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The thermal decomposition mechanism of synthetic AI(OH);
(gibbsite) was studied in situ by neutron thermodiffractometry in
an ambient atmosphere from room temperature to 600°C with
50°C steps. Gibbsite decomposed to yield AlO-(OH) (boeh-
mite) and then poorly crystallized y-Al,O;. Rietveld analysis
was used to refine the cell parameters’ variation of gibbsite and
its thermal expansion coefficients were obtained: for the a-axis:
1541x10°% K, for b: 10+2x10°° K', and for c
174+2x10 °K .

I. Introduction

ALUM]NUM trihydroxide, AI(OH); (gibbsite), is the main
mineral phase present in tropical bauxites and clays' and
it is synthesized by the industrial Bayer process.>> Currently, it
is used to a great extent as a catalyst support.* It is also the
starting material to obtain metallurgical-grade alumina for the
production of metallic aluminum in the Hall-Heroult process
and the precursor to produce various types of transitional
aluminas for ceramic applications. The most widely used among
them is y-Al,O3, because of its great adsorptive power and its
catalytic properties. Consequently, there is a rich area of
chemical engineering built around this process. All these syn-
thetic routes involve its decomposition, which stimulates the
interest in its dehydration and topics related to it, such as its
thermal stability and reaction kinetics.

Among the techniques used to understand the dehydration,
conventional thermal analysis has been widely used, e.g., ther-
mogravimetric (TGA), differential thermal analysis (DTA), and
differential scanning calorimetry (DSC).>® For instance, Paulik
et al.”® explained the gibbsite decomposition in terms of its
crystallinity. Rouquerol ef al.’ interpreted the gibbsite dehydra-
tion as a hydrothermal decomposition process. They suggested
that inside the polycrystalline grains, a water overpressure is
developed——close to hydrothermal conditions—when the tem-
perature increases. They studied the influence of the grain size,
the vapor pressure, and the heating rate on the dehydration
process. These same authors in a later work® determined a
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differential enthalpy value (ranging from 77 to 88 kJ/mol) for
the dehydration process of gibbsite as a function of grain size
and external pressure. Also, they reported that depending on the
pressure applied to a gibbsite powder with a particle size
distribution ~1 pm, the products found were different: for
0.04 mmHg, the dehydration was yielding a non-crystalline
product, for 1| mmHg, a mixture of boehmite and p alumina,
and for the atmospheric pressure, both boehmite and y alumina
were observed.

Peric et al.'® have been investigating the dehydroxylation of
gibbsite into boehmite using DSC analysis under constant
heating experiments in the temperature range of 453°-673°C
at heating rates from 2.5 to 20°C/min. They reported an
activation energy for the first stage (dehydroxylation) of
137+ 10 kJ/mol.

Unfortunately, although those investigations based on ther-
mal methods provide very valuable thermodynamic knowledge,
they do not allow a direct in situ identification of the phases
formed. One in situ experiment using transmission electron
microscopy (TEM) has been reported by Kogure'' but under
conditions of temperature that are not completely controlled
and under vacuum; the sequence of gibbsite dehydration by
electron-beam irradiation is in agreement with other experi-
ments under vacuum conditions. In another publication of
Neissendorfer er al.,'* synchrotron X-ray experiments con-
ducted in situ to dehydrate AI(OH); at very fast heating rates
(180°C/min), in the temperature range from 20° to 1000°C have
been described. As far as we are aware, no other work on the
gibbsite decomposition using neutron thermodiffractometry had
been reported in the literature.

The aim of the present work was to study in situ by neutron
diffraction (ND) the dehydration mechanism and kinetics of a
synthetic gibbsite and also to obtain data about its thermal
expansion, which were not available in the literature.

1I.

