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Optically clear monolithic gels and fine gel powders have been synthesized using various
alkoxide hydrolysis reactions. The gels have been characterized using various methods to
determine their structures. (X-ray diffraction, DTA, TGA, DSC, IR and Raman spectroscopies).
The spectra and the nature of gels depend on the solvent and the hydrolysis conditions (rate,
pH, etc.). The use of acetone as solvent allows reduction of the hydrolysis time, from weeks to
hours. If the hydrolysis of aluminium sec-butoxide is too rapid, at high pH, crystaliine bayerite
Al(OH), is formed. Regular hydrolysis leads to amorphous optically clear gel with sometimes
boehmite (or diaspore) traces. Formation of the (porous) glass (300 to 600° C) and also of
the y-alumina does not modify the Raman spectra strongly whereas large modifications are
observed on IR spectra with the evolution of protonic species. The structure of alumina gel
and glass is of the spinel type. The a-alumina phase grows above 1200 to 1250° C (above

1050° C if boehmite traces are present).

1. Introduction

Preparation of monolithic gels and glasses as well as
fine powders and ceramics through sol-gel methods
and alkoxide hydrolysis have attracted considerable
attention in recent years [1-4]. Gel routes offer specific
advantages (e.g. low sintering temperature and fine
microstructure, high homogeneity, etc.) to prepare
fine powders as well as monoliths leading to well-
densified, glass-ceramics or ceramics [5-9]. Thus, it is
possible to choose the sintering temperature and the
degree of crystallinity of various compositions [9, 10].
A great number of publications concern SiQ, or SiO,-
rich compositions [1-4, 7, 8] but only a few papers are
devoted to alumina [11-13].

The Raman spectroscopy has been recently used in
some works in order to check the hydrolysis—polycon-
densation of SiQ, [14-17]. Attempts to understand the
local structure of gels concern SiO, aerogel [18]. In this
paper we discuss the local structure of gels, “glasses”
and poor crystallized aluminas (usually called “tran-
sition aluminas™) using X-ray diffraction, differential
thermal analysis (DTA), thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), infra-
red (IR) and Raman spectroscopies. In subsequent
papers mullite, GeO, and zirconia will be considered
in relation to synthesis, non-stoichiometry and doping.

2. Experimental procedure

2.1. Synthesis

Two routes of synthesis have been used: the slow
hydrolysis route leading to optically clear monoliths
and the rapid hydrolysis route leading to fine powder.
Pressing the powder allows preparation of dense
transluscent pieces [6, 9].
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2.1.1. Slow route

A propanol or (cyclo)hexane or acetone solution of
aluminium sec-butoxide (Alfa-Ventron, Karlsruhe)
was slowly hydrolysed with air moisture (relative
humidity ~ 60%) (Table I). The solutions were kept in
a Petri-box (diameter ~100mm) or in a covered
bottle (diameter ~ 30mm, height ~100mm). The
respective ratio between alkoxides and solvent was
between 1/1 and 1/2 (Table I). A typical batch corre-
sponded to 100 cm®. Atmospheric moisture reached
the solution surface through very small pin-holes in
the cover or through the interstices between the bottom
and the cover of the Petri box. After day(s) to weeks
(Table I) monolithic optically clear gels (apparently
“dry” and hard) were obtained and were dried
between 30 and 60° C for a week. Drying crushes the
monoliths to a few pieces of about 0.1 to 1cm®. The
pH of the solvent was modified by adding a few drops
of NH,OH, CH,COOH, HCl or H,PO,.

Alumina gel was also prepared directly from the
pure aluminium sec-butoxide through a very small air
invasion at the bottle stopper. Months were needed to
obtain optically clear monoliths (0.5 to 1cm?).

In comparison, monolith gel was also prepared
according to the Dwivedi and Godwa method [19].
Fig. 1 shows monolithic gels obtained by both hexane
and Godwa methods.

