
Structure, Surface Area and Morphology of Aluminas from
thermal decomposition of Al(OH)(CH3COO)2 Crystals

PEDRO K. KIYOHARA 1, HELENA SOUZA SANTOS1,

ANTONIO C. VIEIRA COELHO 2 and PÉRSIO DE SOUZA SANTOS2

1Laboratório de Microscopia Eletrônica, Departamento de Física Geral,

Instituto de Física da USP, Cx. Postal 20516 – 01498-970 São Paulo, SP.
2Laboratório de Matérias-Primas Particuladas e Materiais Não-Metálicos,

Departamento de Engenharia Química, Escola Politécnica da USP,

Cx. Postal 61548 – 05424-970 São Paulo, SP.

Manuscript received on August 27, 1998; accepted for publication on June 1, 2000;

contributed by Pérsio de Souza Santos∗

ABSTRACT

Crystalline aluminium hydroxiacetate was prepared by reaction between aluminium powder (AL-

COA 123) and aqueous solution of acetic acid at 96◦C±1◦C. The white powder of

Al(OH)(CH3COO)2 is constituted by agglomerates of crystalline plates, having size about 10µm.

The crystals were fired from 200◦C to 1550◦C, in oxidizing atmosphere and the products char-

acterized by X-ray diffraction, scanning electron microscopy and surface area measurements by

BET-nitrogen method. Transition aluminas are formed from heating at the following temperatures:

gamma (300◦C); delta (750◦C); alpha (1050◦C). The aluminas maintain the original morphology

of the Al(OH)Ac2 crystal agglomerates, up to 1050◦C, when sintering and coalescence of the

alpha-alumina crystals start and proceed up to 1550◦C. High surface area aluminas are formed in

the temperature range of 700◦C to 1100◦C; the maximum value of 198m2/g is obtained at 900◦C,

with delta-alumina structure. The formation sequence of transition aluminas is similar to the se-

quence from well ordered boehmite, but with differences in the transition temperatures and in the

development of high surface areas. It is suggested that the causes for these diversities between the

two sequences from Al(OH) Ac2 and boehmite are due to the different particle sizes, shapes and

textures of the gamma-Al2O3 which acts as precursor for the sequence gamma- to alpha-Al2O3.

Key words: aluminium hydroxiacetate, boehmite, transition aluminas, active aluminas, aluminum

hydroxides.
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INTRODUCTION

Crystalline aluminas are formed by the thermal dehydroxilation of the aluminium hydroxides

between 300◦C and 600◦C (Dörre & Hübner 1984). They all start crystallization into alpha-

alumina at 1100◦C (Rankin & Merwin 1916), but some procedures can be made to lower that

phase-transition temperature (Kumagai & Messing 1985, Jagota & Raj 1987, Yang et al. 1988).

Stumpf et al. (1950) showed that between the dehydroxilation of the hydroxide and the

alpha-alumina crystallization a certain number of intermediate crystalline structures of alumina are

formed, which are reproducible; each one has a different crystalline structure and is stable in a given

temperature range (Russell & Cochran 1950, Ervin Jr 1952, Brown et al. 1953, Day & Hill 1953,

de Boer et al. 1954, Stirland et al. 1958, Sato 1959, Francombe & Rooksby 1959, Wefers 1963,

Lima-de-Faria 1963, Aldcroft & Bye 1967, Tanev & Vlaev 1993). The structure of each alumina

and its temperature range of existence are determined by the structure of the starting or precursor

hydroxide (Wefers & Misra 1987); they are different for gibbsite, bayerite, nordstrandite, boehmite

or diaspore. Extensive literature exists on the dehydroxilation of the crystalline hydroxides, in

special on gibbsite, because this latter is the phase formed in the industrial Bayer Process. These

aluminas are called “Transition Aluminas” and are identified by Greek letters alpha; gamma;

delta and others (Stumpf et al. 1950). Brindley (1963) reviewed the results of the simultaneous

application of X-ray and electron diffractions and differential thermal analysis to characterize

the products of the thermal recrystallization reactions of aluminum hydroxides and other metal

hydroxide and hydroxisilicates. Beta-alumina is not a transition alumina; it is used as a ceramic

solid electrolyte and has the composition Na2O.11Al2O3 (Gitzen 1970).

The term “pseudoboehmite” literally means “false boehmite”; it differs in crystallite size and

hydroxyl contents from the so called well-ordered crystalline boehmite; by pseudoboehmite is

meant the poorly crystallized AlIII compound of composition Al2O3.xH2O (2.0 > x > 1.0) with

interplanar spacings increased in the [020] direction to 6.7Å in comparison with 6.12Å for boehmite

(Krivoruchko et al. 1978); the valuex = 1.0 corresponds to well-ordered crystalline boehmite. It is

also refered in literature by other names, which do not necessarily correspond to the same structure.

