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ABSTRACT

Active alumina prepared by thermolysis of ammonium alum has been characterized by
X-ray diffraction and nitrogen adsorption at 77 K. The material was found to have a
defective spinel-type structure in which 2 2/3 octahedral cation sites per unit cell are vacant.
Specific surface area was found to be 170 m* g~ . This high surface area was not altered on
prolonged calcination at 773 K. However, firing at 1173 K led to a final equilibrium value of
90 m? g~ 1. Pore-size distribution was shown to be unimodal, the most frequent pore radius
appearing at 10 nm.

INTRODUCTION

Aluminas are used widely, either as single materials or in multicomponent
systems, for preparing refractories, fine ceramics, abrasives, catalysts or
catalyst-supports. For some of these applications materials with a high
specific surface area (active aluminas) are required, either as end products or
precursors. Surface properties and reactivity of these aluminas are de-
termined largely by their crystal structure and porous texture, which also
condition the corresponding thermal behaviour during sintering or in high-
temperature catalytic processes.

Precursor materials for the preparation of active aluminas are usually
aluminium hydroxides [1-6] or sulphates [7-11]. Aluminas prepared by the
controlled thermolysis of aluminium hydroxides have been extensively
studied [1-6,12,13] but thermal decomposition of aluminium oxosalts has so
far received less attention, particularly concerning the textural properties of
the products obtained. However, some recent studies [10,14,15] have shown
that thermolysis of aluminium sulphates can lead to high surface area
aluminas with potential use as adsorbents and catalysts.

The present work reports on the crystal structure and surface texture of
active alumina prepared by thermal decomposition (at 1173 K) of am-
monium alum, and on the thermal behaviour of this material during subse-
quent heat treatments. The results are compared with those corresponding to
active aluminas derived from aluminium hydroxides [1,6,16-19].
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EXPERIMENTAL

Ammonium alum, supplied by Koch-Light Laboratories with a nominal
purity of 99.97%, was subjected to thermolysis for 6 h at 1173 K. The
resulting material, termed AA1173, was divided into separate portions which
were subjected to different heat treatments in order to investigate the
evolution of crystal structure, specific surface area and porous texture. These
heat treatments were as follows: (i) 6 h at 1273 K (sample AA1273), (ii) 300
h at 773 K (sample AA773) and (iii) cumulative calcinations at 1173 K
during increasing time periods, as described in the next section. All calcina-
tions, as well as the initial thermolysis, were carried out in an electric
furnace preheated to the desired temperature, the sample being contained in
a platinum crucible and exposed to the atmosphere. A temperature con-
troller ensured that temperature fluctuations never exceeded +10 K. At the
end of each calcination period the sample was withdrawn from the furnace
and allowed to quench in air.

X-ray powder diffractograms (Cu K, radiation) were obtained with an
X-ray diffractometer equipped with a graphite crystal monochromator and
scintillation counter. For samples AA1173 and AA1273 diffraction intensi-
ties were determined with the same experimental arrangement.

Specific (BET) surface area, pore volume and pore size for each sample
were determined from the corresponding nitrogen adsorption-desorption
isotherm (77 K). These isotherms were obtained using a volumetric appara-
tus of conventional design; nitrogen N39 was used as the adsorptive and
helium N45 for calibration of dead volumes. Prior to the determination of
each isotherm the corresponding sample was outgassed at 423 K for 2 h, in a
dynamic vacuum of 1072 Pa.

RESULTS AND DISCUSSION
Structural characterization

Relevant portions of the X-ray diffractograms corresponding to samples
AA1173 and AA1273 are shown in Fig. 1. Table 1 shows that the observed
d-spacings and diffraction intensities agree with those given by the ASTM
for y-alumina [20]. No other crystalline phases were apparent. In particular,
neither X-ray diffraction nor IR spectroscopy (KBr-pressed disks) showed
any traces of undecomposed ammonium alum.

