sample a3, b2 and b3,
AAa60/260 and AAa50/35.

Inall samples where a pseudo-boehmite XRD pattern
was observed, the interlamellar (020) peak, or the shoul-
der on the central peak for the weak pseudo-boehmite
samples, had shifted fromp2: 14° according to the
JCPDS file in agreement with the Y sample pattern,
down to a smaller angleg2~ 11°. On the other hand,
all other boehmite peaks were broad but they remained
at the same @ angle as in the JCPDS data file. The
amorphous samples had an X-ray pattern with a sin-
gle and very broad maximum, at & 2ngle~24.5,
difficult to attribute to any known file of aluminum hy-
droxide related phase. At 90Q, the same transition
phase related t&-alumina had formed in all samples.

The BET specific surface areas of the aerogels just
after drying and after heat treatment are gathered in
Figs 3 and 4 respectively. As shown in Fig. 3, the spe-
cific area just after supercritical drying at260°C,
followed by outgasing at 30QC, tended to increase
as the [solvent]/[Al] ratio decreased and the molar ra-
tio [Etac]/[Al] increased. On the other hand, the resid-
ual specific surface area after heat treatment at @00
appears to be roughly independent of the initial one
(Fig. 4).

In Fig. 5, the pore size distributions of samples
AAa60/260 and AAa50/35 made in a preceding study
[2] are joined. The first of these two samples was done
by exactly the same technique as all other samples in
the present study, while the second sample only differed
by supercritical drying in liquid Cg a liquid which
is known to exchange well with acetone. The purpose
of this figure is to show that the dominating pore size
shifted to a larger value, fromy10 to~14 nm, when
the supercritical drying temperature was lowered from
Figure 1 Photographs of gels made by the synthesis technique used i260°C in methanol, tax35°C in CG,.
the prege_ntstudy: (a_)wetaluminagel (w) and axerogel (x); (b) gels after ETIR transmission spectra for the dry gels are re-
isnugicircntlcal drying in methanol; (c) of aerogels heat treated at @00 ported in Fig. 6, and the transmission spectrum from

' a Yoldas type dry xerogel has been added, for means

of comparison. An interesting result is that these FTIR

main characteristics of these aerogels are summarizespectra have patterns which parallel the XRD patterns,
in Table II. All samples turned white and opaque atas a function of the sample type. For instance, if we
1200°C. Sample AAa50/35 dried in supercritical €O consider the FTIR spectra of the Yoldas type xerogel
did not really shrink, but it broke in tiny fluffy aggre- labeled Y in Fig. 6, it shows the absorbtion bands la-
gates. beled 1-4. We found that band 2 is present in all sol-gel

The X-ray diffraction patterns characteristics of aero-materials made from nitrates, and therefore is typical
gels just after drying and after heat treatment at¥D0 of a Yoldas type gel made with HNOn excess water.
are summarized in Fig. 2. Just after drying, three typeJhe three other bands progressively disappear as the
of different XRD patterns were observed: samples transform to pseudo-boehmite (samplesal, a2

and cl), weak pseudo-boehmite (samples b1, c2 and

o A pseudo-boehmite type for samples al, a2 and c1g3), and amorphous (samples a3, b2 and b3). Simulta-

where the main boehmite interlayer (020) peak wasieously, bands 5-8 progressively appear. Possible at-
displaced at a smaller angle, as this can be seen kyibution of these bands to etac side groups (Table IIl)
comparison with a Yoldas type Y sample. indicates that the introduction of etac correlates with
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Figure 2 Typical powder X-ray diffraction patterns (®y radiation) of aerogels just after drying: Typical Yoldas type pseudo-boehmite xerogel (Y
sample); Pseudo-boehmite type for aerogel sample al (similar patterns for a2 and c1); weak pseudo-boehmite type for aerogel sample b1 (similar
pattern for c2 and c3); amorphous type for aerogel sample a3 (similar patterns for b2 and b3, AAa60/260 and AAa50/35).
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Figure 3 Evolution of the BET specific surface area of aerogels after Figure 4 Evolution ofthe BET specific surface area of aerogels after heat
drying and outgasing at 30C, as a function of the molar ratios [sol- treatment at 900C in air, as a function of the molar ratios [solvent]/[Al]
vent]/[Al] and [Etac]/[Al]. and [Etac]/[Al].
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TABLE 11l Possible attribution of characteristic FTIR absorbtion come translucent and much stronger transition alumina

bands of alumina gels made in this study aerogel monoliths after thermal treatment at 900

Band Wavenumber  Possible attribution The complexing agent used in this study, etac, obvi-

number  (cnm) and Wavenumber (cit)  Reference  Ously has a significantinfluence both on the gel network

structure and on the pore texture of the dry aerogels, as

1 1075 vC-O ffomlggguwxy 5] these two characteristics change with the solvent/Al and

) 1384 groups, etac/Al ratio. These results are consistent with previous
nitrate anions [6] . . .