Examples are: aluminium oxide hydrate, microcrystalline boehmite, gelatinous boehmite, gel

alumina, amorphous alumina and bayerite sols (Oberlander 1984). Pseudoboehmite is one of the

most prevalent precursor form of alumina for producing catalysts. Fibrillar pseudoboehmite is the

name proposed by Bugosh (Bugosh et al. 1962) for the colloidal fibrous polymer of approximate

AlOOH formula, formed from the addition reaction of linear polymerization between hydroxyls

and with H2O molecules formation (olation) in aqueous solutions in pH’s range of 4,5 and 7,4

(Souza Santos et al. 1953); these fibrils are formed by ageing amorphous Al(OH)3 gels in acid

pH’s at room up to boiling temperatures (Souza Santos & Souza Santos 1957, 1958, 1993, Souza

Santos et al. 1990, 1997a, Neves et al. 1991). The several morphologies of the crystals of boehmite

were reviewed by Souza Santos et al. (1998b).

The thermal transformation of the freshly (non aged) precipitated boehmite, named “gelatinous
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boehmite” or “alumina gel”, was studied by Lippens (1961) Souza Santos and Souza Santos (1992);

Souza Santos et al. (1994, 1996a, b); Souza Santos and Toledo (1994); Campos and Souza Santos

(1996) and Souza Santos (1998) characterizing the aluminas formed by the thermal dehydroxilation

of colloidal crystals of fibrillar pseudoboemite and of hydrothermal lamellar boehmite crystals by

electron microscopy, X-ray and electron diffractions and differential thermal analysis. Antunes et

al. (1996); Antunes and Souza Santos (1998) andAntunes (1998) described the aluminas formed by

the thermal dehydroxilation of nordstrandite and bayerite. The most recent review on the transition

alumina series formation from aluminium hydroxide precursors was made by Wefers (1990).

Transition aluminas may also be formed by thermal decomposition of crystalline hydrated

aluminium salts as sulphate; nitrate; ammonium aluminium sulfate; chloride and formate (Sato et

al. 1978, Sato 1962, 1964, Johnson & Gallagher 1971, Drobot et al. 1971, Tsuchida et al. 1981,

Kato et al. 1981, Ciminelli & Messing 1984, Tomasi & Souza Santos 1989, 1990, Xavier & Souza

Santos 1995, Xavier 1997, Dweck et al. 1996).

Aluminium oxides, in their several forms, have a large use in the chemical process industry

(Hart & Lense 1990), as a catalyst, a catalyst support (Oberlander 1984) or as an adsorbent (active

aluminas) (ALCOA 1969, 1972), due to variety of surface properties or in the advanced and

traditional ceramic industries (McZura et al. 1976, Xavier 1997), due to the remarkable thermal,

mechanical and chemical properties of the alpha-alumina structure. According to Oberlander,

there are 27 aluminum chemicals listed as “alumina” in the literature (Oberlander 1984, McZura

et al. 1978), which show a wide range of physical and chemical properties. Synthetic commercial

aluminas exhibit a variety of physical properties suitable for adsorbents and catalysts; examples are:

specific surface area from 0,01m2/g to 400m2/g; volume of the pores from 0,1cm3/g to 1,4cm3/g

and average pore size from 2nm or 20Å to 177µm; these aluminas are components of commercial

products known as “active aluminas”.

The term “active alumina” is used in three ways (Oberlander 1984): (a) in catalyst technology

it typically means aluminas with high surface areas and considerable chemical activities; (b) as a

term patented by ALCOA (ALCOA 1969, Goodboy & Downing 1990) refered to aluminas that

exhibit an ability in adsorbing significant quantities of water from gases and liquids; (c) in advanced

ceramics, active alumina is used as a contraction of the term “reactive alumina” (ALCOA 1972);

the reactive aluminas are aluminas which, after pressed without the addition of sintering catalysts

and fired at high temperatures (smaller than the 2050◦C, melting point of alumina), they sinter into

very hard low-porosity pieces having alpha-alumina structure.

Gibbsite is produced industrially in the Bayer Process as an intermediate for aluminium metal

production (Misra 1986, Burke 1987); the Bayer alumina produced from the Bayer gibbsite is not

adequate for some modern uses due to its high sodium, iron and silica contents; the removal of

these elements (for instance, by thermal volatilization of the sodium borate formed by adding boric

acids) is very expensive (McZura et al. 1976, Mistler & Shanefield 1978). So, new routes must

be found for producing pure aluminum compounds as precursors for aluminas of controlled purity
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(Ruthner & Krischner 1973, Nono & Casarini 1982, Tomasi & Souza Santos 1989, 1990, Kiyohara

1994, Kiyohara & Souza Santos 1997). A new route for producing very pure Al(OH)(CH3COO)2
crystals using aluminium powder produced in Brazil was recently developped by Xavier et al.

