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Abstract

We have prepared pure alumina and silica-doped alumina (9:1 Al:Si atom ratio) aerogels by supercritical drying of

monolithic alcogels formed by slow, sub-stoichiometric (H2O:Al�2.2) hydrolysis of solutions of alkoxide precursors

(aluminum s-butoxide and tetraethyl orthosilicate) in s-butanol. Both aerogels were X-ray indifferent over a large temperature

range, ®rst ordering as the � transition form upon calcination at 1173 K. The silica dopant retarded sintering of the aerogel,

thereby enhancing its surface area and delaying crystallization of a-alumina from 1373±1473 K. Silica did not, however,

affect the surface-chemical properties of the X-ray amorphous alumina; both aerogels were inert to pyridine adsorption and

butene isomerization probes at 523 K. Stabilization of structure and texture without alteration of surface-chemical properties is

a result of the high dispersion of the silica dopant throughout the aerogel's bulk. Incorporation of silicon atoms into the

growing pre-alumina network facilitates their insertion into vacancies in the transition alumina structure, thereby restricting

lattice diffusion as a route for crystallization of the � phase. # 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Aluminas in high-temperature applications

The large surface areas and porosities of the transi-

tion aluminas account for their wide use as catalyst

supports. The transition forms are, however, meta-

stable; at temperatures in excess of 1300 K, they begin

to crystallize to the thermodynamically stable; � (or

corundum) phase [1±4]. This transformation is accom-

panied by catastrophic surface area and pore volume

loss, effectively limiting the usefulness of the alumina

in high-temperature catalytic applications. The tex-

tural properties of transition aluminas are, therefore,

functions of the rates at which structural transforma-

tions take place upon heat treatment. The precise order

of transformations and temperatures at which they

occur depend, in turn, upon the details of the prepara-

tion of alumina [1±4]. Understanding the transforma-

tion kinetics, and how they may be controlled by

preparation, is important for extending the operating

range of alumina for applications like catalytic com-

bustion that can require long operating times at tem-

peratures as high as 1500 K [5,6].

To retard sintering processes and delay crystalliza-

tion, transition aluminas and their precursors have
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been successfully doped with various materials,

especially rare earths and alkaline earth metals. Silica,

introduced both within the alumina's structure as

a co-precipitate or co-gel [7±9], and on its surface

by grafting and related techniques [9±11], has also

been reported to be an effective dopant; depending on

the amount of silica and the details of preparation,

crystallization of � can be delayed by as much as

�200 K [7] and surface areas as high as �100 m2/g

after heat treatment at 1473 K can be preserved [8].

However, silica's propensity to impart undesirable

surface-chemical characteristics, most notably surface

acidity, has limited its use in combustion-related

applications [5]. For all dopants, the mechanisms

responsible for the stabilization of low temperature

structures and high surface areas remain unclear.

For silica, in particular, the differences between

surface- and bulk-modi®ed materials are not well

understood.

1.2. Structural and textural evolution of alumina

precursors

The transition sequence (or structural evolution) of

alumina precursors prepared by precipitation from

aqueous solutions of aluminum salts has been thor-

oughly studied and is well understood [1,4,12]. Gela-

tinous aluminum hydroxides precipitated from

aqueous solutions initially display no medium- or

long-range order, i.e., they are X-ray indifferent.

But, during the relatively mild hydrothermal condi-

tions encountered during counterion removal and

drying, the precipitates usually transform to well

ordered aluminum oxidehydroxides (boehmite, for

example) or trihydroxides (bayerite, gibbsite); the

form that appears depends, again, upon the details

of the preparation [1]. Less common are drying sche-

dules that preserve the disorder of the initial precipi-

tate [1,12].

Upon thermal treatment at moderate temperatures

(600±800 K), the ordered aluminum hydroxides

dehydrate to form the `transition aluminas'± �, 
, �
and others [1±4]. The transition aluminas are not

equilibrium phases, but rather reproducible, kineti-

cally stabilized forms [1±3]. The transformation

from hydroxide to transition form is topotactic:

it takes place over very short transport distances,

maintaining the hydroxide's cubic-close-pack oxygen

sub-lattice [1,3]. The result is that the hydroxide loses

signi®cant mass upon dehydration, but without an

accompanying change in the external dimensions of

the crystallite. The intracrystalline micropores that

form are responsible for the high surface areas of

the transition aluminas [1,3]. At high heat-treatment

temperatures (>1300 K) the transition aluminas crys-

tallize to the thermodynamically stable �, or corun-

dum, phase.

Alumina precursors have also been prepared by

hydrolysis of alkoxides (Al(OR)3) in non-aqueous

solvents. Variants of this approach that employ high

hydrolysis ratios (�100 mol H2O/mol Al) deliver the

well-ordered oxidehydroxides and trihydroxides

either as primary products or after a short, low-tem-

perature aging period [1,3]. Aside from their improved

purity, these aluminas are fundamentally the same as

those prepared from aqueous salt solutions; they trans-

form according to the same sequences. Having

received signi®cantly less attention are alumina pre-

cursors prepared from alkoxides at near, or sub-stoi-

chiometric (with respect to the trihydroxide:

Al(OR)3�3H2O!Al(OH)3�3ROH) water ratios

[12]. This approach, combined with the supercritical

solvent removal, has been employed to deliver X-ray

indifferent aerogels [13±15]. The X-ray amorphous

form can exist to temperatures as high as 1200 K,

where it enters the transition sequence, typically as

h-alumina. While the water ratio (mols H2O/mol

aluminum alkoxide) is clearly the key variable in

preparing high-area, X-ray indifferent aerogels

[13,15], precursor concentration [13,14], the chemical

nature of the non-aqueous solvent [14], and drying

conditions [8,16,17] also play a role.