2.1.2. Rapid route

The alkoxide mixture was diluted in propanol. A large
excess of water (typical alcohol/alkoxide/water volume
ratic 2/1/2) was used to achieve complete hydrolysis
under a rigorous mixing. The pH of the water was
modified by NH,OH or acid addition (Table I). Prior
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Figure 1 Monolithic gels synthesized by slow hydrolysis of aluminium
sec-butoxide in {a) hexane or (b) with.the Dwivedi and Godwa
method [19].

to hydrolysis, the mixture was heated for 1 h at 80° C.
A typical batch used 50 cm® alkoxide. Gel powder was
obtained after room-temperature removal of water
and alcohol. Manual blending was carried out during
drying in order to prevent the formation of hard
agglomerates. The powder was then dried at 50° C for

a week and could then be compacted as previously
described [9].

Note that before Raman spectra recording, it was
necessary to dry the samples for a few weeks at room
temperature to minimize fluorescence. Fluorescence
can also be strongly decreased by exposing the sample
for 1h to a laser focus.

2.2. Characterization

The density of gels and of the thermally treated
samples was measured using the usual mass and
volume determination in water or in alcohol. Appa-
rent density was also measured on pellets (diameter
~ 10 mm) prepared by powder compaction { = 200 kN).
In the case of monolithic gels, grinding was performed
in a mortar before compaction.

Thermogravimetry (TGA) was performed between
30 and 700° C (heating rate 60° Ch™') with a Dupont
de Nemours Instrument. Differential thermal analysis
{DTA) (30 to 1500° C range) was also performed with
a Dupont Instrument. Differential scanning calori-
metry (DSC) traces were recorded between 0 and
400° C under a nitrogen flux using a DSC4 Perkin-
Elmer apparatus. Weight loss was measured after each
run. X-ray powder patterns are recorded with the
ACu Ko radiation. Infrared spectra were recorded on a
783 Perkin-Elmer spectrophotometer using paraffin
oil and Fluorolube mulls between Csl, CaF, or KRS5
windows. Raman spectra were recorded with an Instru-
ment S.A. Mole Microprobe associated with a 1.5W
argon ion laser (Spectra Physics). The 514.5 nm excita-
tion was preferentially used to minimize fluorescence.
An optical prism-based accessory removed the other
parasitic components. Note that the ISA Mole allowed
illumination and collection of the diffusion light
through a microscope. Thus, the area examined was
approximately a few square micrometres and the large
angle of collection allowed examination of very poor
scatterers in many places. The light power at the

TABLE 1 Synthesis of Al,O; - nH,0O materials from aluminium sec-butoxide hydrolysis

Solvent ratio® Method and Gelation Drying Weight  Density? AH (calg™) Remarks
) . - . o A,

(by volume) hydrolysis medium time time loss (%) Ist peak 2nd peak
Isopropanol water + NH,OH inst. 5d 35 2.2 90 60 White, bayerite + boehmite
2012 (pH 9) 30°C

water + HCl inst. 3d 60 1.9 90 - White, boehmite

{(pH 2) 30°C

atmospheric moisture  >6mon  30°C 35 1.6 60 - Optically clear, boehmite

3d traces
70°C 30 80 1

Hexane atmospheric moisture  8d 30°C 50 1.9 100 2.5 Optically clear, boehmite
1/1 as above id 30°C 60 1.5 — - traces

+ NH,OH 8d 30°C 25 1.4 20 4

+ CH,COOH 8d 30°C 45 1.2 70 - White, bayerite + boehmite

+ HCl 8d 30°C 45 1.6 140 -
Cyclohexane  atmospheric moisture 84 30°C 40 1.5 90 1.5 Optically clear, boehmite
/1 3d
Acetone atmospheric moisture 84 30°C 70 1.3 32 4 Optically clear, yellow
2/1 id 2d 80 1.2 90 2.5 As above
Dwivedi and 4mon 2mon 26 60 - Boehmite and diaspore traces
Godwa [19] 50°C

“Solvents ratio: solvent/alkoxide/(water).
*inst., instantaneous; d, days; mon, months.
J“Apparent density of compacted pellets.
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Figure 2 DSC traces of some alumina monoliths and powders: pH 9
and pH 2 powder, monoliths prepared in hexane, cyclohexane and
acetone or with the Dwivedi and Godwa method (beating rate
10°Cmin~! enthalpy (AH) in calg™!).

sample surface ranged between 1 and 50 mW. With
our apparatus the accuracy of frequency was about
+5cm™ .