(1998). No publications exist on the characterization of the structure, surface area and morphology

of the aluminas formed by the thermal decomposition of any aluminium acetate; specially of the

crystals of Al(OH)Ac2 prepared by the method of Xavier et al. (1998). That compound, of high

purity, may be a precursor of aluminas for use in advanced ceramics, adsorbents, catalysts and

carriers.

The purpose of this paper is to characterize the alumina phases formed by the thermal trans-

formation of crystals of aluminium hydroxiacetate, prepared from chemicals produced in Brazil.

MATERIALS AND METHODS

Preparation of Crystals of Al(OH)Ac2

The crystalline powder of aluminium hydroxiacetate was prepared according Xavier et al. (1998)

by reacting, at 96◦C ±1◦, aluminium powder ALCOA 123 with aqueous solution of acetic acid in

the molar proportion of 1,0Al:2,5HAc:50H2O. The white precipitate, after washing with distilled

water, was dried at 60◦C producing a fine free-flowing powder. It has a loss-on-ignition of 68,15%,

in oxidizing atmosphere at 1100◦C. Its X-ray powder diffraction (XRD) lines agree with the ICDD

card no 13-0833 for the salt Al(OH)(CH3COO)2 or Al(OH)Ac2 as synthetized by Maksimov et al.

(1960) by a different route. The theoretical loss-on-ignition of that salt in presence of oxygen is

68,32%, according to equation (A):

2[Al(OH)(CH3 · COO)2] + 8O2 → 8CO2 + 7H2O(g) + Al2O3 (A)

Heating of the Al(OH)Ac2 Crystals

Differential thermal analysis (DTA) of the crystalline powder was carried out in an equipment

made by BP Engenharia, Campinas, SP, in presence of air. The differential thermal curve of the

Al(OH)Ac2 is shown in Figure 1. It shows an endothermic peak, starting at 300◦C, with a maximum

at 370◦C; this peak corresponds to equation (A); the three small ones (one endothermic and two

exotermic) are observed at 500◦C, 840◦C and 1050◦C; from the XRD results, it can be concluded

that these peaks are probably related to the gamma-delta and delta-alpha-aluminas. Taking 300◦C
as the initial temperature for the reaction (A), experiments for characterization of the phase changes

after heating were started at 200◦C. Approximately 3.0 grams of the powder of Al(OH)Ac were

placed in a platinum crucible and heated in a programmed electric furnace made by EDG, São

Carlos, SP, under oxidant conditions; the maximum temperature was kept during four hours in all

experiments. After natural cooling, the heated powder was kept in a closed flask for XRD and

electron optical charaterization and for measurement of surface area by the BET method using

low-temperature adsorption of nitrogen. The maximum temperatures were increased by 100◦C in

each experiment or by 50◦C, when necessary, from 200◦C to 1550◦C.
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Fig. 1 – Differential thermal analysis curve in air of Al(OH)Ac2 crystals.

Methods

Three experimental methods were used for characterization of the phases formed by the ther-

mal decomposition of the Al(OH)Ac2 crystals: (a) X-ray powder diffraction (XRD) to identify

the crystalline structure of the aluminas; (b) scanning electron microscopy (SEM) to visualize

the morphology of the crystalline particles before and after heating; (c) the specific surface area

measurements to follow the values developed in the particles along the heating up to 1550◦C.

X-Ray Diffraction

The equipment used was a Philips Diffratometer, X’Pert Model MPD (PW 3050/10), using copper

K-alpha radiation operating at 40kV and 40mA. The scanning was made in the range of 2θ(1◦) and

2θ(90◦). The X-ray data were compared with those from Wefers and Misra (1987) and from the

ICDD Files. Table I presents the identification of the crystalline phases as a function of the heating

temperature of the powder.

Scanning Electron Microscopy (SEM)

The equipment used was a scanning electron microscope JEOL model JSM 840A. The powder

(original or heated crystals) was placed upon SEM stubs covered with double-face tape and cov-

ered with gold in an Edwards Sputter Coater model 150B. The images were registered under

magnifications from 1200× to 6000×.

Surface Area
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TABLE I

X-Ray diffraction data of the powders after heating at different temperatures.

