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Abstract

Samples of gibbsite have been ciassified into well crystallized and poorly crystallized by
X-ray and differential thermal analysis methods. The thermal reaction shows that the
degree of crystallinity affects the course of the transformation. The electrical conductivity
and dielectric measurements show a marked change at the transformation temperatures.
The effect of crystallinity on the orientation relations between lattices of different structural
phases of gibbsite is discussed.

INTRODUCTION

Gibbsite (natural aluminium trihydrate, AI(OH),), like boehmite AIOOH
and diaspore AlO,H, is a constituent of bauxites [1]. Synthetic gibbsite is
obtained by crystallization from sodium aluminate solution by the Bayer
process [2]. Synthetic corundum (or a-alumina) is prepared by calcination
in air of pure gibbsite (natural or synthetic). The nature of the phases
appearing during the transformation of gibbsite (boehmite and /or more or
less amorphous transitory aluminas, including ‘gamma’, ‘delta’, ‘eta’, ‘theta’,
‘kappa’, ‘chi’, etc.) were discussed in many papers in the 50s and 60s [3-5]
and more recently summarized [6,7] owing to the interest in these solids as
catalyst supports and ceramic raw materials. In the 80s the thermal stability
of transitory aluminas was largely investigated because of the interest in
these solid phases as catalysts for automotive emission control [8,9].

There are many broad schools of thought regarding the mechanism of
the transformations of aluminium hydroxides (and especially gibbsite).
These transformations are shown in Fig. 1 [6,7,10].
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Fig. 1. Dehydration sequence of alumina hydrates in air [6,7]: route 1 is favoured with low
grain-size particles; route 2 by humidity, alkalinity and high grain-size particles.

However, the transformation of gibbsite in an autoclave up to about
400°C leads to boehmite, then to a-alumina at higher temperatures [11].

Recent investigations of Burtin and co-workers [9,10] have shown that
the transitional y-, §-and #-aluminas obtained by dehydration of boehmite,
are solid solutions and can be described by the unique formula

Alz DO3_L,/2(OH)L'< >1—L'/2

in which Al represents the aluminium ions in the trivalent sites, O the
cationic vacancies in the divalent sites, OH the hydroxyl groups substituting
the oxygen in the normal positions of the anionic sublattice and ¢ ) the
anionic vacancies of the spinel structure.

Thus, the formulae of boehmite (v =2) and a-alumina (v =0) are
Al, 0O0,(OH), and Al, 0O, respectively.

It is possible that this accurate definition of the chemical formula could
be extended to y- and x-alumina formed by dehydration of gibbsite.

According to Burtin and co-workers [9,10], the transformations y —» & — 6
proceed topotactically in relation to the development of microporosity (the
relative intensities of X-ray lines are not modified during the transforma-
tions by growth of the new phase in certain preferential crystalline direc-
tions).

In the same way, and according to Varhegye et al. [12], in the gibbsite —
x-AlLLO; - k-Al,0; = a-Al,O; sequence, the crystalline form of the origi-
nal gibbsite is retained and the product obtained can be considered a
pseudomorph of the initial gibbsite: the growth of corundum crystal pro-
ceeds in almost parallel planes on the prism faces of the pseudomorph
corresponding to the gibbsite lattice (in the direction [kkiO]).

The development of advanced ceramics or composites with alumina
matrices has led us to start new investigations on the problem of produc-
tion of «-alumina by the thermal transformation of gibbsite, the objective
being to control the morphological and physico-chemical properties of the
reaction product in relation to the subsequent sintering of a-alumina
ceramic bodies.
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The present paper describes some observations on both the role of the
crystallinity of gibbsite on the mechanism of transformation and the orien-
tation relationship between the different crystal structures obtained.