(1) Description of the Specimen

A synthetic gibbsite prepared by the Bayer process and supplied
by Alcoa, San Ciprian, Lugo, Spain, was used. The chemical
analyses of gibbsite, carried out by X-ray fluorescence spectro-
scopy (XRF, Magi X; Phillips, the Netherlands) and flame
emission spectrometry for alkaline analyses (Na and K) (FES,
2100; Perkin Elmer), indicated that the gibbsite was composed
0of 65.01% Al,03, 0.21% Na0, 0.1% TiO,, 0.04% SiO,, 0.03%
Ca0, 0.006% MgO, and 0.001% K,O. The sample experienced
an ignition loss of 34.61% and had a purity grade of 99.7%. Its
average particle size (110 um) was due to the agglomeration of
smaller crystals. Original gibbsite were attrition milled with
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partially stabilized zirconia (PSZ)-zircona balls in isopropanol
for 24 h; the average grain size of milled gibbsite was 1.5 pm.
The specific surface area of the original sample was 0.07 m?*/g.
After milling, this value increased to 31.96 m?/g as determined
by Brunauer-Emmett-Teller method (BET). Conventional
X-ray diffraction (XRD) and ND at room temperature of
both samples indicated that they were single phase crystalline
gibbsites.

(2) Thermal Analysis

DTA-TGA analysis (STA 409, Netzsch, Germany) studies were
conducted at variable constant heating rates of 2, 5 10, and
20°C/min up to 1100°C in air, using Pt crucibles and a-Al,O; as
a reference.

(3) X-Ray Diffiraction

The XRD patterns were acquired using a Kristalloflex D5000
(Siemens, Germany) diffractometer (Bragg—Brentano geometry)
with silicon powder as an internal standard for d-spacings.

(4) Neutron Thermodiffi-actometry

The high-temperature powder ND experiments were performed
with the HRPT instrument'® of SINQ (Paul Scherrer Institute,
Switzerland) with a wavelength of 1.886 A, operating in high-
intensity mode. The angle domain scanned was from 3° to 163°
2-0.

Powder specimens were introduced in steel tubes of 8§ mm
internal diameter and 80 mm length. A few grams filled the tubes
up to 60 mm height. The beam size approximately 40 mm high
ensured that the diffracting volume was statistically representa-
tive of the sample. The steel tubes were inserted into the furnace
attached to the instrument, capable of attaining 1000°C. The
heating element, a cylinder made of tantalum, generated a
constant temperature region of several centimeters along its
axis. The temperature was controlled with two chromel-alumel
thermocouples placed in direct contact with the sample con-
tainer and it was stable within an accuracy of +5°C. The sample
containers remained open to the atmosphere during the heating
experiment.

Before heating, diffraction data were taken at room tempera-
ture for approximately 1 h, which ensured good histogram
statistics. The same data collection strategy was followed for
subsequent stages at temperatures ranging from 100° to 600°C
with 50°C steps, with 1 h dwelling periods to ensure good
statistics. The temperature increase rate between stages was
20°C/min.

(5) Data Analysis
General data processing and plotting were conducted with the
help of the commercial package ORIGIN-7.0.'* Rietveld ana-
lysis was performed with FULLPROF.!”

The diffraction peak shapes of the various phases were fitted
to Gaussian curves with the help of procedures written in IDL.'®

III. Results and Discussion

(1) Crystal Structure of Gibbsite up to 400°C

(A) Rietveld Analysis: There are two entries in ICSD for
gibbsite, and both gave drastically different values.'”'® Accord-
ing to Saalfeld,' gibbsite has a monoclinic crystal structure
(P2i/n, a=8.684(1) A, b=5078(1) A, c¢=9.736(2) A,
B=94.54(1), and V'=428.0 A%, and exhibits a tabular
pseudo-hexagonal habit. The structure can be regarded as
stacked hexagonal close-packed (hcp) layers with open planes
between successive sheets. Each Al cation is octahedrally co-
ordinated to six OH groups and each hydroxyl group is
coordinated to two Al cations, leaving vacant one octahedral
site. Alternatively, it can be envisaged as double lagers of hep
hydroxyl groups stacked in an AB BA sequence.'”"!
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Fig. 1. Simultaneous Rietveld refinement of room-temperature neutron
(top) and X-ray (bottom) diffraction patterns for gibbsite. The vertical
lines correspond to the Bragg peaks of the different phases. Superior
ones to gibbsite and inferior ones to iron.