Temperature

250◦C 300◦C 700◦C 750◦C 1000◦C 1050◦C

d(Å) I/Io d(Å) I/Io d(Å) I/Io d(Å) I/Io d(Å) I/Io d(Å) I/Io

7.02 45 8.41 22 3.48 67

6.25 100 4.49 7 2.55 95

4.56 33 2.22 79 2.8 46 2.74 6 2.72 19 2.38 43

3.89 20 1.98 59 1.96 32 2.39 41 2.42 50 2.09 100

3.49 3 1.40 100 1.40 100 2.26 20 2.28 31 1.74 40

3.37 26 1.98 71 1.98 67 1.60 75

3.02 10 1.40 100 1.40 100 1.60 37

2.95 9 1.41 28

1.37 42

Al(OH)Ac2 gamma gamma delta delta alpha

13-0833∗ 10-425∗ 16-394∗ 10-173∗

(*)ICDD card numbers (1995)

The surface area of the powders was measured by using the BET low temperature nitrogen adsorp-

tion method (Brunauer et al. 1938). About 300mg of the dried powder were placed in the sample

holder of the Micromeritics model ASAP 2010 BET adsorption apparatus. The previous drying

was carried out at 200◦C under vacuum in the pre-treatment unit of the equipment; six hours were

the minimum time for the drying. The heating was interrupted when the chamber pressure lowered

to 10−5mm of mercury. In the adsorption measurements, ultra-pure (99.995%) nitrogen from Air

Liquid was used. Table II and Figure 11 present the total external specific surface area function of

temperature; the Table II also presents the external specific surface area after discounting the area

of the micropores and the values of the constant C of the BET equation.

RESULTS

X-Ray Diffraction

The alumina phase formed at each heating temperature was identified by X-ray diffraction. Figures

2 and 3 show the XRD curves in the temperatures in which crystalline changes could be detected

in the heated samples.

No significant change was observed in the XRD powder patterns of Al(OH)Ac2 dried at 60◦C
and after heating up to 250◦C, as shown in Figure 2. Heating at 300◦C destroyed completely the

Al-hydroxiacetate crystalline structure and a transition alumina, with, a less ordered structure than

the hydroxiacetate, is formed; its X-ray diffraction curve has no sharp peaks as it is shown in the
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TABLE II

Surface areas and values ofC of the Aluminas formed
from heating Al(OH)Ac 2 at several temperatures.

Temp. Alumina Total External Value

(◦C) Type specific specific of C

surface surface

area(m2/g) area(m2/g)

200 Al(OH)Ac2 38 34 130

700 Gamma 92 78 158

900 Delta 202 198 111

1000 Delta 154 152 139

1100 Alpha 39.3 38.9 97

1500 Alpha 4.89 7.11 23

1550 Alpha 5.41 6.98 12

third XRD curve of Figure 2 and in the first curve of Figure 3 (curves 300C - C); in that third

curve, the 1.98Å and 1.40Å lines, the two more intense and characteristic of gamma-Al2O3, can be

identified plus a weaker line at 2.28Å, also related to that transition alumina. Heating the sample

for 24 hours did not improve the sharpness of the XRD curve; just one new line of 1.22Å appeared;

this line exists only in eta-Al2O3, which is formed by dehydroxilation of the so-called gelatinous

boehmite (Wefers & Misra 1987). Therefore, the reflexions of the 300◦C fired sample can be

identified as of gamma-alumina. This temperature is lower than the 470◦C/480◦C temperature of

the dehydroxilation of well ordered crystalline boehmite into gamma-Al2O3, as reported by Wefers

and Misra (1987); the other crystalline aluminium hydroxides do not produce gamma-Al2O3 by

direct thermal dehydroxilation.

The gamma-Al2O3 structure is formed by heating the hydroxiacetate from 300◦C up to 700◦C,

as shown in the fourth XRD curve in Figure 2 and in the second curve in Figure 3 (curves 700C -

D). Heating the hydroxiacetate at 750◦C produces a more ordered structure with sharper and more

intense lines as shown in the fifth XRD curve in Figure 2 and in the third curve in Figure 3 (curves

750C - E): they correspond to the pattern of delta-alumina. The gamma-Al2O3 structure from

heating well-ordered boehmite crystals is stable up to 780◦C (Wefers & Misra 1987). From 700◦C
to 1000◦C, delta-alumina is the transition alumina produced as shown by the sixth XRD curve in

Figure 2 (curve 1000C - F); no theta-Al2O3 is detected.

According to Wefers and Misra (1987), the delta structure is stable up to 930◦C when well

ordered boehmite is the precursor. Theta-alumina is formed between 930◦C and 1000◦C from delta-

alumina, when well-ordered boehmite is the precursor and is kept stable up to 1050◦C (Wefers &

Misra 1987).
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Fig. 2 – X-ray diffraction curves of crystals of Al(OH)Ac2 at the temperatures of formation of the

transition aluminas.

Alpha-alumina is the phase present from heating the hydroxiacetate crystals from 1050◦C up

to 1550◦C: it is the seventh and eigth XRD curves in Figure 3 (curves 1050C - G and 1500C - H);

there is no temperature difference in alpha-Al2O3 formation when well-ordered boehmite crystals
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Fig. 3 – Some XRD curves of Figure 2 at lower temperatures.

are the precursor.