In this paper, we report our preparation of alumina

and silica-doped alumina (9:1 Al:Si atom ratio) aero-

gels by supercritical drying of monolithic alcogels

formed by slow, substoichiometric (H2O:Al�2.2)

hydrolysis of solutions of alkoxide precursors in an

alcohol solvent. To understand the textural, structural

and surface-chemical properties of the pure alumina

aerogel, we ®rst compare it with the well-known

conventional aluminum oxidehydroxide and trihydr-

oxide precursors and to a xerogel (the same monolithic

alcogel dried by evaporation). This set of samples

provides a ®rm basis for interpreting the effects of a

well-dispersed silica dopant on the catalytically sig-

ni®cant properties of the aerogel.
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2. Methods

2.1. Sample preparation

To a beaker containing a mixture of 25 ml of

s-butanol (Fisher, certi®ed) and 9.4 ml of aluminum

s-butoxide (ASB-Alfa), a second solution of 2.54 ml

nitric acid (Baker, 70 w/w in water) in 10 ml s-butanol

was added. The combined solution was clear. After

mixing with a mechanical stir-bar for 25 min, 0.4 ml

of distilled water was added over a 4 min period,

0.1 ml each minute, to reach a ®nal overall hydrolysis

ratio of 2.2 mol H2O/mol ASB. (Overall ASB:H2O:H-

NO3:s-BuOH molar ratios were 1.0:2.2:1.1:10.) The

solution gelled to a transparent, slightly yellow mono-

lithic alcogel approximately 2 min after addition of

the ®nal water. The silica-doped alcogel was prepared

in a similar manner, except that half way through the

25 min stirring period, 0.87 ml of tetraethyl ortho-

silicate (TEOS, Aldrich) was added to give an atomic

ratio of 1:9 Si:Al. The mixed oxide alcogel gelled in

about 5 min; its appearance was similar to that of the

undoped alcogel.

For both alcogels, `stepwise' addition of water and

low pH were required to slow hydrolysis rates suf®-

ciently to prevent the formation of precipitates. We

also note that the mixed oxide recipe was designed

speci®cally for promoting the homogeneous disper-

sion of the silica component. Slow co-hydrolysis of

alkoxide mixtures has been demonstrated as an effec-

tive strategy for preparing the molecularly well-mixed

aluminosilicates [18,19].

For preparation of aerogels, alcogels that had aged

2 h after gelling were dried by contact with super-

critical carbon dioxide (343 K, �2.2�104 kPa) in a

semi-continuous supercritical screening system

(Autoclave Engineers model 08U-06-60FS). The alco-

hol solvent was completely removed over the course

of about 2 h at a CO2 ¯owrate of approximately

1400 sccm (ambient conditions). Product aerogels

were ground to pass 100 mesh, then vacuum dried

at 383 K (3 h) and then at 523 K (3 h) to remove

physisorbed water and residual organics. Aerogel

yield was low (roughly 2 g per preparation), so two

batches of each were made. Generally we used one

batch (denoted `A') for structural and textural char-

acterizations, and a second (denoted `B') for surface-

chemical characterizations. Cross checks of key

measurements veri®ed the repeatability of the pre-

parations.

An alumina xerogel was prepared by drying a

monolithic alcogel for 9 days in a nitrogen-purged

glove box. During that time its volume decreased by

approximately one-half. The gel was cut into smaller

pieces (no dimension larger than �1 cm) and dried in

vacuum at 383 K for 3 h. The dried xerogel was

ground to pass 100 mesh and subsequently dried at

523 K in vacuum for 3 h.

Samples of high purity bayerite and pseudoboeh-

mite were provided by Alcoa. The as-received alumina

precursors were vacuum dried at 383 K (3 h) and then

at 523 K (3 h). Throughout the paper we refer to these

materials as `boehmite' and `bayerite' and to materials

derived from them by heat treatment as `ex-boehmite'

and `ex-bayerite' despite the fact that we never

observed a pure boehmite or bayerite phase.

Materials that had been dried at 523 K were cal-

cined at 773 K for 2 h in ¯owing (�400 ccm) oxygen

in a tube furnace. Similar calcinations at 973, 1173

and 1373 K were performed on samples that had been

previously heated to 773 K. Heat treatment at 1473 K

was performed (also on samples previously heated to

773 K) in a MoS2 box furnace for 2 h in a static air

environment.

2.2. Sample characterization

Crystalline structures were determined by powder

X-ray diffraction (XRD) experiments performed on a

Rigaku D/Max diffractometer (Cu Ka radiation). BET

surface areas, pore volumes, and pore size distributions

were measured by nitrogen adsorption/desorption using

a Quantachrome Autosorb-1 system. Samples dried at

523 K were characterized by differential thermal ana-

lysis (10 K/min in �50 ccm ¯owing He) using a

Perkin-Elmer 1700 high-temperature thermal analyzr.

Solid-state nuclear magnetic resonance (NMR) stu-

dies were performed on a Bruker AM300 spectrometer

modi®ed with a high-power ampli®er bay for solid

capabilities. Samples (calcined at 773 K) were spun at

the magic angle in 4 mm zirconia rotors at a typical

speed of 8 kHz. 27Al at 27 MHz power was set for a

�/8 nutation, typically 4 ms. A recycle delay of 0.5 s

was used between scans. The chemical shifts were

externally referenced to a dilute solution of Al(NO3)3

at 0.0 ppm.