The ND patterns from 10.05 to 140 (20) were refined using
the program FULLPROF and following the guidelines of
McCusker et al.? (Fig. 1). A pseudo-Voigt function was used.
Soft (16 in total) constraints for the distances AI-FO and O-H
were introduced. The refined parameters were as follows: lattice
parameters, zero-shift, background coefficients, Caglioti,21 full-
width at half-maximun (U, V, W), mixing coefficients of the
pseudo-Voigt function, and asymmetry of the Bragg peaks.?>
The Debye—Waller factor was set to the overall mode. Owing to
the presence of steel reflections, because of the sample holder, a
similar scheme of fitting parameters was used to fit them. For
the room-temperature diffraction patterns, both X-ray and
neutron data were fitted simultaneously, introducing a prefer-
ential orientation parameter (March’s Dollase) for direction
001.*% The results of ND and XRD patterns refinement for
gibbsite at room temperature are given in Table I. The agree-
ment factors attained were acceptable.

It is worth mentioning that some authors have reporte
(based on ab initio calculations) new positions for hydrogen
atoms. As X-ray, in principle, is less accurate than neutrons to
determine hydrogen positions, we attempted to locate hydrogens
from our ND data. Unfortunately, when the hydrogen position
variables were set free during the Rietveld analysis, the compu-
tations became unstable, even with soft constraints for O-H
distances, and it was not possible to locate the hydrogen atoms.
However, upon fixing the hydrogens to the positions given by
Saalfeld and Wedde'® in our experimental work and liberating
the rest of the atomic positions, the refinements converged and
gave values as low as 8.6% (Table II). Most likely, we were not

d 26,27
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Tablel. Positional Parameters for Monoclinic Gibbsite Ob-
tained in the Structural Refinement
S.G.P2l/n
Atomic coordinates

Atom X ¥y z

All 0.185 (0.005) 0.462 (0.006) 0.991 (0.005)
Al2 0.322 (0.005) 0.074 (0.006) 0.987 (0.004)
Ol 0.178 (0.002) 0.229 (0.005) 0.901 (0.002)
02 0.656 (0.002) 0.655 (0.004) 0.894 (0.002)
03 0.484 (0.003) 0.124 (0.004) 0.890 (0.001)
04 0.988 (0.003) 0.650 (0.002) 0.879 (0.002)
05 0.298 (0.003) 0.719 (0.005) 0.897 (0.001)
06 0.811 (0.003) 0.156 (0.005) 0.901 (0.002)
H1 0.099 0.171 0.887
H2 0.588 0.559 0.900
H3 0.479 0.093 0.805
H4 0.948 0.806 0.868

H5 0.278 0.736 0.808
Ho6 0.813 0.121 0.809

All atoms in Wickoff position 4(e).

able to determine the hydrogen location because the 14 atomic
sites are in general positions; hence, there were too many
coordinates to be refined. For the refinements at higher tem-
peratures, the hydrogen positions were set to room-temperature
values. Regarding the cell parameters, it is worth comparing the
theoretical with the experimental ones. The data gathered in
Table II clearly show that our experimental data are closer to
the Saalfeld values."®

(B) Cell Parameter Variation: The variation of the unit
cell volume is represented in Fig. 2. The gibbsite unit cell
parameters’ variation with temperature was analyzed up to
400°C. It is continuous between 20° and 250°C, but above this
temperature, the unit cell parameters and volume do not vary in
the expected way because of the collapse of its crystalline
structure (Table III). In this table, the cell parameters up to
350°C are included. Although the cell parameters above 250°C
were refined, the statistical indicators are not very good as the
crystal structure is about to collapse.

The temperature dependences of these parameters between
20° and 250°C were fitted to:

a= (8.644 +0.001) + (1.26 £ 0.03)107*T

b= (5.062 +0.001) + (5.2 £ 0.2)10 T

= (9.682 +0.001) 4 (1.7 £0.4)10*T, and

V= (422.3) 4 (0.0175 4 0.0003) - 10T
where T is the absolute temperature.

The thermal expansion coefficients were calculated from these
linear relationships; thus, the gibbsite mean thermal expansion
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Fig.2. Variation of gibbsite cell volume with temperature.

coefficient between 20° and 250°C obtained along the g-axis is
1541x107® K7!, 1042%x10°® K! along the b-axis, and
1742 % 107° K~ ! along the c-axis.