SAMPLES INVESTIGATED

Two types of synthetic gibbsite samples were investigated: a Bayer’s
alumina sample and synthetic samples grown in the laboratory by precipi-
tating aluminium as aluminium hydroxide [13]

AICI, + 3NH,OH — Al(OH), + 3NH,CI

Ammonium hydroxide was added dropwise to a solution of aluminium
chloride in order to avoid the abrupt precipitation of aluminium hydroxide.
Methyl orange was used as an indicator. Further addition of ammonium
was stopped when the colour of the indicator vanished. The precipitates
thus obtained were filtered and washed with excess water until the filtrate
did not react positively to the test for chloride ion. The AI(OH), was dried
in an electric oven at 100°C and the dried mass was crushed and sieved
through 200 B.S.S. mesh.

The X-ray analysis of the two types of sample revealed that the Bayer’s
alumina was highly crystalline and that the alumnium trihydrate grown in
the laboratory was poorly crystalline.

In the X-ray diffractograms of the highly crystalline samples (Fig. 2,
curve a), the X-ray lines (interplanar spacing) are large in number and the
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Fig. 2. X-ray powder diffractogram of a well crystallized sample (curve a); and a poorly
crystallized sample (curve b).
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TABLE 1

Crystal size for the well crystallized gibbsite sample

hkl 20 (deg) Bl/2 Dhkl (A)
002 18.4 0.067 1201

313 44.22 0.069 1207

024 52.22 0.069 1282

closely spaced lines are well resolved. In the poorly crystalline samples (Fig.
2, curve b), the lines are fewer in number and the closely spaced lines are
broad and diffuse bands; the intensity of the reflections as a function of
sin(6 /A) is much reduced, indicating that some sort of lattice disorder has
resulted from the unfavorable conditions of gibbsite crystallization.

The crystallite size of the highly crystalline samples was determined at
room temperature using the Scherrer equation; results are given in Table 1.

The X-ray diffraction peaks of the poorly crystallized sample were very
broad and thus crystallite size measurements were not possible. The line
broadening technique shows that when crystallite size decreases to a
certain limit, the crystallites essentially allow the X-ray beam to diverge as
it leaves, because the diffracting planes are no longer infinite in length
compared with the incident wavelength. This measurement of crystallite
size revealed that the poorly crystalline samples have a very small crystallite
size, almost equal to the incident wavelength (a few Angstroms)

EXPERIMENTAL

To study the thermal transformations, the samples of gibbsite were
heated in air in an electric furnace with a temperature variation of +5°C.

The transformation of gibbsite into a-alumina was investigated using the
following experimental methods.

(i) X-ray analysis of the sample was carried out using a Phillips X-ray
powder diffractometer (PW 1350), operated at 30 kV and 10 mA using Cu
Ka radiation, with a scanning speed of 1 A in 20 per minute.

(ii) Thermal analysis: TG and DTA analysis were carried out on a MOM
Derivatograph (Budapest, Hungary) at a linear heating rate of 10°C min ™!,
with a-alumina as internal standard.

(iii) For the electrical conductivity measurements, samples of gibbsite
powder were compacted at 12000 psi in a hydraulic press (Carver labora-
tory press, USA) at room temperature using stainless steel moulds. The flat
surface of the pellets were made conducting by coating aquadag paint on
both the surfaces. The coated samples were placed on the platform of the
lower electrode on the sample holder [14]. This sample holder is fitted with
a heating coil. The resistance of the sample was measured after every 20°C
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interval using a Million Meg-ohmeter RM 160 MKIII at a constant test
voltage. The values of the resistance below the megaohm range (less than
10® Q) were measured using a P-Phillips voltmeter. The specific resistance
was calculated, the reciprocal of which gave the electrical cenductivity. The
temperature of the specimen was allowed to rise slowly at a constant rate
of 10°C min~!. The temperature of the sample was measured by a
chromel-alumel thermocouple inserted in the sample holder which just
touched the side of the specimen.

