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ABSTRACT

When studying the thermal decomposition of various hydrargillites in Part I of this work,
we found two borderline cases in the decomposition behaviour for artificial and natural
hydrargillite. These two cases are especially characterized by the fact that no boehmite
formation occurred with special natural hydrargillite compared to the artificial material. The
thermal decomposition was studied to clarify the causes of these results taking into account
the sample parameters, such as grain size, lattice defects, primary particle size and impurity
content. The results show that the decomposition of hydrargillite is determined by the degree
of defects in the crystal lattice and the primary particle sizes. The formation of boehmite from
hydrargillite is complicated by the increase of the lattice defects with a simultaneous decrease
of the primary particle size. This effect is independent of the grain size, the nature and the
content of inserted alkali ions (0.04% < Cy, k rp < 0-25%). The effect of the lattice defects on
the mechanism of the thermal decomposition is discussed on the basis of the hydrargillite
structure.

The statement obtained from quasi-isothermal measurements that the decomposition of
hydrargillite into boehmite is a nucleation-controlled step, is supported by optical investiga-
tions. The smallest electron-optically observed nuclei are in the order of magnitude of the
primary particles of the hydrargillite.

INTRODUCTION

In the first part [1] of this contribution we reported on our observations
regarding the decomposition mechanism of hydrargillites by means of quasi-
isothermal—quasi-isobaric thermogravimetry [2,3] and X-ray examinations
and drew several conclusions. Among others, we showed that the decomposi-
tion of artificial hydrargillites consists of three partial reactions

a-Al(OH), - a-AlOOH + H,0 (1)
2 a-Al(OH), 2 x-Al,0, + 3 H,0 (2)
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2 a-AIOOH = y-Al,0, + H,0 (3)

Each of these partial reactions is divided into further partial processes, some
of which take place in a quasi-isothermal, some in a non-isothermal way, and
one part of them leads to equilibrium whereas the other part does not. We
also showed that the decomposition of natural hydrargillites only takes place
in the borderline case according to eqn. (2) and no boehmite is formed.
However, between the two borderline cases the transition regarding the
decomposition mechanism is continuous.

Within the scope of this work we intend to discuss the question of which
properties of hydrargillite have a considerable effect on the phase formation
in the thermal decomposition. In this connection some aspects such as grain
size, lattice defects and foreign-ion content of the hydrargillite are investi-
gated. The results and possible conclusions are summarized in the present
work.

EXPERIMENTAL

Samples and their pretreatment

One of our samples, hydrargillite I, was prepared in the laboratory by
dilution of sodium aluminate. The thermoanalytical properties (curves 1 and
5, Fig. 1 and curve 1, Fig. 2) and the X-ray data are identical with artificial
hydrargillite VI in part I of this work [1]. The chemical analysis of the
foreign ions has shown 0.060% SiO,, 0.019% Fe,O, and 0.354% Na,O. This
product was used because its grain size corresponds to that of natural
hydrargillite.
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Fig. 1. TG curves (1-4) and Q-TG curves (5-8) of the decomposition of the different
hydrargillites (I, II, IIT and IV) in open (1-4) and labyrinth crucibles (5-8).
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The hydrargillite was ground in a disc vibration mill. Samples prepared
with an agate disc and with a grinding time of 1 hour are numbered II and
those being prepared with a steel disc and a grinding time of 10 min are

DTG

20 400 °C 600
Fig. 2. DTG curves of the decomposition of the different hydrargillites (I. II, III and IV) in
open crucibles.

numbered III. The thermoanalytical results are shown in curves 2, 3, 6 and 7
of Fig. 1 and curves 2 and 3 of Fig. 2. For comparison, the TG and DTG
curves of a natural hydrargillite of Hungarian (5z6c) origin, numbered 1V,
are also illustrated in Figs. 1 and 2. X-Ray examination has shown the
following interferences and intensities (values in parentheses): 4.83 (100);
4.36 (30); 4.23 (15); 2.38 (10); 2.45 (9). This sample is identical with our
sample numbered I in Part I of this work [1].

Using a sedigraph 5000, made by Micromeritics, U.S.A., the particle size
distribution for each sample was determined. For this purpose the samples
are immersed in a solution of 0.05% Na,PO, in distilled water and then
ultrasonically treated until constant particle-size distribution was obtained.
The results are given in Fig. 3.

In order to examine the influence of foreign ions on the thermoanalytical
properties we precipitated hydrargillites with different degrees of purity from
the sodium, potassium and rubidium aluminate solutions by dilution. The
percentage of Na,O, K,0 and Rb,O of these samples was between 0.04 and
0.25%.
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Fig. 3. Particle size distribution of the different hydrargillites (I, II, III and IV). m =
Cumulative mass percent, d = equivalent spherical diameter.