(2) Phase Evolution of Gibbsite with Temperature up to
700°C

(A) Conventional Thermal Analysis: 1In order to deter-
mine the effect of heating rate on the dehydration reaction
pathways of gibbsite, DTA curves of the fine-grained crystalline
gibbsite were obtained at different heating rates. These previous
experiments permitted to set the optimal conditions to identify
separate steps of the dehydration process, at a heating rate of
10°C/min.

Figure 3 shows TGA (DTA-TGA) curves, recorded at 10°C/
min, corresponding to both types of crystalline gibbsite (grain
size average of 110 and 1.5 pm, respectively). As a whole, it has
been observed that both fine and coarse-particle specimens
follow similar paths, showing dehydration curves analogous to
those described in the literature?® (Fig. 3). The coarse and fine-
grained gibbsite show a small endothermic peak at ~215°C, a
sharp endothermic peak at ~305°C, and a weaker endothermic
peak at ~500°C. But it is to be noticed that intensities are
significantly reduced for finer particle size samples. The total
weight loss observed on the TGA curves in the temperature
range 200°-700°C was 34.61 wt% (Fig. 3). This total loss of
34.61 wt% (Fig. 3(a)) agrees very well with the theoretical value
of 34.72 wt% for the dehydration reaction.

The DTA-TGA curve can be interpreted as follows: the
gibbsite decomposition takes place in several steps. At a tem-
perature slightly above 200°C, boehmite appears. In the range of
200°-280°C, only a small weight loss is observed (7% approx.).
This is due to the fact that not all the water is released. Most of it
becomes trapped inside the coarse gibbsite grains under a
relatively high overpressure. As the temperature increases—

TableIl. Refined Structural Parameters of Gibbsite (Al(OH);) Between 20° and 350°C Using the Monoclinic Crystal Structure
(P2;/n Space Group)

7(°C) at+2c b+2c c+2c B+20 V+2c Biso+20 Ryp Xz Ry

20 8.6797+0.0005 5.0756+0.0003  9.73294+0.0005 94.580+0.005 427.414+0.04 0.7+0.1 1320 3.50 8.60
100 8.6897+0.0004 5.0799+0.0003 9.7471+0.0005 94.656+0.005 428.84+0.04 0.8+0.1 13.10 3.30 8.13
150  8.6960+0.0005 5.0823+0.0003 9.7549+0.0005 94.714+0.005 429.67+0.04 0.8+0.2 1420 3.66 7.79
200  8.7023+0.0005 5.0850+0.0003 9.7643+0.0005 94.775+0.005 430.58+0.05 0.8+0.2 13.50 3.17 6.31
250  8.7091+0.0007  5.0864+0.0005 9.7703+0.0007 94.900+0.006 431.22+0.06 1.1+0.3 13.60 3.23 7.72
300 8.7134+0.001 5.08454+0.0006 9.7742+0.0010 94.9944+0.009 431.37+0.08 2.3+0.3 13.80 348 157
350 8.696+0.001 5.085+0.002 9.783+0.004 94.89+0.03 431.0+0.3 31403 1566 537 158

To estimate the “goodness of fit”” three reliability factors (Rwp, %2 and Ry) were calculated and in all cases. 26 represent the error bars assigned to every experimental

value.
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Table III. Phases Identified by ND Along the in situ Experiment and by XRD on Samples Heated at Different Temperatures for 1 h
and Quenched

Crystalline phases by XRD, on heated an quenched samples

Temperature (°C) Coarse grains Fine grains Crystalline phases by ND in situ experiment
27 AI(OH)3 AI(OH)3 AI(OH)3

100 — — AI(OH)3

150 — — AI(OH)3

200 — — AI(OH)3+AIO - (OH)

250 Al(OH)3+AIO - (OH) AI(OH)3+AIO - (OH) Al(OH)3+AIO - (OH)

300 — — AI(OH)3+AIO - (OH)

350 — — Al(OH)3+AIO - (OH)

400 — — AI(OH)3+Al10 - (OH)