(iv) For the experimental determination of the dielectric constant, the
Heterodyne Beat method [15] was used. This method depends on an
adjustment of the test condenser and calibrated variable condenser to the
same total capacity, with and without the sample. The test sampies are in
the form of solid discs. Solid discs of samples preheated [16] from 100 to
970°C were prepared at a dead load of 12000 psi in a hydraulic press (as
used in the electrical conductivity measurements). The dielectric constant
values of the pellets at a fixed frequency (5000 kHz) were measured and
plotted against temperature.

RESULTS AND DISCUSSION
DTA and X-ray diffraction results

The thermal transformation of gibbsite in air differs with the degree of
crystallinity, which suggests that the thermal reaction may be due to the
presence of defects such as dislocations, grains, boundaries, etc., in the
crystal. It is well known that in poorly crystallized materals, these defects
are greater in number than in well crystallized materials.

Thus, the following two schemes can be proposed. With well crystallized
samples inside the core of the sample

Gibbsite 2S boehmite 255 y-A1,0, £%S ¢-A1,0, 2% »-Al,0,
at the outer periphery of the sample

Gibbsite 22S y-AL0, 2§ «-A1,0, 1% 4-A1,0,

With poorly crystallized samples

Gibbsite (P.Cr.) 2S x-A1L,0, 295 «-ALO, 2%% »-AlL0,

For the poorly crystallized sample, it is seen from the DTA thermograms
(Fig. 3) that a single main endotherm is observed in the vicinity of 300°C,
while well crystallized samples have a doublet. The doublet is due to the
transformation of gibbsite to boehmite and y-alumina while the single
main endotherm in poorly crystallized gibbsite is due to the transformation
of gibbsite to x-Al,O; only.



196 S.K. Mehta et al. / Thermochim. Acta 205 (1992) 191203

T°C

200 400 600 800
Fig. 3. DTA curves of gibbsite: (curve a) well crystallized sample; (curve b) poorly
crystallized sample.

It is observed that the temperature and temperature range of the peak is
also an indication of the degree of crystallinity: the greater the tempera-
ture, temperature range and size of the peak, the greater the degree of
crystallinity.

The reason for this is that structural water is more strongly bonded in
more crystalline gibbsite than in poorly crystallized samples. Therefore
more energy is needed to break the bonds holding the structural water in
the structure and, consequently, the temperature range and size of the
peak will be relatively greater for gibbsite with a high degree of crystallinity
(Table 2).

A possible explanation for the thermal transformation of gibbsite can be
proposed along the lines put toward by Taylor [17]; the gibbsite structure
consists of layers of hydroxyl ions (OH ™) with the sequence - - -AB - BA- - -,
with interstitial aluminium ions in the octahedral holes within the closed
packet layers. When such a structure is heated, there is a removal of
protons from the OH~ (donor region) which consists of the anion frame-
work of the lattice, and a transfer of the removed proton from one site to

TABLE 2

DTA results

Sample Temperature range Temperature of Size of
Q) the maximum (°C) peak (cm)

Well crystallized 250-490 360 17.2

Poorly crystallized 250-430 330 7.8
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Fig. 4. Plot of electrical conductivity (¢} versus temperature of well crystallized gibbsite.

another (acceptor region). The protons combine with OH™ to form water
molecules (H,0) which are expelled from the lattice. The AI’* ions
migrate locally, thereby balancing the induced charge created by the
removal of protons.

Electrical behaviour during dehydration

Correlation between the thermal reaction process and the degree of
crystallinity was further confirmed by the electrical conductivity measure-
ment (Figs. 4 and 5). It is clear that the electrical conductivity value at
room temperature of well crystallized samples is less that that of poorly
crystallized ones. Moreover, the value at the transition temperature changes
appreciably in both types of samples.
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Fig. 5. Plot of electrical conductivity (o) versus temperature of poorly crystallized gibbsite.