3 1639 »C—-O from Al-butoxy [5] studies by Simoret al.[8] and Yoldas [1] on alumina
1610, 1630 xerogels and by Pajonk [9] on aerogels who showed

4 3086 vC-H [7] that the low temperature sol-gel synthesis and the dry-

5 1168 §C—H from 5] ing conditions can have animportantimpact onthe gel’'s

Al-etac groups
6 1459 8CHs from [5]
Al-etac groups

pore texture and crystallographic structure. This is due
to the fact, as showed by Keys#ral.[10], that aerogels

7 1567 vC—C from 5] made by supercritical drying in CQlow temperature),
Al-etac groups aerogels made by supercritical drying at high tempera-
8 2957 vCH (7] ture, and xerogels made by the Yoldas technique have

a complex hierarchical aggregation architecture of pri-
mary particles in clusters which depends on the chemi-
the progressive disappearance of the boehmite crystatal conditions and particularly on the addition of an acid
lographic structure. orabase. The solventalso isimportant and Gratiak.
The NMR spectra of samples Y, al, bl and a3 ard11] made alumina aerogels with a fiber-like network
reported in Fig. 7. Again, they show a transformationtexture by exchanging water for acetone in Yoldas type
of spectra which is consistent with the XRD and FTIR gels which they dried by the supercritical method in
data. The main peaks concerns’Alin octahedral co- CO,. As shown by Mizushima and Hori a fibrous tex-
ordination sites. However, one small peak is presenture also develops during supercritical drying at high
in the very weak boehmite type sample (b1) and théemperature in alcohol [6, 7]. However, in the present
amorphous one (a3), respectively~a68 to 70 ppm  study, while significant distinction could be made on

which corresponds to Af in tetrahedral coordination, the structure and pore texture of dry aerogels, these dif-
[5,6,7]. ferences wiped out after thermal treatment at 900

Foreign elements, particularly organic complexing

agents, are also known to have animportant effect on the
4. Discussion specific surface area [12], that is to say on the hierarchi-
The present study first showed that complexing agent§al organization of the gel network. In particular, etac
such as etac make it possible to directly obtain aluiS & chelating agent which is known to slow down the
mina aerogel monoliths by spontaneous gelation in aRydrolysis of Al-sb and modify the connectivity of
organic solvent, without requiring solvent evaporationthe —Al-O-Al-network so as to significantly increase
as in the Yoldas technique [1]. Dry aerogels are ver)lhe residual specific surface area after heat treatment at
weak and must be handled with great care, but they bdemperatures as high as 12@[13]. Therefore, in the

~ 1200
2
o HAAa50/35
€ supercritical
~ 1000 T
« ®©,
ke,
©
g 800 T
>
T

600 T

400 T

200 T+

0
0 5 10 15 20 R(nm) 25

Figure 5 Compared pore size distribution of samples AAa60/260 and AAa50/35, derived from data on nitrogen adsorption according to the BET
method in reference [2].
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Figure 6 Infra-red transmission spectra of dry gels before heat treatment: in the wave vector range from 400 toZ0¢@)croldas type xerogel;
(b) aerogel al(similar to a2 and c1); (c) aerogel b1 (similar to c3 and c2); and (d) aerogel a3 (similar to b2 and b3).