J.B. Miller, E.I. Ko / Catalysis Today 43 (1998) 51±67 53



Samples calcined at 773 K were evaluated as cat-

alysts for isomerization of 1-butene. Approximately

200 mg of sample was loaded to a down¯ow, ®xed-bed

reactor [20]. The sample was ®rst dried at 473 K in

50 sccm He (Matheson HP) for 1 h. The bed tempera-

ture was lowered to 423 K and the feed switched to a

mixture of 5 sccm 1-butene (Matheson, research

grade) and 95 sccm helium. Isomerization products,

cis- and trans-2-butene, were quanti®ed by gas chro-

matography (Gow-Mac 550P with thermal conductiv-

ity detector; Supelco 23% SP1700 on 80/20

Chromosorb column). We report activity as areal

reaction rate at 5 min on-stream time.

Aluminas calcined at 773 K were also characterized

by Diffuse Re¯ectance Infrared Fourier Transform

(DRIFT) spectroscopy using a Mattson Galaxy

5020 FTIR and a Harrick diffuse re¯ectance attach-

ment. With a DTGS detector, spectra were collected

between 400 and 4000 cmÿ1 with a resolution of

2 cmÿ1. In an ex situ experiment (primarily for prob-

ing the skeletal vibration portion of the spectrum,

between �400 and 1200 cmÿ1), the sample was

diluted with KBr (�2 wt.% sample) and the spectrum

was collected at ambient conditions, with no special

pretreatment. For in situ experiments, the sample was

diluted with KBr (�5 wt.% sample) and placed inside

a Harrick reaction chamber. The sample was heated to

473 K; the drying temperature used in the isomeriza-

tion studies, in ¯owing helium and held there for

5 min, then its temperature was lowered to 383 K.

Next, the helium ¯ow was diverted through a pyridine

saturator for 15 min. After pyridine dosing, the sample

temperature was raised to 423 K, the reaction tem-

perature employed during the isomerization studies,

and a spectrum was collected to verify the presence

and type (Lewis vs. Brùnsted) of surface acid sites.

Finally, the sample was heated to 673 K, a temperature

at which all pyridine had desorbed, and a ®nal spec-

trum was collected for evaluation of its hydroxyl

inventory.

3. Results

3.1. Structural properties

X-ray diffraction patterns for Alcoa bayerite as a

function of heat treatment temperature appear in

Fig. 1. At the lowest temperature (523 K), the sample

is already a mixture of bayerite, boehmite and a

transition alumina (most likely �). The material is �
at 773, 
 at 1173, a mixture of � and � at 1373, and

®nally, exclusively � at 1473 K. This sequence is

typical of bayerite alumina precursors [1,2,4]. Alcoa

boehmite displays a pseudoboehmite pattern at 523 K,

as shown in Fig. 2. At 773 K, it exhibits a transition

form pattern-� and possibly 
; it is clearly 
 at 1173 K.

The pseudoboehmite crystallizes to � at 1373 K. Its

transformation sequence is similar to those reported

for other pseudoboehmite samples [1,2,4].

As illustrated in Fig. 3, the aerogel's structural

evolution differs signi®cantly from those of the bayer-

ite/boehmite pair. The supercritically dried and 383 K

vacuum dried materials are essentially X-ray indiffer-

ent, exhibiting only very broad features below 2��308
(spikes near �428 and 498 are from the sample

holder). While we cannot make a de®nite assignment,

we believe they could arise from boehmite-like short-

range order, similar to that reported for alumina pre-

cursors prepared in glycol environments [21,22]. From

523 K through 973 K, the X-ray patterns of the aerogel

display no features. The aerogel exhibits a pattern

characteristic of the � transition form at 1173 K. At

1373 K, � is just beginning to appear; at 1473 K the

aerogel is exclusively �.

Introduction of silica (1:9 Si:Al) to form an alu-

mina-silica co-gel does not affect the low and mod-

erate temperature XRD patterns, as shown in Fig. 4.

Note however, that the ®rst appearance of � is delayed

by about 100 K, from 1373 to 1473 K (compare with

Fig. 3). This result is consistent with other published

reports of silica doping in the same composition range

[7,11,23,24]. The structural evolution of the alumina

xerogel (Fig. 5) is similar to that of the pure alumina

aerogel (Fig. 3). At 1373 K, the aerogel and the

xerogel exhibit X-ray features characteristic of both

�-alumina and a transition form, but the � re¯ections

are signi®cantly more intense in the xerogel sample.

This difference suggests that crystallization of � has

occurred to a greater extent, very likely having begun

at a lower temperature, in the xerogel. Like the aero-

gel, initial ordering (as �) of the xerogel takes place

upon calcination at 1173 K.

Materials that are disordered at 773 K (the aerogel,

xerogel and silica-doped aerogel) display a single

small exothermic DTA feature between 1050 and
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1150 K. In contrast, materials with transition alumina

XRD patterns at 773 K (the ex-boehmite and ex-

bayerite samples) do not exhibit this feature. The

locations of the DTA exotherms are summarized in

Table 1. In vacuum-dried precipitated alumina pre-

cursors, the exotherm has been linked to the amor-

phous-to-� transformation [25]. Consistent with this

report, our X-ray indifferent materials order to � upon

calcination at a temperature just slightly higher than

those of the exotherms. (We note that the boehmite

and bayerite samples do not exhibit a comparable

exotherm upon conversion from the mono- or trihydr-

oxide to transition alumina. These transformations are

accompanied by the endothermic evolution of signi®-

cant amounts of structural water.) For the silica-doped

aerogel, the exotherm appears at�11 K higher than in

its undoped counterpart. The xerogel's exotherm

appears at a temperature only marginally lower than

in the aerogel.