These results show that the pyrolysis of theAl-hydroxiacetate crystals in air produces crystalline

transition aluminas in a similar sequence to the thermal dehydroxilation of well-ordered crystalline

boehmite, as described by Wefers and Misra (1987), but with some differences: for instance, the

lower values of the temperatures in which the phase transformation occurs; other differences will

be described below.

Scanning Electron Microscopy
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According to equation (A) the weight loss as gases at 370◦C of the crystals of Al(OH)Ac2 is four

times greater than the loss at 470◦C of boehmite crystals when gamma-alumina is formed; so it

could be expected that the hot gases would burst and destroy the crystalline structure ofAl(OH)Ac2,

leaving a non-crystalline or amorphous alumina; surprisingly, the XRD results have shown that

the same gamma-alumina is formed as in boehmite. The same behavior was expected for the

morphology of the original particles: the loss of 68,15% of gases would break the crystals into

much smaller particles of alumina, with high surface areas. Again that expectation failed since

the scanning electron microscopy has shown that the particle shape of the pseudomorphs heated

up to 1050◦C was the same as the original crystals of Al(OH)Ac2. Due to these facts, a careful

documentation of the particle shape in function of the temperature was made in order to show that

the transformation of Al(OH)Ac2 to gamma-Al2O3 to delta-Al2O3 to alpha-Al2O3 transformations

occur without any changes in morphology.

Figure 4 shows a micrograph of the free-flowing powder of Al(OH)Ac2; the first observation

is that the powder is constituted by micrometer sized particles, well separated from each other;

having diameters in the 10 to 20µm range and with no tendency to form aggregates (Rouquerol

et al. 1994) of the particles, even on drying. This property of not forming aggregates is probably

directly related to the free-flowing characteristics of the dry powder.

Fig. 4 – Scanning electron micrograph (SEM) of several crystalline particles (ag-

glomerates) from a free-flowing powder of Al(OH)Ac2 (low magnification).

A second observed feature is the peculiar morphology of each particle, shown in higher mag-
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nification in Figure 5. Each particle is an agglomerate of crystals, most of them platy, with sharp

edges. This peculiar shape can be compared to that of a lettuce. These crystalline particles or ag-

glomerates are constituted by the aluminium hydroxiacetate Al(OH)Ac2 and have about the same

size as the original aluminium powder ALCOA 123 particles; so, it is tempting to suggest that each

crystalline particle of Al(OH)Ac2 was formed by the reaction of aqueous HAc with each single

aluminum powder particle.

Fig. 5 – SEM of one particle of Figure 4 at higher magnification.

XRD and DTA results show that the Al(OH)Ac2 crystalline structure is maintained up to

250◦C, but it is destroyed at 300◦C; the endothermic peak of DTA, at 370◦C is related to the

equation (A); the weight loss, according to equation (A), is 68% due to the evolution of the gases

CO2 +H2O: it is a large value and therefore it could be expected that severe changes would occur

in morphology of the original particles of crystalline Al(OH)Ac2 of Figures 4 and 5, after being

fired at the temperature of 300◦C.

Figure 6 shows the original powder after being fired at 300◦C and has the same magnification

of the original crystals shown in Figure 5: by comparing Figure 6 (300◦C) and Figure 5 (original)

and remembering that the samples have different XRD powder patterns, it is surprising to observe

that there is no significant difference neither in the shape or in the size of the platy crystals, nor in

the morphology of the agglomerate; perhaps the only difference is the small number of very small

particles irregularly distributed on the surface of the agglomerate. The same behavior as 300◦C
was noted in samples heated at 250◦C.

What is surprising in the fact noted at 300◦C is that the heated powder, after a 68% loss-
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Fig. 6 – SEM of an agglomerate after being heated at 300◦C.

of-weight of gases (obviously effecting some internal pressure) and having changed from a well

ordered crystalline structure to the defect structure of gamma-Al2O3, the external shape of the

agglomerates of platy crystals of gamma-Al2O3 has not changed from the original shape of the

Al(OH)Ac2 agglomerates of Figure 5 (original).

The crystalline structure of gamma-alumina is kept in the range of 300◦C−700◦C. Figure 7 is

a micrograph of the powder after being heated at 700◦C: by comparing with Figure 6, no significant

change in morphology is observed in the agglomerate of platy crystals. The only difference is the

larger number of small particles on the surface of the agglomerate of Figure 7; the nature of the

small particles could not be identified by XRD. They should be separated and characterized by

selected area electron diffraction, if they are crystalline; if the separation is successfull, they will

be object of further studies.

The XRD patterns of the powders fired at 700◦C and 750◦C show that the crystalline structure of

the transition aluminas change from gamma to delta. In spite of the change in crystalline structures

of the agglomerate pseudomorphs, again no significant change in the original lettuce general aspect

is observed. By scanning electron microscopy, the small particles on the surface of the agglomerate

continue to exist.