3. Results and discussion

3.1. Evidence of various types of alumina
"gels”

The aspect and shape of gels appear very different.

Gels prepared by slow hydrolysis directly from but-

oxide or in hexane are hard and optically clear. On the

other hand, Godwa [19] or Yoldas [20] gels look soft

and wet. They can only be transluscent after a 100° C

drying. Monoliths prepared in acetone are optically

clear but yellow in colour (Table I).

Figs 2 and 3 compare DSC and TGA traces between
30 and 400°C. Three types of DSC traces can be
recognized:

(i) one broad peak trace (onset temperature 50 to
70° C) corresponding to hard optically clear monoliths,

(ii) two-peak traces (onset temperature 30 and
245°C) corresponding to pH 9 gel powder.

pHO
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Figure 3 TGA traces of pH 9, pH 2 powders and of monoliths
synthesized in hexane or in acetone.
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Figure 4 X-ray powder patterns (ACuKu) of “alumina gels” in the
form of' (a, b) powder from rapid hydrolysis in propanol with (a)
pH 9 or (b) pH 2 water, (x) Al(OH), phase; powdered optically
clear monoliths prepared by slow hydrolysis in (c) hexane, (g)
acetone or (h) propanol, or (f) by rapid hydrolysis in acetone;
comparison is given with monoliths prepared by very slow hydroly-
sis of pure aluminium sec-butoxide (d), or from the Godwa method
(e). (Interreticular distance ¢ in nm.)

(iil) traces with very small peaks at about 220 to
250° C corresponding to an intermediate case.

The corresponding weight losses range between 25
and 35% (two peak traces) and 50 to 60% (one-peak
trace). Highest weight losses (80%) are measured with
yellow monoliths synthesized using acetone as solvent
(Table I). Comparison of infrared spectra in the 4000
to 1000 cm™' region shows that the matter lost below
400° C consists in protonic species (organic traces are
only observed for gels prepared in acetone). Thus the
following formulae can be proposed for the different
“gels”:

(i) pH 9 gel powder, monoliths made by direct
Al-O-Bu hydrolysis or by slow hydrolysis in hexane
(with a few drops of NH,OH) have a 25 to 37% weight
loss which corresponds to the formula ALO; -3 (+1)
H,O. Water molecules are lost below 100°C and OH
groups are broken below 300°C (Fig. 3);

(i) the monoliths synthesized in propanol lose
about 40% in weight which corresponds approxi-
mately to the formula AL,O, -4 (+0.5) H,O

(iii) on the other hand, monoliths prepared in ace-
tone and powder from pH 2 water hydrolysis show
higher weight losses, about 60 and 75% respectively,
which correspond to the formula AL,O; - 9 to 18H,0.
A weight loss corresponding to loss of OH is observed
between 200 and 500°C.

If we examine the DSC traces, only pH 9 gel exhibits



a marked high-temperature peak (~240°C) corre-
sponding to loss of OH. This indicates that large
quantities of the “water” of the formula consist
both in “zeolithic” water soaked in the pores of the
inorganic polymer network and of OH branches. How-
ever, it is well established that gels are highly porous
[3, 4, 8] and that soaking the pores with solvent
favours optical clarity. Chane-Ching and Klein [21]
and Yoldas [22] have measured the porosity of some
alumina and mullite gels. The size of the pores is
typically between 3 and 8 nm and the porosity reaches
65%. The various values of DSC enthalpies indicate
various types of “water” and this point will be dis-
cussed further with the infrared analysis.

