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a b s t r a c t

The changes caused by heat treatment of gibbsite powder at 300–1473 K were studied using the X-ray

diffraction (XRD), X-ray photoemission (XPS) spectra and 27Al magic angle spinning nuclear magnetic

resonance spectroscopy (27Al MAS NMR). XRD analysis indicates that the transformation sequence

involves the formation of κ-Al2O3 as an intermediate phase between χ- and α-Al2O3. The crystallite size

of χ-Al2O3 is as small as 10 nm. XPS analysis indicates that the ratio of aluminium atoms to oxygen atoms

in χ-Al2O3 and κ-Al2O3 increases, whereas the expected ratio is observed in α-Al2O3. The percentage of

AlO4 units in the transition aluminas follows the same behaviour as the ratio of Al/O.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Transition aluminas are typically used in industry as absor-

bents, catalysts, catalyst supports, coatings and soft abrasives due

to their fine particle size, high surface area and catalytically active

surfaces [1]. α-Al2O3 is used to manufacture ceramic materials

with high thermal resistance for refractory, microelectronics and

structural applications due to its stability and other beneficial

characteristics. A growing number of these applications require a

fundamental understanding of the properties of these compounds

such as the crystal structure, particle size, surface area, reactivity,

coordination spheres (AlO4, AlO5 and AlO6), density, dielectric

constant, energy gap, pore size and the degree of hydration of

the surface. Gibbsite is the precursor of these aluminas. An important

advantage of this hydroxide is that specific heat treatment can

produce all of the transition aluminas via two routes [2–6]

gibbsite-χ-Al2O3-κ-Al2O3-α-Al2O3,

gibbsite-boehmite-γ-Al2O3-δ-Al2O3-θ-Al2O3-α-Al2O3.

The formation of α-alumina by calcination of gibbsite com-

prises the intermediate steps. The different transition aluminas are

formed and may even be present simultaneously. From a structural

viewpoint, the transition aluminas are formed by arrangements of

aluminium atoms in tetrahedral and octahedral sites surrounded

by oxygen atoms. In α-Al2O3, all of the Al ions are octahedrally

coordinated (AlO6 units). However, tetrahedrally coordinated

(AlO4) units are found in transition aluminas. The number of

occupied tetrahedral or octahedral sites varies for different poly-

morphs, which leads to remarkable differences in their properties

such as the crystal packing, electronic structure and dielectric

constant. χ-Al2O3 exists in the temperature range between 500

and 1143 K and at 543 K, the product still retains 13% of the water,

which is gradually lost as the temperature increases to 1073 K.

Between approximately 1243 and 1463 K, κ-Al2O3 is present [6].

The final product from the thermal decomposition of gibbsite is

corundum, which has a hexagonal structure wherein all Al of the

atoms are octahedrally coordinated [7].

Herein, we report the systematic characterisation of the differ-

ent phases of alumina formed by calcination of gibbsite using XRD,

XPS and 27Al MAS-NMR. We carry out detailed analysis to

determine an Al/O ratio and to estimate relative occupancy of

tetrahedral and octahedral aluminium sites in aluminas.

2. Experimental techniques

2.1. Samples and treatments

Gibbsite powder (Al2(OH)6) with a density of �2.4 g/cm³

from Biochem (C.A.S.: 21645-51-2, EINECS: 244-492-7) was used.
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The powder is made of platelet aggregates having the chemical

composition of 34.6% Al, 61.5% O, 3.9% H and max.: 0.002% (Fe),

0.004% (Cl), 0.04% SO4, 0.005% heavy metals (as Pb) and 0.25% non

precipitable by NH4OH (as SO4). The sample experienced an

ignition loss of 32–35% at 1273 K and had a purity grade of

99.6%. Its average particle size (20 μm) was due to the agglomera-

tion of crystallites. The specific surface area of the original sample

was 0.5 m2/g.

The experimental gibbsite micrometric powder was used to

form metastable χ- and κ-aluminas and stable α-alumina via

calcinations at various temperatures. The gibbsite powder was

calcined in air at temperatures ranging from 373 to 1473 K accord-

ing to the following heat treatment procedure:

� Heat to the specified temperature at 10 K/min.
� Maintained for 4 h at the calcination temperature.
� Rapidly cool to room temperature (air quench).
� The uncertainty in the temperature was ΔT¼2 K.