198 S.K. Mehta et al. / Thermochim. Acta 205 (1992) 191-203

i e

k-]
4»
3.
2
1 -
5 ¢
4 /\ f“ b
A Too

]

200 400 600 800

Fig. 6. Plot of dielectric constant (&) against temperature: (curve a) well crystallized sample;
{curve b) poorly crystallized sample.

The decrease in conductivity from 25°C to 100°C corresponds to the
desorption of adsorbed water on the sample. The conductivity maximum at
about 300°C can be ascribed to the appearance of transistory adsorbed free
water vapour formed during the dehydration reaction, as occurs with many
other hydrates e.g. calcium sulphate dihydrate [18,19], copper sulphate
pentahydrate [20] and barium chloride dihydrate [20]. The greater increase
in conductivity at 300°C, observed with poorly crystallized sample, may be
due to the high specific surface area of the solid, and, therefore, to an
increase in the quantity of transitory adsorbed free water vapour on the
solid surface during the dehydration reaction. The second maximum at
about 400°C for well crystallized sample corresponds to the dehydration of
boehmite.

The dielectric constant of well crystallized gibbsite first increases on
heating up to about 300°C (Fig. 6, curve a), thus revealing that an increas-
ing number of polar water molecules are being reoriented and forced to
contribute to the polarization. After having reached the peak, the dielectric
constant begins to decrease on further heating as the liberated water is
expelled. The presence of a maximum in the curve of variation of the
dielectric constant versus temperature can be interpreted as for the electri-
cal conductivity results (transitory adsorption of free water formed during
dehydration reaction).

In poorly crystallized samples (Fig. 6, curve b), the dielectric constant
value at 100°C is high compared with well crystallized samples, which shows
that water is more abundant in the former owing to its fine crystallite size
and greater specific surface area.

Transitory formation of boehmite

A possible explanation for the two ways in which gibbsite transforms [21]
can be suggested. In the presence of water vapour, gibbsite transforms to
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Fig. 7. Change in the intensities of some of the basal spacings of boehmite (B) and of well
crystallized gibbsite (G) with the increase in temperature of the hydrothermal treatment.

boehmite, while the absence of local hydrothermal conditions causes the
gibbsite to transform to x-Al,O,. It can be considered that the outer
periphery of the large crystallites transforms to x-Al,O, (at 300°C) and this
x-Al,O; builds up a hydrothermal atmosphere inside the crystallite, thus
causing the core inside to transform to boehmite. In poorly crystallized
samples, the crystallite size is so small that an inside core does not exist, so
that only y-Al,O; transformation takes place at 300°C.

The phase transformation of gibbsite under hydrothermal conditons up
to a temperature of 265°C has confirmed the formation of boehmite: X-ray
diffraction analysis shows that the intensity of the (002) line of gibbsite
(Fig. 7) goes on decreasing, whereas the intensity of the strongest reflection
of boehmite (020) goes on increasing with respect to temperature, and
attains a maximum value after treatment at 265°C, the transformation of
gibbsite to boehmite starting at 190°C. Thus, a hydrothermal atmosphere
leads to transformation to boehmite only.

Actiation energy of the dehydration

The apparent activation energy of the dehydration of both types of
gibbsite samples was obtained from TG and DTA investigations, using the
methods of Coats and Redfern [22], Kissinger [23], Piloyan et al. [24], and
Borchardt and Daniels [25]. Results show that for materials with low
crystallinity, transforming directly to y-alumina, the average value of the
apparent activation energy (E = 125 kI mol ') is relatively larger than the
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value (E = 73 kJ mol ~!) obtained with well crystallized samples. This is in
contrast with other examples given in the literature, e.g. the dehydroxyl-
ation of kaolinite for which the higher the crystallinity, the higher the value
of the activation energy [26]. However, an explanation can be given based
on the previous observation of Quinn and Frost [27] concerning the
crystallite size: the larger activation energy value of small crystallites may
be because such crystallites store energy in the form of internal disorder.
When such crystallites are heated at 300°C, the product formed ( y-alumina)
is almost amorphous and the activation energy of this phase is high. Similar
behaviour has been reported for the dehydration of copper sulphate
monohydrate [27].