Fig. 4 compares X-ray powder patterns of gels (the
monoliths were ground). As expected from DSC and
TGA traces, the pH 9 powder is made of crystalline
bayerite (AI(OH); or Al,O,-3H,0 [23]. The other
broad peaks of the pattern can be assigned to a boeh-
mite-like structure (AIOOH or ALO, - 1 H,O). How-
ever, the peaks are very broad and the first one has a
larger d-value (0.70 to 0.72nm) than is usually
observed. A similar broad X-ray pattern is observed
for pH 2 powder and for some monoliths. Monoliths
synthesized using acetone or propanol are different
but show amorphous-like patterns (diaspore traces are
consistent with the pattern of gels prepared in hexane,
propanol and with the Godwa method). Even in the
case of boehmite-like material the low intensity of the
spectra indicates poor crystallized structures. The
large bumps of the acetone route are typical of amor-
phous samples. However, the broad peak pattern
corresponds to the main peaks of gibbsite and of
y-Al, O structures. In all the cases, our X-ray patterns
are broader than is usually observed for such hydrates
which can arise either from the particle size (nano-
materials) or the local disorder, or for both reasons.
Note that the low-angle diffuse scattering depends
largely on the method.

Comparison of the different TGA traces confirms
this point of view: the pH 9 powder and to some extent
the pH 2 powder show a weight loss jump whereas
other materials have a nearly regular loss up to 300°C
(AP ~ 30%) and a residual loss between 300 and
500°C (AP < 8%).

3.2. Structure of alumina “gels”

Figs 5 and 6 show the Raman and infrared (IR)
spectra of gel monoliths and powders. The main fre-
quencies are given in Table [I. According to X-ray
diffraction, the pH 9 powder is mainly constituted of
Al(OH), (characteristic bands at 380 and 575cm ™" in
Raman, 1035cm™' in IR [24-26]) with boehmite
traces (characteristic bands at 360cm™"' in Raman,
365, 480, 630 and 1080 cm ' in IR [26-28]). But some
IR bands (520, 570 and 970cm™") indicate possible
a-AIOOH diaspore traces [25, 28]. They correspond to
the 340 and 1060 to 1100 cm ™' Raman bands. The IR
spectra of pH 2 powder are characteristic of y-AIOOH
boehmite with perhaps some a-AIOOH traces {band
at 960 cm ™' and shoulders at 670 and 520cm™'). The
intense 360 cm ™' Raman band and the weak band at
500cm™' are also consistent with the presence of
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Figure 5 Room-temperature Raman spectra of optically clear
monolithic gels (a, b, ¢} and gel powders (d, €) prepared by various
methods: (a) monoliths prepared directly from very slow Al-O-Bu
hydrolysis, dried at 30 and 70°C, respectively; (b} monoliths
prepared from slow hydrolysis of Al-O-Bu in hexane, surface (S)
and core (C), respectively; (c) Godwa monolith; powder prepared
by rapid hydrolysis of Al-O-Bu diluted in propanol with pH 2 (d)
or pH 9 (e) water.

boehmite. Except in the case of acetone synthesis, IR
and Raman spectra of monoliths thus show the charac-
teristic bands of diaspore and boehmite traces.

Raman examination of the core of the monolith
(Fig. 5), which can remain incompletely hydrolysed
shows well-defined bands between 600 and 1200cm ™!
and an intense band at 360cm™'. The 1480 and
2950 cm ™' bands correspond to torsion and stretching
modes of CH, branches of the incompletely hydro-
lysed butoxide or of the solvent. The 795, 840cm ™!
doublet and the 935 and 1015¢cm ™' bands can also be
assigned to butoxide (partly or unhydrolysed) whereas
the 520cm~' band arises from butanol traces. The
broad feature between 500 and 1000 cm™' cannot be
related to known alumina hydrates.