2.2. Characterisation of samples

All of the samples were characterised using XRD, XPS spectro-

scopy and 27Al MAS NMR spectroscopy.

X-ray diffraction analysis was performed with a PANalytical X’Pert

ProMRD diffractometer with CuKα radiation (λ¼0.15418 nm). The

thermogravimetric (TG) data were recorded under a dry air flowwith

a heating rate of 10 K/min in a SETARAM TGDTA92 16.18 thermal

analyser. TG measurements were corrected for temperature-

dependent buoyancy by subtracting the data of a measurement

carried out on an inert sample. An XPS K-Alpha spectrometer was

used to qualitatively and quantitatively verify the composition of the

different powder compounds. The spectra were treated using the

Thermo Avantage V5.27 software. The photoelectrons are excited

using a monochromatic Al Kα radiation as the excitation source,

collected at θ¼01 with respect to the surface normal and detected

with a hemispherical analyser. The spot size of the XPS source on the

sample is 200 μm, and the analyser is operated with a pass energy of

150 eV for the survey spectra and 20 eV for the accumulation spectra

of the core levels. The pressure is maintained below 1�10�8 Torr

during data collection, and the binding energies (Eb) of the obtained

peaks are referenced to the C1s signal for C–H, which is set to

285.0 eV. XPS measurements are made with uncertainties of about

0.1–0.2 eV. 27Al MAS-NMR spectra were recorded with a Bruker

Avance 500 spectrometer, and the experiments were conducted in a

magnetic field of 11.7 T (27Al Larmor frequency 130 MHz) and

3.2 probe spinning samples at 14 KHz. These spectra were referenced

against Al(NO3)3 in solution at 0 ppm. A pulse width of 1 μs was used

to yield a small tip angle of 101 with a recycle delay of 0.1 s and an

overall acquisition time of 512 s for each sample.

3. Results and discussion

3.1. X-ray diffraction results

The gibbsite powder was calcined at various temperatures and

characterised to determine the transition aluminas states that pass

through prior to forming α-alumina. Diffraction analysis has

played a central role in elucidating structural information in the

transition aluminas as well as for determining the sequence of the

structural changes and how these changes are influenced by

various factors. For the treated gibbsite powder, X-ray analysis

remains the main tool for examining the phase composition and

determining the alpha alumina content. X-ray diffraction of the

samples (Gibbsite (G), G373–G1373 and G1473; the number

following G stands for the calcination temperature in Kelvin) are

shown in Fig. 1a–d. Thermal evolution of the gibbsite powder

structure in the range 300–1473 K by XRD patterns was

investigated.

As shown in Fig. 1a (pattern (G)), all of the detectable peaks in

this pattern can be assigned based on their peak position to

gibbsite (γ-Al2(OH)6). The results in Fig. 1a are compared with

the standard diffraction peaks from JCPDS Card no. 33-0018. The

XRD patterns of gibbsite after heating at 473 K show a new peak at

14.491(2θ) corresponding to bohemite (AlO(OH)) along with gibb-

site peaks. Between 473 and 673 K, gibbsite converts to boehmite

and amorphous aluminium oxide (may be χ-Al2O3), which is in

agreement with the results from previous studies [5,8]. The XRD

patterns of the 573 and 673 K samples are shown Fig. 1a and are in

good agreement with the reference pattern (21-1307 JCPDS file)

corresponding to the orthorhombic boehmite (AlO(OH)) structure.

From approximately 773–1073 K, the patterns primarily corre-

sponds to χ-Al2O3. The X-ray analysis demonstrates good agree-

ment with the references of the files (04-0880 and 13-0373 JCPDS)

corresponding to a cubic and hexagonal structure, respectively, for

χ-Al2O3. At 773 K, the χ phase is expected (at 543 K; χ-Al2O3

approximate formula is Al2O3 �0.75 H2O and at 1103 K, χ-Al2O3

formula is Al2O3) [6]. Gibbsite is the only aluminium hydroxide

that produces χ-alumina crystals by thermal dehydroxylation

(Fig. 1b). The proportion of tetrahedral sites is 29% χ-alumina

[7]. Despite numerous studies, the crystal structure of χ-alumina is

still uncertain. Stumpth et al. [9] assumed a cubic (not spinel) unit

cell (04-0880 JCPDS file). However, two hexagonal structures have

been suggested [6,10] (13-0373 JCPDS file). The XRD patterns of

the 773, 873, 973, 1073 and 1173 K samples are shown in Fig. 1b

and are in good agreement with the reference patterns (04-0880

JCPDS and 13-0373 JCPDS files) corresponding to the cubic and/or

hexagonal χ-Al2O3 structures, respectively.