X-Ray investigations

For the X-ray investigations the same apparatus as described in Part I of
this work [1) was used. Determination of the lattice defects of the hydrargil-
lites was carried out on the basis of the method according to Fricke and
Gwinner [4]. For analysis the interference combinations 210/311, 210,222,
210,322, 311/222 and 222 /322 of the single samples were used. Further-
more, according to a second method the single interferences were related to
those of the undisturbed hydrargillite (sample I). Consistent results were
obtained with both methods. According to Kochendorfer [S] the primary
particle sizes were obtained from the half maximum intensities of the single
interferences. The results of the investigated samples are summarized in
Table 1.

TABLE 1
Primary particle size and lattice defects of different hydrargillites

Hydrargillite sample Primary Lattice
particle defects
size (nm)
(pm)

I (artificial) 0.055

II (artificial—ground with agate) 0.048 0.015

IV (natural) 0.036 0.028

I1I (artificial— ground with metal) 0.029 0.032




Thermoanalytical examinations

The conventional [2], as well as quasi-isothermal-quasi-isobaric thermo-
gravimetric examinations [2,3], were performed by means of a derivatograph
Q (Hungarian Optical Works, MOM, Budapest). Curves 1-4 of Figs. 1 and 2
were plotted for hydrargillites I-1V with a dynamic heating rate of 5°C
min~"' in an open crucible in the presence of air. The weight of the samples
amounted to about 300 mg. .

For comparison, the conventional TG curves (curves 1-4) and the Q-TG
curves (curves 5-8) of the same samples are shown in Fig. 1. These latter
were obtained by applying the quasi-isothermal-quasi-isobaric measuring
technique [2,3]. The sample with a weight of 300 mg was placed in an open
crucible and heated in the weight-constant period at a heating rate of 3°C
min~'. The dehydration process was controlled with a decomposition rate of
0.3 mg min~", calculated for 100 mg total weight change.

Optical investigations of thermally pretreated hydrargillites

The question arose as to what way the boehmite phase, formed in the first
period of the decomposition [1] of artificial hydrargillites, would influence
the crystal surface. For the purpose of examination by means of a phase-
contrast microscope and a scanning electron microscope, sample I was
heated in a labyrinth crucible under quasi-isothermal-quasi-isobaric condi-
tions (0.3 mg min~' decomposition rate) up to the point where the sample
lost 4% of its weight (curve 1, Fig. 1). With the weight loss of 4% heating was
interrupted and the reaction was quenched by sudden cooling. For the
phase-contrast investigations a Peraval Interphako microscope (VEB, Carl
Zeiss, Jena) was used. Single crystals of the sample were immersed in a
mixture of cinnamon aldehyde and oxalic acid diethyl ester (refraction index
n = 1.570). The observations were made by application of the negative phase
contrast with an enlargement of 1: 1000. The scanning electron photographs
were taken using the equipment of the Japanese company Jeol.

DISCUSSION
Thermodynamic consideration

Prior to a discussion of the various basic factors which were the subject of
our investigations concerning the process of the thermal decomposition of
hydrargillite into boehmite [eqn. (1)] or aluminium oxide [eqn. (2)], the
position of the equilibria of these reactions is first considered.

In Fig. 4 the temperature dependence of the equilibrium constants K of
these reactions is compared with the Q-TG curve of the artificial hydrargil-



20

In K
20
~
15 o ///" -
”
10 A b
a
5 -
&l°c
T 1 T
100 200 ;300

|
d = AIOLOH) | X - Aty 05
{egn1) : tegn2)
1

204
Am

%

30—{
Fig. 4. Comparison of the calculated temperature dependences of the equilibrium constants
(K) of the decomposition of hydrargillite into aluminium oxide according to eqn. (2) (curve
a) and into boehmite according to egn. (1) (curve b) with the experimentally obtained
decomposition (Am = weight loss) of hydrargillite under quasi-isothermal conditions 1n a
labyrinth crucible (curve c).

lite (sample I). The equilibrium constants were caculated from the thermody-
namic data of the reactants by means of the data given in the literature [6],
and in the case of aluminium oxide in egn. (2) the values of a-Al,O, were
used by approximation.

From the dependence of the equilibrium constants on the temperature it
follows that under standard conditions the formation of boehmite (curve b,
Fig. 4) above 49°C and of aluminium oxide (curve a, Fig. 4) above 117°C is
possible. In the temperature range up to the intersection point of both curves
at 247°C the decomposition equilibrium of the hydrargillite further lies on
the side of boehmite and then inversely on the side of aluminium oxide. The
results of quasi-isothermal thermogravimetric and X-ray experiments are in
accordance with these calculations. As shown in Part I of this work [1], the
decomposition of artificial hydrargillite begins at 200°C (curve c, Fig. 4), the
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boehmite formation ends at 265°C (reaction 1) and thereafter only aluminium
oxide is formed (reaction 2).