Such broad spectra are observed on thermally
treated samples of various compositions (Figs 7 and
8): (i) pure alumina gels heated below 1100°C; (ii)
mullite gels heated below 1100°C; (iii) cubic phase
resulting from the heating of kaolin above 1000°C;
(iify amorphous spinel film prepared by radio-
frequency sputtering of AL,O, and Mg** ion implan-
tation [29], and (iv) transition aluminas [30-34]. All
these compounds have a spinel-like structure with
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Figure 6 Room-temperature IR spectra of (a) pH 9 and (b) pH 2
powders and of powdered monoliths prepared in hexane ((c) rapidly
and (d) slowly) or in acetone ((e) rapidly and (f) slowly). Spectrum
of a Godwa sample is given in (g).

AlQ, tetrahedra and aluminium ions in octahedral
sites. Moreover, “ordered” spinel-like structure (for
instance B/B” AL, O, [34-36], MgAL, O, [37}) and crystal-
line mullite [38, 39] show vibrational spectra with (well-)
defined bands in the same frequency range.

The apparent density of ALO,;-nH,0 “gels”
measured on compacted pellets ranges between 2.2 for
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Figure 7 Micro-Raman spectra of monoliths prepared (a) slowly
in hexane or (b) rapidly in acetone and heated (2d) at various
temperatures.
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Figure 8 Micro-Raman spectra of amorphous spinel-like structures
synthesized by (a) thin film prepared by r.f. sputtering of alumina
and Mg?* ion implantation (“sapphire” substrate) [29]; (b) mullite
glass prepared by slow hydrolysis of aluminium sec-butoxide and
siticon methoxide in hexane [39]; (¢) Godwa monolith heated at
various temperatures; (d) pH 9 and (¢) pH 2 powder heated at
1050° C for 3 d, respectively; (f) metakaolinite from kaolin heated at
1050° C; (g) disordered crystobalite produced from sol-gel synthesis
is given for comparison; (h) spinel-like transition alumina single
crystal prepared by heating f-alumina single crystal at 850° C [34].

pH 9 powder and 1.3 for monoliths synthesized with
acetone as solvent. The density of other monoliths
varies between 1.5 and 1.9. This last density represents
nearly 80% of the gibbsite density, 60% of the
diaspore density and only 50% of the spinel density.
These resuits imply a large porosity, as is well
known in such materials [21, 22]. The gel synthesized
in acetone must be highly porous, whereas monoliths
prepared by very slow hydrolysis of pure Al-butoxide
(and in solution in hexane) exhibit the highest density.

3.2.1. Protonic species

Fig. 9 shows IR spectra in the OH stretching and
bending regions. According to the crystalline staie of
Al(OH), powder, well-defined bands are observed for
pH 9 powder at 3658, 3610, 3590, 3540, 3520, 3405,
3412 and broad bumps at 3300 and 3050cm™'. The
frequencies are rather different from those of well-
crystallized bayerite [24], nordstrandite [24], hydrar-
gillite [32, 33] and of gibbsite [26]. This clearly indi-
cates meodification of the local structure. The presence
of the broad bumps and of the water molecule bending
mode at about 1640cm™' indicates that another
hydrate form is present, according to the X-ray analy-
sis. The other compounds show only the broad
bumps. These bands can be assigned to the stretching
mode of OH in boehmite [29] but their broadness is
larger than usually observed, which indicates a great
local disorder according to X-ray analysis. The
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Figure 9 Room-temperature IR spectra in the OH bending and
stretching regions of (a) pH 9 and (b) pH 2 powders and of powdered
meonoliths prepared (d) in cyclohexane or (e) in acetone. Spectrum
of a pH 2 powder heated at 200°C is given in {c).

presence of water molecules is clearly shown with the
1630 to 1650 cm ™' bands. Yellow gels made in acetone
show also organic traces (vCH, at 2880, 2920 and
2960cm !, vC=0 at 1705cm ™).