The quantity of γ-Al2O3 formed by conversion of boehmite was

not sufficient for detection. The XRD patterns of gibbsite after

heating at 1173 K show a new peak at 64.851(2θ) corresponding to

κ-Al2O3 along with χ-Al2O3 peaks. From Fig. 1c, κ-alumina is only

formed from heating the χ-alumina phase, and the crystal struc-

ture of κ–alumina is well known [11–14]. For gibbsite heated in air

at 1273 and 1373 K, the κ phase is expected (Fig. 1d). The XRD

pattern of the 1273 K sample is shown Fig. 1c and is in good

agreement with the reference pattern (01-088-0107 JCPDS file). δ-
Al2O3 and θ-Al2O3 are not observed at this temperature. When

gibbsite is heated at 1373 K for 4 h, the peaks corresponding to α-
Al2O3 appeared along with κ-Al2O3 peaks, and at 1473 K, only

alpha alumina is present. The XRD pattern of α-Al2O3 (Fig. 1d

(pattern (G1473)) is consistent with the reference XRD pattern for

α-Al2O3 (46-1212 JCPDS file). Alpha alumina, or corundum, is the

most stable phase of alumina.

Information on the crystallite size (D) for the compounds (i.e.,

gibbsite, boehmite, χ-Al2O3, κ-Al2O3 and α-Al2O3) was obtained

from the full-width at half-maximum of the diffraction peaks

using the Scherrer formula [15]:

D¼
0:94λ

βðhklÞ cos θðhklÞ

where λ, θ(hkl) and β(hkl) are the X-ray wavelength (0.15418 nm),

Bragg diffraction angle and line width at half maximum, respec-

tively. The values of the β(hkl) and θ(hkl) parameters from the XRD

peak are estimated by Gaussian fitting. This formula is not limited

by the preferential orientation and is valid for an ordinary XRD

profile. To improve the statistics, the most intense peaks in the

profiles were chosen to determine the crystallite size. The gibbsite

002, 110 and 200 peaks, the boehmite 020, 120 and 031 peaks, the

χ-alumina 200, 104, 214 peaks, the κ-alumina 022, 122 and 132

peaks, and the alpha alumina 012, 104, 113, 024 and 116 peaks
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were used in the determination of crystallite sizes for these

materials.

The calculated crystallite size of the compounds as a function of

calcination temperature is shown in Fig. 2a. It is worthy noted that

the crystallite size decreases, from 95.576.7 to 6.373.6 nm, up to

a calcination temperature of 1073 K and then increases to reach

56.571.4 nm at 1473 K.

It has been reported that α-Al2O3 can be obtained directly from

χ-Al2O3 bypassing the κ-Al2O3 intermediate phase when its

crystallite size is as small as 10 nm [16,17]. XRD analysis indicates

that the transformation sequence involves the formation of κ-

Al2O3 as an intermediate phase between χ- and α-Al2O3 even

though the crystallite size of χ-Al2O3 is less than or equal to 8 nm.

3.2. Thermogravimetric analysis

Fig. 2b show the typical thermogravimetric (TG) curve and first

derivative of the weight loss (DTG) plot for gibbsite. TG curve and

DTG plot are indicated as solid and dotted lines, respectively. The

TG–DTG can be interpreted as follows: the gibbsite decomposition

takes place in several steps. At a temperature slightly above 470 K,

boehmite appears. In the range of 473–555 K, only a small weight

Fig. 2. Crystallite size of the compounds as a function of calcination temperature (a) and thermogravimetric (TG) curve for gibbsite at 10 K/min (b). Error bars in Fig. 2a

indicate the standard deviation (SD).

Fig. 1. XRD powder patterns of gibbsite untreated and heat-treated in air from 373 to 1473 K.