450 AlO - (OH)+y-A203 AlO - (OH)+y-A203 AlO - (OH)+y-A203

500 — — AlO - (OH)+2-Al203

550 — — AlO - (OH)+y-A203

600 x-Al203

700 1-Al203 ¥-A203

The reflections (002) for AI(OH); (gibbsite), (020) for AlO - (OH) (boehmite), and (440) for (chi alumina) x-Al,O; were used. XRD, X-ray diffraction; ND, neutron

diffraction.

above 280°C—the coarse gibbsite grains shatter, suddenly free-
ing water vapor. This is manifested by the fast weight loss on the
TGA curve of coarse-grained gibbsite (/~19% between 280° and
320°C) (Fig. 3(a)). This overpressure inside the gibbsite grains
could favor the boehmite formation. In the fine-grained gibbsite,
this effect is very weak. The XRD patterns of both fine and
coarse gibbsite after heating at 250°C show a new peak at
14.4°(20) corresponding to bohemite (AlO-(OH)) along with
gibbsite peaks. It may be concluded that in fine crystalline
gibbsite (/1.5 pum), the formation of boehmite occurs when
calcining between 250° and 400°C.
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Fig.3. (a) Differential thermal analysis-thermogravimetric (DTA—
TGA) curves for coarse-grained gibbsite at 10°C/min; (b) DTA-TGA
results for fine-grained gibbsite at 10°C/min.

The endothermic peak with maxima at ~500°C of both
samples is due to x-Al,O; formation. XRD of both samples
heated 1 h at 400°C shows x-Al,O3 and boehmite (Table III).

(B) Neutron Thermodiffraction: In order to identify the
crystalline phases formed in situ at each temperature, the
dehydration of gibbsite has been monitored by using ND.

A general picture of the diffraction patterns as the tempera-
ture increases is shown in Fig. 4. The specimen of synthetic
gibbsite studied had 34.61 wt% of water. Neutrons interact with
hydrogen atoms, producing a significant incoherent scattering
(larger than any other atomic species present in the sample) in all
directions manifested by a notorious increase of background in
the diffraction patterns. This fact explains the progressive
diminution of background with temperature that can be ob-
served in the ND patterns in Fig. 4.

The phase transformations were directly observed upon
temperature increases from 200° to 600°C. The diffraction peaks
of AI(OH); were present up to 400°C. The intermediate-phase
boehmite (AlO - (OH))* existed between 200° and 550°C, and
the transition product—x-A120330 alumina was observed above
500°C (Fig. 4).

At the end of the experiment (600°C), the background was
still very high, which may indicate a significant amount of poor
or non-crystalline phases. Diaspore, the other polymorph phase
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Fig.4. Neutron diffraction patterns of gibbsite at various temperatures
(°C). B stands for boehmite, G for gibbsite, and y for yx-Al,O3. The
diffraction patterns include the actual background counts (it is not an
offset to separate the patterns).
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of AlO-(OH), v, and a-Al,O3 were not detected during the
dehydration process at the temperature interval of 20°-600°C.
The crystalline phases identified in the samples treated at
different temperatures are summarized in Table III. The data
obtained by ND were coincident with those obtained by con-
ventional XRD on samples heated for 1 h and quenched at
different temperatures (Table III).

Assuming that the same volume of gibbsite is irradiated along
the experiment and a linear relationship between the content of
hydrogen and the total intensity in the diffraction patterns, the
variation of the total scattering counts for every diffraction
pattern provides direct information about the amount of hydro-
gen present in the sample at every temperature (Fig. 5(a)). In the
250°-450°C interval, a smooth and continuous decline of the
total scattering can be observed. It is attributed to the departure
of OH groups as water evaporates, hence diminishing the
scattering of hydrogen in the diffraction pattern. The progres-
sive diminution of background—which can be measured with
precision—provides a clear parameter that is directly related to
the OH content of the sample. In Fig. 5(a), the variation of the
background arbitrarily normalized to unity as a function of
temperature has been represented. The curve exhibits two
effects—more clearly highlighted by its derivative—which in-
dicates that most likely water departs in two steps (Figs. 3 and
5(a)). Obviously, if we use the total scattering counts to follow
the dehydration, we will have the same limitations as in the
TGA approach Fig. 5(a).