The y-OH modes are observed in the 1000 to
1300 cm™! region, both on IR and Raman spectra as
usually observed for hydrates [24-30, 40] and for tran-
sition alumina “single crystals” prepared by heating
of protonic /8" aluminas. The syntaxic transforma-
tion of B/B” alumina in spinel occurs with the forma-
tion of stacking faults. In the planes the order is
retained [34, 41-44] and a spinel form containing large
quantities of protons is formed. In IR, the 1070cm ™!
band is observed for all the materials, except for the
gel synthesized in acetone. In this last case a broad
1160cm ™" band is visible. It may correspond to a
y-OH mode under other hydrogen bonding condi-
tions, but the absence of a visible Raman band in the
same region does not allow us to give a more precise
assignment.

As a preliminary conclusion, alumina “gels” are
constituted of a “quasi-amorphous”, open ALO,
oxide network having a similar local structure to
y-ALO,, but with alumina hydroxide traces (a- or
p-AlOOH), probably at the surface or in the pores.
Rapid hydrolysis leads to crystalline AI{OH), traces.
Different kinds of hydrogen-bonded water are present
in the pores. Acetone as solvent is particularly efficient
in reducing the hydrolysis time without formation of
crystalline precipitates. This can be related to the
ability of acetone to make hydrogen bonds with water
and to form intermediate by trans esterification and
chelation. Thus the competition between this reaction
and the hydrolysis of butoxide regulates the process,
leading to optically clear and amorphous monoliths.
The high content of “water” in the final gel indicates
a very open polymeric network.

3.2.2. Spectra assignments of internal Al-O
modes

Corundum («-Al,0,) [41], spinel (MgAl,O,) [37] and

B/B” ALL,O, [36] IR and Raman spectra are well known

and assignments have been previously discussed. The

study of the conversion of protonic f/f” aluminas into
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Figure 10 DTA traces of monoliths and powders: (a) monolith
synthesized directly from Al-butoxide, (b) monolith synthesized in
acetone, (c) in hexane with a few drops of CH,COOH, (d) pH 2
powder, (¢} pH 9 powder and (f) Godwa monolith. Low sensitivity
traces are given in the low-temperature region (heating rate
20°Cmin~').

o-alumina via transition aluminas is also useful to
propose an assignment of disordered spinel-like struc-
ture [34, 42-44).

The AI{OH), structure can be described as an AlO,
octahedra chain made with OH groups. The AIOOH
structure can be described as a slab of corner-shared
AlQ, octahedra, the up and down oxygen of the octa-
hedron having the proton. The intense 380 (360 to
340)cm ™! Raman band has been assigned to a motion
of the Al~O chain (slab) or in other words to an Al-O
bending mode. The stretching AI-O modes of the
octahedron are found in the 500 to 600cm™' range
[25, 27, 28]. By comparison with material having the
spinel-like structure {30, 32-35] (including the mullite
structure [34-38, 45, 48]) the stretching Al-O modes
are expected in the 550 to 850 and 750 to 850cm™'
ranges, for the AlQ, octahedron and AlO, tetra-
hedron, respectively. The corresponding bending
modes are expected in the 320 to 450 and 250 to
300cm ™' ranges, respectively (Table IT).

3.3. Glass formation and crystallization

Fig. 10 shows DTA traces of typical samples. Exo-
thermic peaks are observed at about 400° C (the com-
bustion of organic traces) in the case of monoliths
synthesized directly from aluminium butoxide or in
acetone. Small exothermic features are observed
between 900 and 1310°C as a function of the prepa-
ration conditions. X-ray powder patterns of samples
heated between 500 and 1200°C are shown in Fig. 11.
The sample differences disappear on heating and
y-alumina pattern is always obtained. However, it is
difficult to determine whether or not the # phase is
formed. The high-temperature exothermic peak corre-
sponds to the formation of the a-alumina phase. The
better crystallized y-alumina phase is observed for
pH 9 (bayerite) powder. On the contrary, monoliths
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Figure 1] X-ray powder patterns (ACuKa) of (a) pH 9 powder and
of monoliths synthesized (b, ¢) in acetone and (d, ¢) in hexane
heated for 1d at various temperatures.

already having a spinel-like phase in the gel state
remain highly disordered but are transformed to
a-alumina at lower temperatures. Monoliths remain
optically clear up to about 900°C [6]. The loss of
clarity is consistent with a nucleation of «-alumina in
many places.