Results of 27Al MAS-NMR experiments performed

on samples calcined at 773 K appear in Fig. 6. The ex-

boehmite and ex-bayerite materials display features

corresponding to tetrahedrally and octahedrally coor-

dinated aluminum atoms (AlIVat�55 ppm and AlVI at

�1 ppm), consistent with the spinel structure of the


/� transition forms [1]. In addition to four and six

coordination, the X-ray indifferent aerogels and

Fig. 1. X-ray diffraction (XRD) patterns (Cu Ka radiation) of Alcoa bayerite at different heat treatment temperatures. Sample was vacuum

dried at 523 K, calcined in air at 1473 K and in oxygen for 2 h at other temperatures.

Table 1

Differential thermal analysis (DTA) results

Sample DTA exotherma (K)

Aerogel b 1129

Silica-doped aerogel b 1140

Xerogel 1125

Ex-bayerite None observed

Ex-boehmite None observed

a DTA in flowing He (50 ccm) at 10 K/min on samples vacuum-

dried at 523 K. Only features between 1050 and 1200 K are

reported.
b Batch A.

J.B. Miller, E.I. Ko / Catalysis Today 43 (1998) 51±67 55



xerogel also possess penta-coordinated aluminum

atoms (AlV at �27 ppm). Note that, upon heating to

1173 K, the temperature at which it orders to the

� form-AlV has been eliminated and the aerogel's

spectrum displays only the AlIV and AlVI features

of the transition form. These results strongly suggest

that penta-coordinated aluminum atoms are character-

istic of the X-ray amorphous form of alumina.

Skeletal ex situ infrared spectra for samples cal-

cined at 773 K appear in Fig. 7. The alkoxide-derived

materials (X-ray indifferent at 773 K) exhibit a single,

very broad feature that is symmetric about 670 cmÿ1.

The ex-bayerite/ex-boehmite materials (transition

form at 773 K), in contrast, display intensities biased

toward the lower wavenumber region. Consistent with

what we observe for the ex-bayerite and ex-boehmite

samples, the spectrum of g alumina has been reported

to have two broad, poorly-de®ned bands at approxi-

mately 600 (tetrahedral Al) and 800 cmÿ1 (octahedral

Al) [16,26]. In the amorphous materials, these two

bands are apparently still present, but now they are of

comparable intensity. In view of the NMR data

(Fig. 6), we suspect that the frequency range of ske-

letal vibrations involving AlV overlap primarily with

those involving AlVI, resulting in the characteristic

`symmetric' shape of the amorphous samples' skeletal

region. We also note that the spectra of the undoped

aerogel and its silica-doped counterpart are, in

essence, the same. In particular, the silica-doped

material exhibits no new features in the silica network

vibration region of the spectrum (�950±1200 cmÿ1).

3.2. Textural properties

Surface areas of the aluminas as functions of heat

treatment temperature appear in Fig. 8. Below

1173 K, the undoped aerogel possesses the lowest

surface areas of all the ®ve samples. At 1373 and

1473 K, the aerogel possesses areas higher than the

ex-boehmite, ex-bayerite and xerogel, illustrating the

Fig. 2. X-ray diffraction (XRD) patterns (Cu Ka radiation) of Alcoa pseudoboehmite at different heat treatment temperatures. Sample was

vacuum dried at 523 K, calcined in oxygen for 2 h at higher temperatures.
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ability of supercritical drying to preserve a strong,

sintering-resistant network. Silica doping enhances

aerogel area at all heat-treatment temperatures. Sig-

ni®cantly, at 1473 K the silica doping increases the

area of the aerogel from 30 to 60 m2/g; this increase is

directly related to silica's ability to delay crystalliza-

tion to �. Finally, across the entire temperature range,

we note that the xerogel follows the path of the

bayerite and boehmite samples.

As illustrated in Fig. 9, the aerogels, which had the

lowest areas upon moderate heat treatment, possess

the highest pore volumes at all temperatures. Particu-

larly notable are the high pore volumes of the silica-

doped material. The low pore volume/high surface

area of the xerogel, ex-boehmite and ex-bayerite

materials are consistent with their pore-size distribu-

tions (Fig. 10); compared to the aerogels, this trio

possesses very small pores. The aerogels are, in con-

trast, clearly mesoporous, the silica-doped version

with a substantial additional pore volume contribution

at higher pore radii. Note that, as was the case with

surface area, the pore volume evolution and pore size

distribution of the xerogel resemble those of the

bayerite/boehmite-derived samples. The characteristic

evolution pattern of the aerogels' textural properties

appears, therefore, to be more a function of drying

method than of the wet-chemistry used in their pre-

paration.

3.3. Surface-chemical properties

Fig. 11 contains in-situ pyridine-region spectra

(obtained at isomerization conditions) of samples

calcined at 773 K. The amorphous materials adsorb

very little pyridine, with the xerogel perhaps retaining

slightly more than the aerogels. In each case, the

pyridine signal is on a broad and variable background

characteristic of the X-ray indifferent form; the domi-

Fig. 3. X-ray diffraction (XRD) patterns (Cu Ka radiation) of alumina aerogel (batch A) at different heat treatment temperatures. Sample was

vacuum dried at 383 and 523 K, calcined in air at 1473 K, and in oxygen for 2 h at other temperatures. * denotes material from a third batch of

aerogel; # denotes reflections of brass sample holder.
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nant feature is observed at around 1450 cmÿ1, sug-

gesting that the pyridine is hydrogen-bonded to sur-

face hydroxyl groups, or perhaps adsorbed at Lewis

acid sites. In contrast, both the ex-bayerite and ex-

boehmite samples adsorb signi®cantly more pyridine,

but only at Lewis sites, not Brùnsted. This result does

not necessarily imply that there are no Brùnsted sites

on any of these materials. Alumina's Brùnsted sites

may be too weak to protonate pyridine, but perhaps

capable of protonating a stronger base like ammonia

[27].