Orientation relationships during the phase transformation

As discussed in the introduction, many authors consider that the gibbsite
(or boehmite) — a-alumina sequence results from topotaxy and pseudo-
morphosis. From the X-ray analysis, it has been found that reflections
corresponding to an interplanar spacing of 0.139 nm are present on all
structural transformations of both well and poorly crystallized materials.
Because of the persistence of this reflection, it is natural to conjecture that
gibbsite possesses orientation relationships with the crystal structures
formed during the thermal transformations.

Lattice dimensions of the various modifications of the crystal structure
have been calculated [28] from the X-ray powder diffractograms of differ-
ent phases (boehmite, y-, y- and a-alumina) and are given in Table 3.

Phase change in well crystallized samples (Fig. 8)

At 300°C, boehmite is formed. The cell dimension of gibbsite with
a =0.8624 nm is reduced to 1/3 of its value in boehmite (@ = 0.287 nm).
On heating further to 550°C, y-Al,O; is formed and the [100] of boehmite
becomes the [110] axis of y-Al,O,. Heating further to 1150°C, the y-Al,O,
structure, having cubic symmetry, arranges itself to a-Al,O; which has

TABLE 3
Lattice constants of the different phases
Phase Lattice constants (nm)
a b c B
Gibbsite (monocl) 0.8624 0.506 0.970 93° 34’
Boehmite (orthor) 0.28679 1.2219 0.37024
y-Al,O; (cubic) 0.78072 - -
x-Al,0; (hex) 0.55978 0.86091

a-Al,0; (hex) 0.4759 - 1.30143
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Fig. 8. Schematic representation of orientation relationships of well crystallized gibbsite in
the (a,b) plane (G, gibbsite; B, boehmite).

hexagonal close-packing of oxygen atoms. Thus, the [110] of y-Al,O,
changes to [2130] of a-Al,O;.

Phase change in poorly crystallized samples _

It is seen from Fig. 9 that the [100] axis of gibbsite becomes the [0110]
axis of x-Al,0;. The [0110] axis of x-Al,O, at 1150°C changes to [2130] of
a-Al,0;. The [100] axis of gibbsite is 3 X 0.287 nm; the [0110] of x-alumina
is 2 X 0.2798 nm; the [2130] of a-alumina is 3 X 0.2747. On the basis of the
persistence of the 0.139 nm reflection in all the phases, it may be conjec-
tured that 1/3 of the value of the ‘a’ axis of gibbsite is almost equal to 2
times the [0110] of y-alumina and three times the [2130] of a-alumina.
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Fig. 9. Schematic representation of orientation relationships of poorly crystallized gibbsite
in the (a, b) plane (G, gibbsite).
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Consequently, according to the crystallinity of gibbsite, the following
orientation relationship can be proposed for well crystallized (a) and poorly
crystallized samples (b):

(a) Boehmite _, 7Y-Al,O,

o - [100] [110]

Gibbsite — { - a-Al,0,
[100] - x-AlL,O; - «-Al,0, [21501
(®)  [o170] [0170]

CONCLUSIONS

From the study of the thermal reactions of gibbsite, the following
conclusions can be drawn:
1. The crystallinity of gibbsite governs the thermal reaction.
2. Samples with a low degree of crystallinity revealed a higher electrical
conductivity than that of those with a higher degree of crystallinity. Simi-
larly, the dielectric constant value is also a measure of the degree of
crystallinity. Moreover, the changes in the values of dielectric constant and
electrical conductivity with respect to temperature are readily explained on
the basis of thermal transformation.
3. There are orientation relationships between the different structural
modifications of alumina formed during thermal transformation.
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