The crystalline structure of delta-alumina is maintained in the range of 750◦C−1000◦C.Again,

no significant difference is observed, except by the much smaller number of small particles on the

surface of the pseudomorph, as compared to samples heated at 750◦C.
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Fig. 7 – SEM of an agglomerate after being heated at 700◦C.

The XRD patterns of the powders heated at 1000◦C and 1050◦C show that the crystalline

structure of the transition alumina changes from delta to alpha and no theta is detected as an

intermediate. Figure 8 is a micrograph of the powder after being heated at 1050◦C. Again, in

spite of the change in the crystalline structure of the agglomerate pseudomorphs, no significant

change in the general lettuce aspect is observed. However, the small particles on the surface of the

pseudomorphs are not observed anymore.

By increasing the heating temperatures of the powders in the range of 1050◦C−1550◦C, no

change in the alpha-alumina XRD powder pattern was observed. However, significant changes

occurred inside each agglomerate or pseudomorph due to morphological changes in the platy

crystals: they sintered, coalesced, lost the sharp edges and became thicker with round profiles:

examples are in Figures 9 and 10, both at the same magnification of Figures 5 to 8.

Figure 9 shows the powder heated at 1300◦C; the alpha-alumina platy crystals are in the way of

losing their sharp edges and begin to coalesce; as a result, the agglomerate pseudomorphs acquires

a corroded aspect on the surface. That coalescence may produce a rough surface texture on the

surface of the sintered alumina agglomerate, which could be useful for immobilizing and growth

of the yeastSaccharomyces cerevisae; the surface texture would be rather called channeled (Souza

Santos et al. 1996b, 1998a) than porous, either meso or macro.

Figure 10 shows the powder heated at 1500◦C; the platy crystals of alpha-alumina have already

coalesced and sintered in an appreciable degree; however, the pseudomorphs still have a peculiar
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Fig. 8 – SEM of an agglomerate after being heated at 1050◦C.

appearance which is now more similar to some types of coral or brain surfaces; some platelets with

the typical hexagonal profile of alpha-alumina platelets can be observed. Longer times of heating,

as well as temperatures higher than 1550◦C, certainly will improve the external hexagonal shape

of the alpha-alumina platelets; however, in this research, for comparative reasons, the time used

for heating at the maximum temperature was the same in all experiments.

Surface Area

Equation (B) is an example of the typical equation for the preparation of an “active solid” according

to Gregg (1951) and to Gregg and Sing (1967):

Solid X → Solid Y (active)+ G(gas) (B)

Gregg (1951, p. 63) used the term “activity of a solid” to denote chemical and physico-chemical

reactivity; he wrote (1951, p. 64) that an increase in activity is usually traceable to an increase in

the surface area of the powder. According to Gregg (1958), the minimum specific surface area of an

“active solid” is arbitrarily 1m2/g; that value is also the minimum value which is usually measured

by BET method (Sing 1976). On the other side, according to Oberlander (Oberlander 1984 p 80),

a value greater than 100m2/g is the arbitrary threshold number used to identify high surface area

aluminas; he presents data of commercial aluminas from the dehydroxilation of pseudoboehmite

(Oberlander 1984 p 81, Table IV), with specific surface areas ranging from 250 to 300m2/g.
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Fig. 9 – SEM of two agglomerates of alpha-alumina after being heated at 1300◦C.

Since transition aluminas are formed from the pyrolysis of aluminium hydroxiacetate crystals

following Equation (A), the next step is to measure their surface area by the BET -nitrogen method,

to verify if low-or-high surface area aluminas were produced; the results are shown in Table II and

in Figure 11; also, in the Table II are listed the heating temperatures of the hydroxiacetate crystals;

the alumina structures of the heated samples and their total and external specific surface areas. The

Table also shows the values for the constantC of the BET equation. In reporting the surface area

data, as well as the use of the terms agglomerate, aggregate and specific surface area, the IUPAC

recomendations were followed (Sing et al. 1985, Rouquerol et al. 1994).

Figure 12, by Wefers and Bell (1972), is presented to illustrate the development of a gamma-

alumina of high-surface area from Bayer gibbsite crystals by thermal transformation, passing by

boehmite as an intermediate; that Figure is frequently reproduced for that purpose (Wefers & Misra

1987 p 49, Goodboy & Downing 1990 p 93, Carbone 1990 p 99).

The data from Table II show that the thermal decomposition of the Al(OH)Ac2 into gamma-

Al2O3 increases the external specific surface area of the original lettuce-shaped crystals from 34

to 78m2/g.