A. Malki et al. / Journal of Solid State Chemistry 215 (2014) 8–1510



loss is observed (about 5%). This is due to the fact that not all the

water is released. As the temperature increases above 555 K, the

coarse gibbsite particles shatter, releasing water vapour. This is

manifested by the fast weight loss on the TG curve of gibbsite

(E18% between 555 and 628 K). Up to the end temperature of the

third DTG peak (608 K), the cumulative weight loss of the sample

was 23.9%, which approached the theoretical weight loss from the

conversion of Al(OH)3 to AlO(OH) (23.09%). The formation of

boehmite occurs when calcining between 473 and 673 K (see

Fig. 1a). The DTG peak with maxima at E787 K (about 32% weight

loss) of sample is due to χ-Al2O3 formation. This structure was

confirmed by X-ray diffraction. The last step (830–1473 K) appears

as a continuous weight loss (about 2%) which corresponds to the

elimination of residual hydroxyls. The XRD patterns of gibbsite

after heating at 1273 K shows the formation of κ-Al2O3 and after

heating at 1373 K shows the new peaks corresponding to α-Al2O3

along with κ-Al2O3 peaks. Finally, the formation of α-Al2O3 occurs

at 1473 K. The expected theoretical loss due to dehydration of

gibbsite is 34.6%; the experimental loss is 34.3% a little lower. This

difference of 0.3% is a bit larger than the experimental uncertainty

0.1%, the starting gibbsite may be slightly dehydrated.

3.3. X-ray photoelectron spectroscopy analysis

The XPS analysis of aluminium oxides and hydroxides was

performed and interpreted for the O1s, C1s and Al2p bands. X-ray

photoelectron spectra of hydrated alumina (gibbsite), heat-treated

gibbsite (transition aluminas; χ and κ-Al2O3) and corundum

(α-Al2O3) have been studied by spectral characterisation of each

compound. Fig. 3a shows the XPS survey spectra of the untreated

and calcined gibbsite. For gibbsite, the spectrum reveals photo-

emission peaks for O1s, C1s, S2s, S2p, Al2s and Al2p, which

indicates the presence of O, C, S and Al on the surface of the

untreated and heat treated gibbsite compounds. At 871 K, the

aluminium to oxygen atom ratio was higher than that of stoichio-

metric Al2O3 (Fig. 3b). The aluminium to oxygen atom ratio

increased as the calcination temperature increased. Between 300

and 1473 K prior to reaching the final ratio of the alpha alumina,

the Al/O passes through two different levels. In the first step

between 300 and 773 K, mixtures of hydroxides and amorphous

oxides are present. The second step between 773 and 1373 K

corresponds to the formation of transition aluminas (Chi, Kappa

alumina and mixtures of oxides) (see Fig. 1b–d). The surfaces of

compounds do not follow the stoichiometry of the bulk. The

nonstoichiometry (Al/O42/3) can be explained by the formation

of the clusters on aluminas surface. They can be represented by the

formula (Al2O3)n(AlO)x with n¼1–7 and x¼1, 2, 3. Fig. 3c shows

the variation of the Al/O atomic ratios of these clusters compared

with those obtained experimentally (XPS results) versus the

cluster size (n). The Al/O atomic ratios of (Al2O3)n(AlO)x clusters

are in good agreement with those determined from XPS analyses.

Chemical analysis of gibbsite indicates a deviation from stoichio-

metry with an Al/O atomic ratio of 0.368 compared to 0.333 in the

stoichiometric case. A deficit of aluminium with an Al/O ratio of

0.655 (0.666 for the stoichiometric case) is observed during the

formation of alpha alumina at 1473 K. The surface charging leads

to the creation of oxygen vacancies and a loss of oxygen in the

surface region when the surface is highly charged.

The XPS Al2p and Al2s spectra for untreated and heat-treated

gibbsite at various temperatures (from 373 to 1473 K) for 4 h are

Fig. 3. XPS survey spectra of untreated and calcined gibbsite (a), aluminium to oxygen atom ratio in calcined gibbsite powder as a function of calcination temperature

(b) and variation of the Al/O atomic ratios of (Al2O3)n(AlO)x clusters compared with those obtained experimentally (XPS results) versus the cluster size (n) (c). Error bars in

Fig. 3b indicate the standard deviation.
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shown in Fig. 4. Fig. 5 shows the decomposed Al2p peaks of the

untreated and heat-treated gibbsite. The Al2p spectra are shif-

ted 0.2 eV to a higher binding energy (Eb) in the order of

α-Al2O3otransition aluminasogibbsite. A single band is observed

for the starting gibbsite (Fig. 5a), and the peak is located at

74.03 eV (full width at half maximum (FWHM) 2.38 eV).