Fig. 12 illustrates that at 673 K, both aerogels

calcined at 773 K have very small hydroxyl popula-

tions. The silica-doped aerogel is essentially the same

as the pure alumina aerogel in the hydroxyl region.

Most notably, the mixed oxide exhibits no feature at

�3750 cmÿ1 (the SiO±H stretch) that would suggest

the presence of surface-segregated silica. Compared to

the aerogels, the xerogel exhibits a signi®cantly richer

IR hydroxyl region with some spectrum de®nition.

The broad peaks do not, however, appear at positions

that have been previously assigned in the literature.

Finally, we note that, even after heating to 673 K, the

ex-bayerite and ex-boehmite materials retain rela-

tively large hydroxyl contents.

Catalytic activities for isomerization of 1-butene for

samples calcined at 773 K are given in Table 2.

Neither aerogel is active for the isomerization of

1-butene; the remaining materials are only weakly

active. We have, for example, previously reported the

isomerization rates for mixed zirconia±silica aerogels

that are approximately an order of magnitude higher

than those in Table 2 [28]. The ex-bayerite material is

active with a moderately high cis/trans product isomer

ratio (3.0), which can be indicative of isomerization at

a basic site via a carbanionic intermediate [29]. The

ex-boehmite material is only very weakly active with

an unquanti®able, but clearly greater than 1.0 product

Fig. 4. X-ray diffraction (XRD) patterns (Cu Ka radiation) of silica-doped (9:1 Al:Si) alumina aerogel (batch A) at different heat treatment

temperatures. Sample was vacuum dried at 523 K, calcined in air at 1473 K, and in oxygen for 2 h at other temperatures. # denotes reflections

of brass sample holder.
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isomer ratio. Perhaps most interesting is that the

xerogel, unlike the aerogels, does catalyze the iso-

merization reaction. Its product isomer ratio is only

1.4, not so far in excess of 1.0 to rule out the

participation of Brùnsted acid sites. We note that at

comparable conversions, the xerogel and bayerite

exhibit signi®cantly different isomer ratios, suggest-

ing that the active sites in these two cases are different.

4. Discussion

4.1. Structure of the alumina aerogel

Before either supercritical or evaporative drying,

our alcogel is a transparent monolith. This observation

provides two important clues about its microstructure.

First, discrete `primary particles', the ®rst condensa-

tion products of the partially hydrolyzed precursor, are

small, too small to scatter light. Second, the pre-oxide

network possesses a high degree of connectivity; in

other words, its structure is fairly mature prior to

supercritical drying. This evidence is consistent with

Fig. 5. X-ray diffraction (XRD) patterns (Cu Ka radiation) of alumina xerogel at different heat treatment temperatures. Sample was vacuum

dried at 383 and 523 K, calcined in air at 1473 K, and in oxygen for 2 h at other temperatures.

Table 2

1-butene isomerization activity of aluminas calcined at 773 K

Sample ID Isomerization

rate

(mmol/m2/h) a

Product isomer

ratio (cis/trans-2-

butene) a

Aerogel (B) 0 b ±

Silica-doped aerogel (B) 0 b ±

Xerogel 0.011 1.4

Ex-bayerite 0.033 3.0

Ex-boehmite 0.002c >1 d

a Recorded at 5 min time on stream; reaction conditions: 423 K,

1.0 atm, 95 sccm He, 5 sccm 1-butene, �200 mg sample.
b No measurable activity.
c Estimated by difference (1-butene in reactor inlet minus 1-butene

in reactor outlet).
dNot quantifiable; visual inspection suggests that cis integrator

peak is larger than trans.
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the formation of the pre-oxide network by a random

polymerization process, one that we might expect to

deliver an X-ray indifferent material. Controlled

hydrolysis of alkoxides followed by supercritical dry-

ing is not limited to synthesis of alumina precursors;

we have previously reported our application of this

strategy for the preparation of a family of kinetically

stabilized, X-ray amorphous single [30,31] and mixed

[28,32] oxide aerogels.

The aerogel product is a pre-alumina that is X-ray

indifferent over a very wide temperature range, at least

through 973 K. The aerogel's structure transforms

according to a speci®c, reproducible sequence: � at

about 1173 K, � at about 1373 K. Other X-ray amor-

phous aluminas have been reported to transform

according to similar sequences [13,14,25]; we there-

fore believe it to be characteristic of this form of

alumina. Also characteristic of the X-ray amorphous

alumina is the penta-coordinated aluminum, AlV. We

observed AlV only in the X-ray indifferent samples; it

was no longer present once the aerogel ordered as the

� transition form (Fig. 6). It is very likely that the DTA

exotherm that we (Table 1) and others [25] have

observed to accompany the X-ray amorphous to �
transformation arises from the energy released as the

metastable AlV of the amorphous form converts to the

more stable AlVI and AlIV of the transition form. A

similar link has been reported between AlV conversion

and the 1250 K DTA exotherm observed as molecu-

larly well-mixed, X-ray amorphous aluminosilicate

precursors crystallize to mullite [33±35].

The structural transformations of the X-ray indif-

ferent aerogel differ signi®cantly from those of the

bayerite and boehmite precursors, both of which are

ordered even at the lowest heat treatment tempera-

tures. Of particular note is that the bayerite and

boehmite precursors adopt transition form order at

temperatures signi®cantly lower than do the X-ray

amorphous materials: �800 vs. �1200 K. This dif-

Fig. 6. 27Al NMR spectra of alumina precursor samples calcined at

773 K (unless otherwise noted) in oxygen for 2 h. From top to

bottom, the spectra are for aerogel (batch B), silica-doped aerogel

(batch A), xerogel, aerogel at 1173 K, ex-bayerite, and ex-

boehmite.
Fig. 7. Skeletal region ex situ DRIFT spectra of alumina precursor

samples calcined at 773 K in oxygen for 2 h. From top to bottom,

the spectra are for aerogel (batch A), silica-doped aerogel (batch

A), xerogel, ex-bayerite, and ex-boehmite. Reference line at

670 cmÿ1.
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ference is due, in large part, to the topotactic nature of

the transformation in the ordered precursors. The

cubic close pack oxygen sub-lattice of the transition

alumina already exists in the oxidehydroxide and

trihydroxide precursors, requiring, therefore, only

minor atomic rearrangement to attain the transition

alumina structure. No similar order exists in the X-ray

indifferent precursor, as evidenced by the presence of

AlV. Consequently, the amorphous precursor must

undergo more extensive rearrangement, requiring

higher temperatures, to order as a transition form.