At 900◦C, delta-Al2O3 is the transition alumina present and a large increase to a maximum

specific surface area of 198m2/g is observed; increasing the temperature to 1000◦C, the delta

structure is maintained, but a sharp decrease in the external specific surface area to 152m2/g

occurs.
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Fig. 10 – SEM of several agglomerates of alpha-alumina after being heated at

1500◦C.

Fig. 11 – Specific surface area (m2/g) of the aluminas from

heating aluminium hydroxiacetate crystals in the range of

200◦C and 1500◦C.
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Fig. 12 – Specific surface area (m2/g) of the transition aluminas from

heating Bayer gibbsite crystals (adapted from Figure 22 from Wefers &

Bell 1972).

At 1100◦C, the alpha-Al2O3 structure is observed, presenting a sharper specific surface area

decrease to 39m2/g. At higher temperatures (1500◦C and 1550◦C) the surface areas decrease to

7m2/g.

TheC constant from the BET equation is exponentially related to the heat of adsorption of the

first layer of N2 adsorbed molecules; it should have a value larger than 50, so that the BET equation

could be used; that is true for the C values measured for the gamma, delta and alpha aluminas; but

it fails when alpha is recrystallized at 1500◦C, indicating a change in the surface structure. After

delta-alpha transition, the constantC becomes smaller than 100, what makes it difficult to obtain

a reliable value for the constantnm of the BET equation, necessary for the calculation of the BET

– nitrogen surface area (Rouquerol et al. 1994).

Another difference from boehmite can be seen in Figure 12: heating changes gibbsite into

boehmite which produces gamma-alumina with a maximum value of specific surface area, of about

370m2/g at 400◦C. The Al(OH)Ac2 crystals produce a maximum value of specific surface area

near 200m2/g, with delta-alumina structure, but at 900◦C; so, delta-alumina of high surface area
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is formed at high temperature, which is useful for delta-alumina catalyst carriers to be used in

applications where temperatures are too high for gamma-alumina to exist (Oberlander 1984 p 68).

The gamma-alumina, formed at 700◦C from Al(OH)Ac2, has a specific surface-area smaller than

100m2/g; therefore, it is not a high-surface area alumina. The two surface area curves, from

Al(OH)Ac2 and gibbsite, have a similar shape, but differ in the temperature range values in which

the maximum values of specific surface areas occur, as well as in the values of these maxima.

DISCUSSION

Wefers and Misra (1987 p 47) present the following sequence for transition aluminas from well-

ordered crystalline boehmite in function of the temperature up to 1550◦C:

|Boehmite|(470◦C)γ − Al2O3|(780◦C)δ − Al2O3|(930◦C)θ − Al2O3|(1050◦C)α − Al2O3|
(1550◦C)(α − Al2O3) − melts at 2050◦C

In this work, we propose the following sequence of transition aluminas, formed from Al(OH)Ac2

by thermal treatment, as characterized by XRD:

|Al(OH)Ac2|(300◦C)γ −Al2O3−|(750◦C)δ−Al2O3−|(1050◦C)α−Al2O3|(1550◦C)α−Al2O3.

Comparing both formation sequences of transition aluminas in function of temperature, it can

be concluded that the Al(OH)Ac2 one is similar to that from well-ordered boehmite, with some

differences: (a) no theta-Al2O3 could be detected; (b) the gamma and delta aluminas are formed

at lower temperatures than boehmite.

This similarity is surprising due to two facts: (a) the higher weight loss of Al(OH)Ac2, of

68,15%, with hot gases leaving the pseudomorph at 370◦C but still not destroying it, in comparison

with the smaller 15% weight loss of boehmite at 470◦C; (b) both substances have orthorhombic

unit cells, with different sizes, boehmite with 8 AlOOH per unit cell (Wefers & Misra 1987) and

Al(OH)Ac2 with 16 molecules per unit cell (Maksimov et al. 1960). A possible explanation for this

similarity may be the formation mechanism of the gases and their diffusion out the pseudomorphs,

which can be the same, thus leaving behind the same crystalline structure, in the present case

gamma-alumina. However, the thin bohemite micro crystals present a change in the internal

morphology, when transformed into gamma-alumina; the new morphology can only be observed

by transmission electron microscopy (Souza Santos 1998).

TheAl(OH)Ac2 crystals change to gamma and afterwards to delta and then to alpha-Al2O3, but

all the pseudomorphs do not present, up to temperatures as high as 1100◦C, any significant external

morphology change either in the agglomerates or in the individual platy crystals, in spite of the the

high weight loss of gases occuring at 370◦C. That property of losing gases at high temperatures

without any change of crystal shape is frequent in the thermal dehydroxilation of layer lattice

metal hydroxides and clay minerals; at the same time, it leads to topotactical relationships with

the new crystalline phase (Brindley 1963, Souza Santos & Yada 1988) even when the value of the
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loss-on-ignition is as high as 34,6% as in the aluminum trihydroxide gibbsite; the water vapour

diffuses between 1:1 or 2:1 layers of the crystal, leaving the pseudomorph without any change of

shape. However, that mechanism does not occur in all crystals with layer lattices; for instance,

vermiculite exfoliates and gypsum –CaSO4 · 2H2O – explodes when water vapour is leaving the

crystals. So, a better knowledge about the internal organization of the platy crystals of Al(OH)Ac2

is necessary in order that an interpretation could be offered for the maintenance of external shape

of the agglomerates up to 1050◦C.