The quantitative evolution of crystal phases, which disap-
peared and emerged as the temperature increased, was mon-
itored through the evolution of some of their diffraction peaks,
chosen for being isolated and strong enough to give values of
statistical significance. More precisely, for Al(OH); reflection
(002) was used, for boehmite AlO - (OH), (020), and for x-Al,Os3,
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Fig.5. (a) Variation of the total scattering counts of diffraction
patterns (line with squares and error bars). The derivative curve (con-
tinuous line) highlights the temperatures at which the two mechanisms of
dehydration rate are higher. (b) Integrated and normalized intensities as
a function of temperature for reflections (002) of gibbsite (squares), (020)
of boehmite (circles), and (440) of y-Al,O5 (pentagons).
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(440). Individual intensities for every phase were fitted to
Gaussian curves and their areas were normalized to 1
(Fig. 5(b)). It has been assumed that the parameter used to
determine the reaction progress is directly proportional to the
extent of reaction and those parallel or consecutive contribu-
tions to product formation are absent.

These neutron thermodiffraction data clearly show that
gibbsite decomposition does not initiate before 250°C, where
an induction period starts, and finishes at 500°C.

Once Al(OH); disappears, boehmite starts to decompose.
Gibbsite and boehmite coexist for a while (from 250° to 500°C
approximately), ~365°C being the temperature at which the
concentration of both phases is approximately the same (see
Fig. 5(b)). This seems to indicate that boehmite formation is
controlled by gibbsite decomposition.

Above 450°C, boehmite begins to decay to yield a hep’! y-
Al,Oj3 transition alumina, with a formation rate maximum at
around 525°C.

All facts considered, the information obtained about the
thermal behavior of gibbsite by ND is richer in detail than the
Synchrotron XRD data by Neissendorfer er al.'>

These authors observed, also, first boehmite formation and
then unknown oxides with a very poor crystalline structure. But
from their results, no information about the crystal evolution of
gibbsite with temperature was deduced.

The experimental evidence from XRD, DTA, TGA, and ND
indicates that both fine- and coarse-grained gibbsite dehydrates
yielded boehmite. More precisely, for gibbsite powders with
particle sizes distributions around 110 and 1.5 um, an endother-
mic peak at approximately 213°C is shown. On the one hand,
this observations does not agree with the work of Rouquerol
et al.'? as these authors state that the formation of bochmite
phase in coarser particles might be due to the development of
hydrothermal conditions inside the gibbsite. On the other hand,
it is in agreement with a recent paper by Bhattacharya et al.?®
where it is stated that crystalline gibbsite, irrespective of the
particle size distribution (110 and 1.5 micrometers), as long as it
has a crystalline long-range order, when heated, yields boehmite.
In contrast, when the long-range order is broken, i.e., the
material is really amorphous, the calcination follows a path
where no boehmite appears.

As the temperature increases, the pathway of decomposition
for both fine- and coarse-grained specimens is the same. A
weaker endothermic peak at ~500°C on the DTA is inter-
preted—with the help of X-ray and ND—as boehmite dehy-
droxylation. This temperature marks the onset growth of chi-
alumina that remains up to 700°C. It is also quite clear that most
of the energy furnished up to around 400°C is used up by the
specimen to lose water in the dehydroxylation/dehydration
process, as a progressive decay of the ND background is
observed. Beyond this temperature, the heat is used to re-
arrange the crystal framework. This is also in agreement with
the observations of Bhattacharya et al.?®

IV. Conclusions

A novel insight into the gibbsite thermal decomposition using
neutron thermodiffractometry has been presented. The results
show that it takes place in successive stages: dehydration of
gibbsite with nucleation of boehmite and finally, dehydration of
boehmite and nucleation of x-alumina. A partial overlapping
is observed between adjacent stages and even, in a narrow
temperature domain, the gibbsite dehydration occurs while y-
alumina initiates its nucleation.

Rietveld analysis of ND patterns at different temperatures
enabled to measure the cell parameters variation for gibbsite and
hence to derive its thermal expansion coefficients. A mono-
tonous linear increase is observed up to 250°C. At higher
temperatures, while gibbsite dehydrated, it was possible to
measure the cell parameters, which did not expand anymore,
presumably because of the partial collapse of its crystal structure
before its final disintegration.
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