present study, it is not surprising that transparent matewas likely to produce a carbonaceous residue which
rials could be made after heat treating some samples atmained linked to the gel network, during supercrit-
900°C. A slower Al-sb hydrolysis rate was a key factor ical drying at 260C and this was in agreement with
to succeed in making such transparent gels. the actual experimental observations. In the third case
Three possibilities can be considered concernindgiowever, it would be unlikely to maintain a monolithic
etac, to explain the brown coloration of the aerogelsstructure during heat treatment in air at 9@) or this
after supercritical drying, and the strengthening of themonolithic structure would have weakened. Actually,
A-O-Al network after thermal treatment at 9TD. the opposite evolution occurred as the gel monoliths
First possibility, this additive could be completely became stronger. That is to say, not only the existing
eliminated from the Al ligand shell during supercriti- Al-O-Al bridges before thermal treatment did not dis-
cal drying and evacuated with the supercritical solventappear, but new ones were built. This is consistent with
methanol. Second possibility, etac groups could remaitthe fact that the formation of Al-(etac)-Al bridges would
linked to Al atoms in the aerogels, but as side groupse an unlikely mode of coordination forgadiketone.
only. Thatis to say they did not participate as Al-(etac)- This suggest that the second possibility is the right
Al bridges in active branches of the gel network. Thirdone, that is to say etac groups were only linked as side
possibility, the etac groups could participate as activegroups to the Al hydroxide gel network and they left
links in the aerogel network itself, to obtain a hybrid =Al —O—C= side groups, responsible for a brown col-
organic-inorganic gel. oration after supercritical drying at high temperature
The first possibility must be rejected on account of(=260°C) in alcohol. This is also consistent with the
the FTIR data and on the fact that it is necessary tdact that etac is not known to chelate Si precursors and
add some etac in order to obtain gel monoliths withoutho brown coloration remains in the base catalyzed silica
solvent evaporation. In the second and third cases, etaerogels after supercritical drying in alcohol [14].
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6.97 parameters, such as the temperature and the solvent/Al
ratio have an importance.
Considering the temperature, it is well known that
when the hydrolysis temperature is higher tharn@p
the formation of boehmite clearly occurs [1]. In the
5.60 present study all reactants were first mixed at room
temperature, then they were heated in a thermal bath at
~60°C, which was necessary to obtain wet gels mono-
liths. But we also observed that boehmite patterns tend
to develop slowly even in Yoldas types process carried
out at this temperature. That is to say, nucleation and
growth of boehmite also occurs at this temperature, al-
though more slowly than above 80. In the present
study, it is probably during this step that the most im-
portant uncontrolled fluctuations certainly occurred, es-
pecially concerning the time maintained at"@X) in or-
der to consolidate the wet gels strength, before storing
them at room temperature for further supercritical dry-
ing, and this may have affected the germination/growth
sequence of boehmite.
Moreover, the wet gels temperature was raised
to ~260°C when performing supercritical drying in
a3 methanol, so that a partial dissolution-recrystallization
| may have occurred. It could be considered that such a
10 100 50 0 -5 -100 -150 ppm dissolution should be easier when the [etac]/[Al] molar
ratio is low and also when the [solvent]/[Al] ratio is
Figure 7 27Al NMR spectra of gels Y, al, bl and a3. high, hence a competition between these two synthesis
parameters whichis roughly consistent with our results.
A comparison of the BET pore size distribution of In details, in samples made with the highest solvent ra-
samples dried by the supercritical technigue in Fig. &io and the lowest etac ratio (i.e., al and a2), the X-ray
shows that the dominating pore size decreased, frorpatterns of the gels were closer to that of boehmite, but
~14 nm. for supecritical drying in CQat ~35°C,  with a significant shift to smaller®2angles of the (020)
to ~10 nm for supercritical drying in methanol at boehmite interlayer peaks, after supercritical drying.
~260°C. That is to say, a significant sintering occurredThis is an indication that the side carbon groups were
in supercritical fluid medium at 26, which explains mostly intercalated in between the boehmite layers and
that the gels could be handled as monoliths after suthat the formation of boehmite layers themselves was
percritical drying at this high temperature, while only not disrupted. However, with an increasing [etac]/[Al-
fluffy aggregates were obtained in @t is also possi- sb] and a decreasing [acetone]/[Al-sb] ratio, there was
ble that this partial sintering was made possible by thenot enough solvent and/or too many etac groups to build
removal of some organic links. large boehmite layers without disruption so that a more
As reported in Fig. 2, the crystallographic structureamorphous phase formed, with some Al in tetrahedral
just after drying was significantly different for all sam- coordination.
ples. In particular, maybe the most significative resultof We can note that this competition is well reflected by
the present study is that the evolution in the XRD patterrthe data on the specific surface area of the aerogels. The
correlated very well with both the evolution inthe FTIR specific surface area of the aerogel increased, to reach
transmission and NMR patterns. These three sets of data value >900 nf/g with the highest etac proportion
indicated that when more etac groups entered into thfetac]/[Al] molar ratio~2.1) and the lowest solvent
ligand shell which surrounds each Al atom, new Al- proportion ([acetone]/[Al] molar ratie=4.5)
etac absorbtion bands developed and simultaneously It would be interesting to derive a general guide-
the boehmite crystallographic structure was more andine to make better transparent alumina aerogel mono-
more disrupted. The disruption first consisted in interliths. The present results showed that the transparency
lamellar boehmite swelling, then in the appearance ohad a tendency to increase, in particular for samples
some AlV in tetrahedral coordination (Fig. 7), which of the series a and b, as the [etac]/[Al] ratio increased
resulted in a complete amorphous structure when moror the dry brown aerogel, and as this ratio decreased for
etac groups were linked to Al atoms. the aerogels heat treated at 9@0 Stated differently,
Now, the relationship between these analytical datahe most translucent brown samples after supercritical
sets (XRD, FTIR and NMR) on one hand, and the chem<drying, tended to be the least transparent ones after heat
ical synthesis parameters ([etac]/[Al] and [solvent]/[Al] treatment at 900C. Again, this was only a tendency,
ratio) on the other hand, is not so clear. Roughly, it carimperfectly respected in details, probably due to the im-
be said that increasingly amorphous gels were obtainedortance of other parameters such as the time at60
as the [etac]/[Al] ratio increased. But this only was aduring wet gel synthesis. However, these general obser-
tendency in the present study, certainly because othesations on the transparency of samples are consistent

Spinning
side band
sp

v
Al
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with the role of etac to leave carbon side groups on theéhe [etac]/[Al] molar proportion increased and as the
—Al-O-Al- gel network, after supercritical drying. A [solvent]/[Al] molar proportion decreased.

higher [etac]/[Al] ratio can be expected to leave smaller

pores in the gel network, hence a better translucency

of the brown dry aerogels, while it would leave larger References
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