It should be pointed out that discrimination between y- and n-alumina is
not unambiguous, especially in the case of poorly crystallized materials.
Both phases have a lattice closely related to that of spinel [6,21,22], the
corresponding X-ray diffraction patterns are very similar and differ only in
the following features [6,23): (i) the 198 pm band is doubled (because of
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Fig. 1. X-ray diffraction patterns of samples AA1173 and AA1273.

tetragonal distortion) in the case of y-alumina, whilst that of n-alumina
shows only an asymmetric profile; (ii) the 460 pm band of y is very broad,
whereas that of 7 is sharp with a broadened base. This last criterion led to
the assignment of the y-modification for samples AA1173 and AA1273. The
first criterion cannot be used because of severe line broadening, which
precludes observation of any splitting of the 198 pm band. Sato et al. [24] in
a study of the thermolysis of ammonium alum have also concluded that the
material obtained is y-alumina.

The structure of y-alumina can be described as a defective spinel [25] in
which 21 1/3 of the available 24 cation sites (per unit cell) are occupied by
aluminium ions and 2 2/3 are left vacant. For y-alumina derived from
aluminium hydroxide, Verwey [18] deduced that the 2 2 /3 vacancies are on
the octahedral positions whilst the 8 tetrahedral positions and the remaining
13 1/3 octahedral sites are taken by Al** ions. This corresponds to the
structural notation Alg(Al,; 30, ,,3)O, where parentheses enclose the
octahedral cation sites. In a study of mixed crystals of spinel (MgAl,0,) and
y-alumina, Jagodszinski and Saalfeld [26] also found that the 2 2 /3 vacant
cation positions are probably in the octahedral sublattice. However, from a

TABLE 1

Crystal data for sample AA1173

d (pm) 1/1, (hkl)
Observed ASTM (v-Al,05) Observed ASTM (y-Al,0;)

455 456 20 40 (111)
277 280 20 20 (220)
240 239 80 80 (311)
228 228 30 50 (222)
198 197.7 100 100 (400)
152 152.0 30 30 (511)

139.8 139.5 100 100 (440)
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later investigation on y-alumina obtained from boehmite, Saalfeld and
Mehrotra [27] concluded that, in this case, the octahedral sublattice is fully
occupied, whereas the tetrahedral sublattice has vacant cation sites.

From the intensities of the (111), (220, 311, 222, 400), (511, 440), (444),
(553, 731, 800) and (840) X-ray diffraction lines we have determined the
cation distribution of samples AA1173 and AA1273, using a computational
method previously described [28,29]. Both y-aluminas were found to have
the distribution Alg(Alyy ;,; O, ,,3)O,, ie., the vacancies are on the
octahedral sublattice. In principle it could be expected that, because of the
entropy contribution to the free energy, a certain randomization of the
vacancies between the tetrahedral and octahedral sublattices could be ob-
served on raising the temperature (from 1173 to 1273 K). However, within
the limits of the present research, no temperature-dependent redistribution
was found. Possible randomization at temperatures significantly higher than
1273 K is difficult to investigate because it has been shown [14] that at 1323
K there is a partial transformation into §-alumina, followed by # and finally
a (at 1373 K). This complicates the analysis of diffraction intensities needed
for determining cation distribution.
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Fig. 2. Nitrogen adsorption (Q)/desorption (®) isotherms at 77 K.
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Textural characterization

The nitrogen adsorption-desorption isotherm of sample AA1173, shown
in Fig. 2, is akin to type IV of the BDDT classification [30] and the
hysteresis loop corresponds to type A of the classification proposed by de
Boer [31]. These facts suggest that the y-alumina obtained by thermolysis of
ammonium alum is a mesoporous solid, the pore texture of which conforms
to a geometric model of tubular pores with widened parts (or wide-necked
ink-bottle-shaped pores). The absence of significant microporosity, sug-
gested by the shape of the isotherm, is confirmed by the fact that the
corresponding V,—t plot [32,33], shown in Fig. 3, extrapolates through the
origin. The observed increasing slope of this z-plot in the high s-value region
supports the above-mentioned assignment of pore shape [34].