With natural hydrargillite (sample IV) no formation of boehmite can be
detected by X-ray photography (curves 4 and 8, Fig. 1, curve 4, Fig. 2). The
position of the decomposition temperature corresponds to the aluminium
oxide formation of the artificial hydrargillite (curve c, Fig. 4).

A comparison of the equilibrium constants of the reaction equilibria
according to eqn. (1) and (2) with the experimentally obtained phase
components of boehmite and aluminium oxide shows that the kinetics of the
reactions are highly inhibited. However, the obtained phase components are
qualitatively reproduced by the differences of the equilibrium constants.
Thus, the aleady discussed different inhibitions of the boehmite formation
reaction of the investigated hydrargillite samples cannot be defined thermo-
dynamically.

Investigation of the grain size effect

To investigate the influence of the grain size on the decomposition
behaviour, sample I was graded into size fractions. However, this method did
not yield any expressive results as the samples, due to classification, are
mechanically stressed, and thus no definite grain size effect can be observed.
For example, after remixing of the size fractions we found a modified
decomposition process of the artificial hydrargillite which is identical to that
of sample II which was ground in a vibrating mill (curves 6 and 2, Fig. 1;
curve 2, Fig. 2). Therefore, an investigation of the grain size effect on
recrushed or classified samples is not advisable.

The artificial hydrargillite (sample I) prepared by us has a grain size
distribution similar to that of natural hydrargillate (sample V) (curves 1 and
4, Fig. 3). By way of contrast, these samples represent the borderline cases in
the thermoanalytical behaviour (curves 1, 4, 5 and 8, Fig. 1; curves 1 and 4,
Fig. 2). The small excess of fines of the sample IV compared with sample I
cannot explain the differences in thermoanalytical behaviour, because sam-
ple II contains even more fines (curve 2, Fig. 3) but its decomposition
behaviour closely corresponds to that of artificial hydrargillite (curves 6 and
2, Fig. 1; curve 2, Fig. 2). The results show that the grain size of the
hydrargillite is not definitely related to the decomposition behaviour.

Effect of lattice defects and primary particle size

By controlled grinding of the artificial hydrargillite (sample I) lattice
defects in the hydrargillite were produced. The primary particle size of the
crystallites is reduced by insertion of lattice defects. The results are sum-
marized in Table 1. Increased lattice defects result in a decrease in the
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primary particle size of the hydrargillite. The order of magnitude of the
lattice defects and the size of the primary particles in the case of natural
hydrargillite (sample IV) are in the range of the mechanically treated
artificial hydrargillite (sample III). Obviously, deviations of the lattice struct-
ural elements from the normal positions in the lattice are obtained under the
conditions of formation in nature.

The presence of lattice defects in samples II, III and IV can also be shown
in the IR spectra. In accordance with the data of Korneva et al. [7] and
Lukjanova et al. [8] who compared the IR spectra of various ground artificial
hydrargillites, we found an intensity drop of the absorption bands of the
OH-groups compared with the undisturbed sample I in the range 500-600
cm™!, 975 cm™! and 3400 cm™ '

By comparison of the TG, DTG and Q-TG curves of the samples (Figs. 1
and 2) with the results of the lattice defects it follows that the formation of
boehmite [reaction according to eqn. (1)] is suppressed by an increase in the
lattice defects in the crystal and a decrease in the primary particle size. The
most highly disturbed artificial hydrargillite (sample III) shows approxi-
mately the same decomposition behaviour as in the case of natural hydrargil-
lite (sample IV). However, with sample III the decomposition according to
eqn. (2) already begins at low temperatures as high-energy amorphous
hydrargillite is formed to a large extent by the grinding process.

The effect of the lattice defects on the decomposition behaviour of the
hydrargillite must be considered in relation with its lattice structure. Hy-
drargillite forms a double-layer structure of the brucite type [Mg(OH),] in
which the octahedron vacancies in the double layers of the OH ions are
occupied by cations [9,10]. As opposed to brucite, in the case of hydrargillite
the sequence of layers of the OH ions is /AB/BA /AB/BA/, where the OH
ions in the AB layers are deformed and have a smaller distance of 0.203 nm
as against 0.236 nm with the hexagonal closest packing. Between the double
layers the structure is somewhat dispersed (distance 0.281 nm). With artifi-
cial hydrargillite stacking of the packets of the layer is shifted to the g-axis
so that the monoclinic structure is formed. With natural hydrargillite there is
an additional shift to the b-axis resulting in the triclinic structure. Structure
channels are formed in such a way that the aluminium ions occupy only
two-thirds of the present octahedron vacancies.