From this perspective, penta-coordinated aluminum

can be viewed as a measure of oxygen lattice disorder,

with AlV atoms as defect sites.

4.2. Comparison to other reported alumina

aerogels

Preparation of an X-ray amorphous aerogel depends

upon the use of appropriate wet chemistry and drying

conditions. To illustrate this point, in Table 3 we

compare our aerogel to selected literature reports of

Fig. 8. Surface areas (5-point BET) of alumina precursors as

functions of heat treatment temperature. Both aerogels are from

batch A.

Fig. 9. Pore volumes of alumina precursors as functions of heat

treatment temperature. Both aerogels are from batch A.

Fig. 10. Pore size distributions of alumina calcined at 773 K in

oxygen for 2 h. Both aerogels are from batch A.
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alumina aerogels prepared from aluminum s-butoxide

(ASB, the same precursor used in this work) in alco-

holic solvents.

Elaloui et al. [15] have recently reported results for

a pair of alumina aerogels that clearly demonstrate

that not all preparations deliver an X-ray amorphous

product. One, with concentrations, hydrolysis ratio,

and drying temperature near to those we employed,

resulted in an aerogel that, like ours, was X-ray

indifferent until 1173 K. However, when the hydro-

lysis ratio was increased to well above stoichiometric

and drying temperature increased from 308 to 533 K,

the initial product of drying was a well-ordered boeh-

mite.

The X-ray amorphous aerogel reported by Teichner

et al. [13] is structurally and texturally very similar to

our own material: it has comparable surface area and

transforms according to a similar sequence. However,

when either water ratio was increased to above stoi-

chiometric (with respect to trihydroxide) or precursor

concentration was signi®cantly increased, their raw

aerogel product displayed boehmite-like order, con-

sistent with the results of Elaloui et al. [15]. Teichner

et al. associated order with the presence of free water

during the high-temperature drying step. In the high

precursor concentration case, they explained the pre-

sence of excess water as the result of incomplete

incorporation of reactant water into the structure of

the pre-oxide; we believe this could be related to the

increased hydrolysis rates that accompany higher

precursor concentrations. Interestingly, Teichner et

al.'s results suggest that our precursor concentration

Fig. 12. In situ (673 K) DRIFT hydroxyl region spectra of alumina

precursor samples calcined at 773 K in oxygen for 2 h. From top to

bottom, the spectra are for aerogel (batch B), silica-doped aerogel

(batch B), xerogel, ex-bayerite, and ex-boehmite. Numbers indicate

relative integrated areas (linear background, each spectrum

normalized to its skeletal region maximum) between 2800 and

3800 cmÿ1.

Fig. 11. In situ (423 K) DRIFT pyridine region spectra of alumina

precursor samples calcined at 773 K in oxygen for 2 h. From top to

bottom, the spectra are for aerogel (batch B), silica-doped aerogel

(batch B), xerogel, ex-bayerite, and ex-boehmite. Each spectrum

normalized to its skeletal region maximum.
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could be high enough to encourage the formation of an

ordered aerogel. However, our aerogel differs from

their high precursor concentration case in two sig-

ni®cant ways that allow our material to remain X-ray

amorphous. First, we start with sub-stoichiometric

water, thereby limiting the potential for excess water

to remain, regardless of the reaction rates. Second, the

slow hydrolysis process that we employ, moderated by

addition of the nitric acid and stepwise water addition,

may encourage the complete reaction of water.

Mizushima and Hori's aerogels [8,16,17] were pre-

pared at high ASB concentrations, which, as described

in the previous paragraph, favors the incomplete

reaction of water. In addition, modi®cation of the

ASB precursor with ethyl acetoacetate probably made

it more dif®cult to hydrolyze, thereby further increas-

ing the amount of unreacted water that could be

present in the supercritical drying step. As a result,

neither of their as-dried aerogels, one dried at 543 K

and a second dried by displacement with supercritical

CO2 at 353 K, were X-ray indifferent. The type of

order did vary, however, with supercritical drying

temperature. High temperature drying delivered a

material with boehmite-like order, similar to Teichner

et al.'s high precursor concentration material. At

353 K, the raw aerogel displayed a weak transition

form (�/
) X-ray pattern. Signi®cantly, the low tem-

perature aerogel possessed penta-coordinated Al (by

NMR) upon heat treatment at both 673 and 873 K; the

543 K dried material did not [36]. However, the

relative amount of AlV appearing in the Mizushima

and Hori material appears to be substantially less than

what we see in our own aerogels, which is an indica-

tion that the former is actually a mixture of the

amorphous and transition forms. The absence of

AlV (and, by inference, absence of any `amorphous'

alumina) in the material dried at 543 K illustrates how

elevated drying temperatures can accelerate sintering

and structural transformations.

The aerogel of Ponthieu et al. [14] is X-ray indif-

ferent upon supercritical drying at 543 K, suggesting

that free water was not present during the drying step.