Specific (BET) surface area, pore size and pore volume of sample AA1173,
determined from the adsorption isotherm, are presented in Table 2. The
surface area was calculated by taking the value of 0.162 nm? for the surface
covered by one nitrogen molecule. The porous texture was analysed follow-
ing the Pierce method [35], with the equation of Halsey [36] for multilayer
thickness. For monolayer thickness the value of 354 pm was taken. The
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Fig. 3. V,—t plot for sample AA1173.
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TABLE 2
Textural parameters of different alumina samples
Sample Calcination Calcination SBET ry Ve
temperature (K)  time (h) mg™) (@m) (m’g™hH
AA1173 - - 170 10 1.10
AAT773 773 300 170 - -
AAl1373(12) 1173 12 140 11 1.00
AA1173(25) 1173 25 115 - -
AA1173(40) 1173 40 110 12 0.70
AA1173(70) 1173 70 90 13 0.67
AA1173(130) 1173 130 90 13 0.66

analysis was applied to the adsorption branch of the isotherm, which is to be
preferred to the desorption branch for type IV isotherms [34,37]. The
resulting pore-size distribution curve was unimodal and relatively narrow, as
shown in Fig. 4.

To check the reproducibility of the preparation method, two mote por-
tions of the same ammonium alum were subjected to thermolysis under the
same experimental conditions as described for sample AA1173. Surface area
and textural parameters determined from the corresponding nitrogen sorp-
tion isotherms, resulted to be well within +3% of the values reported in
Table 2 for AA1173. It is not often found that thermolysis of precursors
leads to active solids with so highly reproducible textural parameters. We
believe that in the present case reproducibility is facilitated by the fact that
ammonium alum melts before thermal decomposition. This eliminates sources
of variability such as structure-sensitive processes, particle size and compact-
ness of the starting material.

Thermal treatments

In order to investigate the thermal behaviour of the y-alumina obtained,
concerning the relevant textural parameters, separate portions of sample
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Fig. 4. Pore radii distribution of sample AA1173.
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AA1173 were calcined (i) for 300 h at 773 K; and (ii) for increasing time
periods at 1173 K, as shown in Table 2. From the corresponding nitrogen
adsorption isotherms, textural parameters were calculated as described pre-
viously for sample AA1173.

Prolonged calcination (300 h) at 773 K did not alter the surface area, as
shown in Table 2 (sample AA773). This thermal stability contrasts with the
behaviour often shown by active aluminas prepared by the controlled
thermolysis (at 500-600 K) of aluminium hydroxides. Materials prepared by
this last method usually show surface areas of about 250 m* g~'; however,
the corresponding pore spectrum is frequently very broad [1,6,16,17} and a
substantial part of the internal area corresponds to micropores. This micro-
pore system collapses when the materials are heated at about 800 K, with
concomitant alteration of surface area and pore texture [17]. It is also
relevant to point out that the thermal decomposition of aluminium hydrox-
ides tends to produce active aluminas with slit-shaped pores [6,16], as
compared with the cylindrical pores formed in alum-derived materials.

A portion of sample AA1173 was calcined at 1173 K for increasing time
periods; samples thus obtained are termed AA1173(x) where x denotes
cumulative calcination time (in h, see Table 2). Nitrogen sorption isotherms
of these samples were also type IV with type A hysteresis loops, as shown
for AA1173(70) in Fig. 2. Computation of the corresponding textural
parameters has shown that isothermal calcination at 1173 K causes a
moderate thermal sintering process in which surface area and pore volume
are gradually reduced and the mean pore radius is increased, as shown in
Table 2. It is known [38,39] that decrease in surface area on isothermal
sintering of a porous solid tends towards a final equilibrium value de-
termined by the initial physical condition of the material and the tempera-
ture of the experiment. This is the trend shown by the data reported in Table
2 where, on prolonged calcination, specific surface area stabilizes at 90 m?

g™l
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