From the structure of both artificial and natural hydrargillite it can be
seen that there exist structurally favoured chances for the migration of OH
ions or H,0O molecules. These are the dispersal between the double layers
and the structure channels. This mechanism has already been discussed by
Rouquerol et al. [11]. However, Sasvari and Zalai [12] give a model of the
emission of whole OH layers. The obtained lattice defects (Table 1) of the
hydrargillites amount to a maximum of approximately 10% of the distance
of the OH double layers in the hydrargillite lattice. From this, an inhibition
of the migration of OH ions and H,O molecules through the lattice results.
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The decomposition of such disturbed hydrargillite samples can only proceed
with higher temperatures compared to the undisturbed material.

As could be seen from the thermodynamic considerations (see above), the
formation of aluminium oxide [eqn. (2)] compared to that of boehmite [eqn.
(1)] is favoured with increasing temperatures. Therefore, with increasing
lattice defects only smaller boehmite components are formed during thermal
decomposition and there is no boehmite formation at all with natural
hydrargillite (sample IV) and ground artificial hydrargillite (sample III).

The fact that the emission of the OH ions or H,0 molecules between the
packets of the OH double layers is complicated by the lattice defects and the
suppression of the formation of boehmite is also based on the results of the
thermal decomposition of the bayerite [ 8-Al(OH),]. According to Mackenzie
[13] the decomposition of the bayerite was a single-stage process with
formation of Al,0,. We have observed that the DTA peak temperature
amounts to 290°C and the Q-TG step to 280°C under quasi-isothermal
conditions in the labyrinth crucible, which is in the same temperature range
as that of natural hydragillite (sample IV) corresponding to the reaction in
eqn. (2). The absence of a boehmite formation is explained by the arrange-
ment of the OH layers AB/AB/AB/AB as a closest packing without the
expansions of the hydrargillite between the double layers.

Effect of the impurities

Hydrargillites always contain small amounts of sodium ions which are
inserted into the lattice. Stimulated by the investigations of Asselmeyer [14]
who found a decomposition temperature for europium-containing hydrargil-
lite of approximately 100°C lower than that of the pure product, we
performed a systematic investigation of artificial hydrargillites containing
sodium, potassium and rubidium in the concentration range 0.04%-0.25%
Me,O (Me = Na, K and Rb, respectively). The DTA and Q-TG measure-
ments showed no significant differences compared to the curves which we
obtained on artificial hydrargillite containing Na,O (curves 1 and 5, Fig. 1;
curve 2, Fig. 2). Therefore we can say that alkali ions inserted into the
hydrargillite lattice have no influence on the decomposition process even
with increased ionic radius (Na < K < Rb).

Mechanism of the boehmite formation

Model conceptions as to the reaction mechanism of the decomposition of
hydrargillite trace back to De Boer et al. [15,16]. According to this theory
there exist hydrothermal conditions in the crystal, where inside the crystal-
lites a water vapour overpressure is formed which causes the formation of
boehmite. This theory appears to be understandable as the preparation of
boehmite from hydrargillite with increased pressure proceeds quantitatively
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Fig. 5. Scanning electron micrographs of artificial hydrargillite (sample I); enlargement
1:22000 (image scale 22 mm = Ipm). a, Initial material; b, thermally decomposed up to 4%
weight loss in the derivatograph Q in a labyrinth crucible.
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and, moreover, the formation of boehmite was observed with coarse material
under thermoanalytical conditions [17]. In the literature different possibili-
ties have been discussed concerning the formation of hydrothermal condi-
tions. In most cases it was supposed that at the beginning of the reaction on
the surface of the hydrargillite particles a layer of x-Al,0, is formed first
which prevents leakage of water vapour from the inside of the crystals and
favours the formation of boehmite. After rupture of this layer and leakage of
the water vapour, formation of x-Al,O; goes on [13,18]. According to
Lodding [19] the surface layer does not consist of x-Al,O;, but of boehmite.
The hydrothermal conditions must also be realized by the fact that the
produced water vapour can only very slowly leave the pore system of the
solid [16].

Our test results cannot be interpreted by means of the theories discussed
in the literature. In the range of the boehmite formation a weight loss of
hydrargillite up to approximately 10% can be observed (curve c, Fig. 4). This
weight loss is in contrast to the formation of a gas tight film on the
hydrargillite grains.

From the thermoanalytical results in Part I of this work [1] we concluded
that a nucleation-controlled process is concerned with the formation of
boehmite. The primary transformation centres can be visualized just as well
in the phase-contrast microscope as in the scanning electron microscope.

Compared to the initial material, in addition to hydrargillite subcrystals,
the scanning electron micrograph (Fig. 5) shows lenticular primary phases
which are randomly distributed on the crystal surface. The size of these
nuclei varies from 0.06 pm to 0.3 pm. Thus, the lower boundary corresponds
to the primary particle size of the used hydrargillite with a size of 0.055 pm
(Table 1, sample I). In the phase-contrast image these nuclei can be identi-
fied as a boehmite phase.
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