It does, however, transform to a transition alumina at a

relatively low temperature. We suspect that low con-

centrations employed in this preparation may have

suppressed hydrolysis rates enough to encourage more

mature short-range order than in the other examples.

While not detectable in XRD, the enhanced local order

may have served to facilitate the X-ray amorphous to �
transformation.

The key lesson of the comparison is that, while

water ratio is an important variable, it alone cannot

guarantee the preparation of an X-ray amorphous

alumina. Pre-oxide network formation rates must be

fast enough to `trap' AlV defects, but not so fast as to

promote the incomplete incorporation of reactant

water. Hence, we see the importance of not only water

ratio, but also concentrations, pH and rate controlling

additives like ethyl acetoacetate. Once formed, drying

conditions dictate the fate of the X-ray amorphous

network. Conditions that promote high water activity,

high concentrations of `free' water: high temperatures

and high pressures, facilitate network ordering and

conversion of AlV.

4.3. Supercritical drying's impact on structure and

texture

An important issue is the separation of those char-

acteristics of the aerogel that are attributable to the

wet-chemistry portion of its preparation from those

that can be traced to the supercritical drying technique.

Drying method has a large impact on the textural

properties of the alumina precursor. Supercritical dry-

ing prevents pore collapse from high differential

capillary pressures to deliver an aerogel that is clearly

mesoporous (Fig. 10), with large pore volume

(Fig. 9). The xerogel, in contrast, possesses much

smaller pores, resulting in higher surface area, but

low pore volume. Mizushima and Hori [8,17] and

Elaloui et al. [15] reported similar differences between

their alumina aerogels and xerogels. We note that the

similarity between the the textural properties of the

xerogel and the bayerite- and boehmite-derived mate-

rials is probably coincidental. Recall that the ex-

boehmite and ex-bayerite owe their porosities to the

elimination of structural water during topotactic trans-

formations. The xerogel's small pores, on the other

hand, result from macrostructural collapse during

solvent removal.

Drying technique does not, however, affect atomic-

level structure. Both the alumina aerogel (Fig. 3) and

xerogel (Fig. 5) transform according to the same

sequence; at 773 K, both are X-ray indifferent with

substantial AlV populations (Fig. 6). Apparently,

water activity was not high enough with either drying
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method to affect conversion of AlV. Furthermore, as

noted in the Section 3, crystallization of � appears to

be slightly more facile in the xerogel. A higher density

of primary particle contact points, which can act as

seeds for �-crystallization [37], may exist in the

denser (less porous) xerogel.

4.4. Surface-chemical/catalytic properties

Relative to the `ordered' ex-boehmite and ex-bayer-

ite materials, the X-ray amorphous aerogels (both

silica doped and undoped) are characterized by the

low Lewis acidity (sites accessible by pyridine at

423 K, see Fig. 11), and low surface hydroxyl content

(at 673 K, see Fig. 12). Likewise, unlike the ordered

materials, neither aerogel displays activity for 1-

butene isomerization (Table 2). However, we are care-

ful not to conclude that these properties are character-

istic of amorphous alumina. The xerogel, which, like

the aerogels, is X-ray indifferent at 773 K, adsorbs

slightly more pyridine than the aerogels and displays a

signi®cantly richer IR hydroxyl region. More signi®-

cantly, the xerogel is active in 1-butene isomerization,

more active than the boehmite sample.

Butene isomerization probably does not probe a

single surface property of alumina [38]. Aluminas are

known to simultaneously possess acidic, basic, oxidiz-

ing and reducing sites [1,2,39]. Alkene isomerization

activity has been attributed to acid±base pairs [40] and

has been observed to correlate with both the oxidizing

and reducing character of alumina [41]. Within this

context, we make the following general observations.

Because the xerogel is active with a cis/trans product

isomer ratio only slightly greater than 1.0, we suspect

that Brùnsted sites (perhaps weak ones, since we are

unable to probe them with pyridine at 423 K) parti-

cipate in the reaction. At comparable conversions,

the ex-bayerite sample is active with a signi®cantly

higher cis/trans ratio, suggesting participation of a

different type of site(s), perhaps one with a signi®-

cantly basic character. We cannot quantify the isomer

ratio over the ex-boehmite material, but it appears to

be comparable to that of ex-bayerite. Interestingly, we

note that the property that best predicts isomerization

activity in the sample set is the amount of strongly

bound hydroxyl groups: materials with higher

hydroxyl contents are the same ones that are active.

It is possible that hydroxyl groups provide a weak

Brùnsted functionality that participates in the reaction

mechanism.

Particularly interesting are the differences between

the aerogel and the xerogel. While we cannot fully

explain the ability of the xerogel to support a higher

hydroxyl population than the aerogel (Fig. 12), we

believe that it is related to a stronger interaction

between ±OH groups and the highly curved surfaces

within the xerogel's smaller pores. The incrementally

larger capacity of the xerogel to retain pyridine could,

in turn, be due to the ability of the hydroxyl groups to

hydrogen-bond with pyridine. Likewise, the enhanced

hydroxyl content of the xerogel may also act as weak

Brùnsted acid sites that participate in the isomeriza-

tion reaction.

We close this section with a discussion of the

contribution of penta-coordinated aluminum on sur-

face-chemical properties. Fripiat et al. have suggested

that the metastability of linkages involving AlV pre-

sent electron-de®cient sites, thereby enhancing the

Lewis acid character of alumina surfaces [42]. Teich-

ner and Van-Hoang, whose amorphous alumina pre-

cipitates presumably contain AlV, noted a signi®cant

oxidizing/reducing character [41,43]. However, using

pyridine adsorption, butene isomerization and hydr-

oxyl inventory as probes, we ®nd that our aerogels'

surfaces are relatively inert. Furthermore, the aerogel/

xerogel pair, both of which contain AlV, exhibit sig-

ni®cantly different chemical properties. In our aerogel

samples, we suspect that either AlV plays only a minor

role in determining the surface chemistry, or perhaps

that AlV resides below the surface, allowing other

factors to dominate.