Two problems exist in relation to surface areas:

1rst . Which is the mechanism that happens for increasing the surface area by heating, until a

maximum value at900◦C?The production of gases, according to equation (A), ends in the gamma

phase, therefore before the delta phase where the maximum occurs. There is no agglomerates

explosion to produce comminution of the original platy crystals and the aggregation of the self

ground ones; the scanning electron microscopy has shown no changes in, because morphology from

300◦C to 900◦C. A possible explanation is the formation of a system of alumina granules inside the

pseudomorph after the thermal dehydroxilation; the transformations that affect the values of the

surface area of the alumina would occur inside and between the granules, but without interaction

between the pseudomorphs. The granular structures formed by dehydroxilation in the gibbsite/chi-

alumina and kaolinite/metakaolin transformations are clearly observable in thin microcrystals by

transmission electron microscopy (Souza Santos et al. 1997b, 1998c).

2nd. In the delta-alpha transition, there is a sharp decrease in the specific surface area.Which

is the mechanism for that transformation in order to decrease the high specific surface area

developed at900◦C? A possible interpretation may be found from the knowledge of the inter-

nal organization of the platy crystals of Al(OH)Ac2 and of the gamma, delta and alpha - Al2O3

crystals obtained by TEM. However, special embedding procedures must be developed in order to

obtain ultrathin sections (250Å thick) of the platy crystals, to allow the observation of the internal

organization by TEM, because they are too thick for direct examination.

A further question may be asked: Why the theta phase is absent in the sequence delta/alpha

from Al(OH)Ac2? A tentative explanation is the following: (a) the crystalline structure of theta is

more ordered than delta’s and is closer to that of alpha-alumina (Wefers & Misra 1987 p 53); (b)

the temperature range of existence of theta is shorter in comparison with the other aluminas of the

sequence; (c)assuming that the rate of transformation of delta/theta from Al(OH)Ac2 is smaller

than in boehmite crystals, due to the high weight loss in the former, then it could happen that the

amount of the change delta/theta is very small at the rate of heating used; in consequence, as the

temperature of 1000◦C is reached, the delta phase remains unchanged; however, at 1050◦C, changes

directly to alpha with an exothermic effect; that effect could be the cause for the surface sintering

of particles, the sharp decrease in specific surface area and the closing of the open microporosity

and appears in the DTA curve.

An. Acad. Bras. Ci., (2000)72 (4)



490 P.K. KIYOHARA, H.S. SANTOS, A.C.V. COELHO and P.S. SANTOS

CONCLUSIONS

lst) The powder of Al(OH)(CH3COO)2 crystals is constituted by micrometric size particles; they

are agglomerates of platy crystals of sharp edges and present an aspect similar to lettuces.

2nd) Heating the crystals from 300◦C up in air, they change to two transition aluminas: at 1050◦C
they recrystallize into alpha-alumina.

3rd) The sequence of thermal transformation of the Al(OH)Ac2 crystals is:

Al(OH)Ac2−|(300◦C)γ −Al2O3−|(750◦C)δ−Al2O3−|(1050◦C)α−Al2O3−(1550◦C)α−Al2O3

4th) That sequence is similar to that from well ordered crystalline boehmite. However, there are

some differences: (a) the temperatures of formation of gamma and delta-aluminas are lower for

the Al(OH)Ac2 crystals. (b) No theta-Al2O3 is detected between the delta and alpha-aluminas.

(c) The maximum specific surface area alumina from boehmite is formed at 400◦C and from

Al(OH)Ac2 crystals is at 900◦C, with the value of 198m2/g. (d) The values of the maxima

for the surface areas are different, being higher for the aluminas from boehmite. (e) The

alumina with maximum specific surface area from boehmite has gamma-alumina structure;

from Al(OH)Ac2 it has delta-alumina structure, which is very suitable for high temperatures

alumina catalyst carriers.

5th) The difference in the weight losses by dehydroxilation between Al (OH) Ac2 and boehmite

produces significative diversities in the particle sizes, shapes and textures of the pseudomorphic

crystals of gamma-Al2O3 formed from each one. These diversities in the gamma-Al2O3

crystals from each precursor, Al2O3 or boehmite, are responsible for the differences observed

at higher temperatures in the transformation sequence gamma to alpha-Al2O3.
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