Comparison of IR (Fig. 12) and Raman spectra
(Figs 7 and 8) allows an understanding of the struc-
tural evolution. Below 900° C, the vibrational spectra
are not strongly modified, in either the Al-O stretch-
ing or bending regions. This indicates that the local
structure is less modified. This is consistent with the
conservation of the optical clarity. However, the regu-
lar narrowing of the X-ray powder pattern and its

TABLE IIT IR and Raman frequencies of alumina, glass and
spinel-like phase

Assignment  Compounds
“Glass”* “Spinel”t
R IR R IR
1100wyt (1085w)!
1060w 1035wt (1050wt
vAl-O-H 1000 sh 990w
950w, b 925sh 935w
915v, w 915w
890v, w 860 m 890 m
850s, b 825sh 840 m
vAl-O 800m, b B45v, w 800m, b
770m, b
625w
610w
560s, b 585sh
540 m
510m
460 w 470m, b 460w, b 460 w
415w
410w
SAI-O 350w, b 370w
365m
350m
322m
295v, w

*Heated at 400°C.

T Heated at 1100°C.

{Bands observed after exposure to atmospheric moisture.

s, strong; m, medium; w, weak; v, very; sh, shoulder, b, broad.
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Figure 12 Infrared spectra of spinel-like phase (a, b, ¢) and “alumina
glass” (d) obtained by thermal treatments (2d) at 1100 and 400°C,
respectively; monoliths synthesized slowly in hexane (a, d) and
rapidly in acetone (b); pH 9 powder (c). () dOH bands which
appear after exposure to room-temperature atmospheric moisture.

condensation into y-alumina-like pattern indicates an
increase in long-range correlations. IR and Raman
spectra of monoliths synthesized in acetone and
heated at about 1100° C show more structured bands
(Figs 7 and 12, Table III). The DTA trace shows
various anomalies of low intensity (Fig. 10). This may
be due to the formation of the intermediate 0-phase.

The formation of the o-alumina phase occurs by
growing on the spinel phase as observed for the
protonic f/f” alumina - spinel — a-alumina sequence
[39, 43, 47]. The increasing intensity of the a-alumina
spectrum as well as a symmetrical decrease of the
spinel spectrum are simultaneously observed. Accord-
ing to DTA traces, a large temperature shift is observed
for the different methods. Complete conversion into
corundum is observed above 1300° C for pH 9 powder
(bayerite) whereas conversion of pH 2 (boechmite)
powder begins below 1050° C according to previous
studies [30]. The intensity of a-alumina traces in
y-alumina samples heated at 1000°C can thus be a
measure of the initial boehmite-like traces in the gel.

4. Conclusions

Various kinds of Al,O;-nH,O materials can be
obtained from aluminium sec-butoxide hydrolysis.
Rapid hydrolysis lead to crystalline gibbsite (A1(OH),)
or boehmite-like materials (AIOOH) for high and low
pH, respectively. On the other hand, by regular and
slow hydrolysis, optically clear, amorphous monoliths
having a spinel-like local structure are obtained. The
use of a solvent such as acetone allows reduction of
the hydrolysis time from 6 mon to 1d. The general
formula of the monoliths is ALO, - 4 to 18H,0 and
AlOOH traces are possible at the polymer surface
whereas uncompletely hydrolysed butoxide can be
soaked into the core of monoliths. Apparent density
lies between 1.3 and 1.9 which corresponds to a high
porosity (> 60%). Monoliths remain optically clear
up £0 900° C and the true y-alumina phase is gradually
formed between 600 and 1100°C as the pores close.
Optically clear samples heated between 300 and

3009



600° C can thus be called “alumina glass”. Corundum
phase nucleates between 1000 and 1300°C as a func-
tion of the synthesis method: a-alumina is formed
above 1050, 1300 and between 1100 and 1200°C, for
boehmite, gibbsite and “alumina glasses”, respectively.
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