4.5. Silica as a stabilizer of structure and texture

Perhaps the most important characteristic of our

silica-doped alumina aerogel is the `transparency' of

its silica content. We saw no evidence of Si±O±Si

network vibrations in its ex situ DRIFT spectrum

(Fig. 7), consistent with the absence of large silica-

rich domains in the sample. In contrast, `segregated'

9:1 Al:Si aluminosilicates, such as examples prepared

in our laboratory from commercially available colloi-

dal sols (�10 nm diameter of silica `primary parti-

cles') and by impregnation of a pure alumina aerogel

with TEOS, exhibit strong silica network infrared
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features [44,45]. We also note that the alumina skeletal

region of the DRIFT spectrum is unperturbed by silica,

implying that silicon atoms have not been incorpo-

rated into the alumina network to a signi®cant extent.

In other words, silicon is not a network former.

Furthermore, silica does not suppress the formation

of the penta-coordinated aluminum species that is

characteristic of the X-ray amorphous form (Fig. 6).

We infer, therefore, that silica has little impact on the

processes that form the pre-alumina network during

the slow co-hydrolysis step of the preparation. It is

likely that silicon atoms are simply encapsulated

randomly by the growing amorphous alumina, thereby

assuring their homogeneous dispersion throughout the

material.

The DTA results (Table 1) illustrate that the silica

has a relatively modest impact on the initial ordering

of the amorphous material to the �-alumina transition

form, delaying it by 11 K. However, because they are

homogeneously distributed throughout, but without

actually participating in, the amorphous alumina

matrix, silicon atoms are well-positioned to occupy

vacancies in the spinel structure as the aerogel adopts

transition form order. The potential for a high rate of

vacancy occupation by silicon is very good, there is

one vacancy per eight Al atoms in h-alumina [1], we

dope with 1Si:9Al. Thus, the silicon dopant can

effectively restrict Al atom diffusion through vacan-

cies as a route for further sintering and phase trans-

formations. Indeed, our results illustrate that silica

doping (1:9 Si:Al) delays crystallization of the aerogel

to �-alumina by 100 K (compare Figs. 3 and 4),

thereby doubling surface area at 1473 K from 30 to

60 m2/g.

Our observation that silica incorporated into the

alumina aerogel by slow alkoxide co-hydrolysis has

no impact on the surface chemical properties supports

our conclusion that it is homogeneously dispersed

throughout the sample. For example, while we ®nd

no evidence of a surface silanol (SiO±H) stretch in the

silica-doped aerogel's hydroxyl region DRIFT spec-

trum (Fig. 12), aluminas doped by grafting silicon

compounds onto their surfaces exhibit hydroxyl

regions characteristic of silica [11,45]. And, unlike

both the pure alumina aerogel and our homogeneously

doped silica±alumina aerogel, we have observed that

aluminas surface doped with molecular silicon pre-

cursors present signi®cant populations of Brùnsted

acid sites and can be very active butene isomerization

catalysts [45].

We note that silica dopants grafted onto the surface

of aluminas by techniques such as incipient wetness

impregnation can also effectively stabilize surface

areas and lower temperature structural forms

[9,11,45], suggesting that the surface diffusion sinter-

ing mechanisms operate in parallel with bulk diffusion

through vacancies. In fact, an alumina doped with both

bulk and surface silica has been reported to be espe-

cially effective for preserving surface area upon high

temperature heat treatment [9]. However, as described

above, unlike well-dispersed silica dopants, surface

grafting can lead to unwelcome modi®cations to the

alumina's surface chemistry [5].

5. Conclusions

X-ray amorphous alumina aerogels can be viewed

as aluminum oxide-hydroxides having signi®cant

populations of lattice defects that manifest themselves

as AlV. Comparison of the literature reports of alumina

aerogels suggests that control of hydrolysis rates is key

to building a pre-oxide network containing AlV and

that solvent removal at conditions of low water activ-

ity is required to preserve the network. Our prepara-

tion of an alumina aerogel by slow (low-pH, staged

water addition), sub-stoichiometric (2.2 H2O:Al)

hydrolysis of an alcoholic solution of an alkoxide

precursor, followed by supercritical drying meets

these criteria, delivering material that is X-ray indif-

ferent over a wide temperature range.

We used the aerogel preparation as the basis for

assessing the ability of a silica dopant to control

alumina's textural and structural evolution. Slow co-

hydrolysis of a mixture of Si and Al alkoxide pre-

cursors delivered an aluminosilicate aerogel (9:1

Al:Si) with very highly dispersed silica. In this tech-

nique, silicon atoms are randomly encapsulated by the

growing pre-oxide network, available to occupy lattice

vacancies as the alumina orders to the � transition

form upon calcination at 1173 K. So positioned, sili-

con atoms can effectively restrict Al diffusion through

vacancies as a mechanism for the further sintering of

the transition alumina: crystallization of a-alumina is

delayed from 1373 in the pure alumina aerogel to

1473 K in the silica-doped aerogel.
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Signi®cantly, silica's presence affects neither the

amorphous alumina's hydroxyl inventory (at 673 K)

nor its inertness towards 1-butene isomerization and

pyridine chemical probes (at 423 K). The ability of a

well-dispersed silica dopant to retard sintering without

altering the surface-chemical properties contrasts with

the reported behavior of aluminas modi®ed by sur-

face-grafted silica. The latter class of materials can

exhibit enhanced surface acidities and surface hydr-

oxyl inventories characteristic of silica, properties that

are undesired in some applications.
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