The aluminium in the transition aluminas can be present in two

different positions. First, hexacoordinate aluminium can be pre-

sent in the octahedral sheet, and second, tetracoordinate alumi-

nium can be present in the tetrahedral sheet. As shown in Fig. 5b

and c, the peaks for these valences are localised at 74.3 eV (FWHM

2.52 eV) and 75 eV (FWHM 3.47 eV) corresponding to the Al IV

and Al VI states, respectively. A single band was observed for alpha

alumina (Fig. 5d), which is obtained at a binding energy of

73.82 eV (FWHM 2.39 eV). The shapes of the Al2p and Al2s bands

result in similar changes in gibbsite during calcination treatments.

For these compounds, the results obtained for the valence Al2p

indicate that the variations in binding energies are within an

interval of approximately 1 eV, which are in good agreement with

previous observations [18–20].

A detailed XPS study of treated gibbsite was performed. The

XPS O1s and O2s spectra are shown in Fig. 6a and b. The O1s

Fig. 4. XPS spectra in the Al2p (a) and Al2s (b) region for untreated and treated gibbsite at various temperatures.

Fig. 5. Decomposed Al2p peaks of heat treated gibbsite (a) untreated, (b) calcined at 673 K, (c) calcined at 1073 K and (d) calcined at 1473 K. Experimental data points (full

circles), decomposition components (black lines) and the fit to the data (red line) are shown. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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spectra are shifted 1 eV to a higher binding energy (Eb) in the

order of α-Al2O3otransition aluminasogibbsite. The O1s peaks

are less symmetrical (relative to peak Al2p), more complex and

more sensitive to the different states of the minerals. In fact, the

O1s band is very important due to its intensity, which allows it to

be more sensitive and hence more exploitable. According to the

literature, this band can be decomposed into two or three parts.

The O1s band corresponding to oxides is located at �531eV, the

O1s band corresponding to the OH groups is located at �532 eV,

and the O1s band indicating the presence of amorphous mixtures

containing H2O is located at 533.5 eV [18].

Fig. 7 represents the decomposed O1s peaks of untreated and

heat-treated gibbsite. We note that these peaks exhibit significant

differences depending on the compound. In crystallised gibbsite

platelets, the energy of O1s is shifted to 531.51 eV corresponding

to the OH group in the crystal structure of aluminium hydroxide.

A mixture of adsorbed water, amorphous precipitates and oxygen

impurities was observed at 533.98 eV (Fig. 7a). These values are in

agreement with the literature data [18–22]. The transition alumi-

nas bands are broad and intense indicating the presence of three

compounds (i.e., oxides, hydroxides and H2O), and decomposition

of these peaks yields the corresponding positions with binding

Fig. 6. XPS spectra in the O1s (a) and in the O2s (b) region for untreated and heat treated gibbsite at various temperatures.

Fig. 7. Decomposed O1s peaks of heat treated gibbsite (a) untreated, (b) calcined at 673 K, (c) calcined at 1073 K and (d) calcined at 1473 K. Experimental data points (full

circles), decomposition components (black lines) and the fit to the data (red line) are shown. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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energies of 530.7 eV (FWHM 2.66 eV), 532 eV (FWHM 2.76 eV) and

533.5 eV (FWHM 3.39 eV), respectively (Fig. 7b–d).

The Cls core level photoemission spectra for gibbsite and

calcined gibbsite are shown in Fig. 8a. Peak fitting is required to

analyse the carbon components. In the literature, six component

peaks at binding energies of 290–284.0 eV correspond to the C–C,

C–H, C–OR, C–OH, CQO and COOR bonds, respectively. These

surface carbons are common contaminations from hydrocarbons

and carboxylic acid when CO2 reacts with air and moisture. The

decomposition of the C1s signal in the domain (calcined gibbsite at

1473 K) results in three bands (Fig. 8b). The peak at 285.0 eV is

associated with the binding energy of the C atoms in aromatic

C–C/C–H, the peak at 286.19 eV can be attributed to the binding

energy of the C–O group, and the peak at 288.55 eV can be attributed

to the binding energy of the carboxylic group (O–CQO), which is in

agreement with the literature results [23–25].

3.4. 27Al magic angle spinning nuclear magnetic resonance

spectroscopy (27Al MAS NMR) analysis

Information on the relative occupancy of tetrahedral and

octahedral aluminium sites in aluminas was obtained using 27Al

solid-state MAS NMR. The chemical shift ranges for aluminium in

different coordinations with oxygen (or hydroxyls) are typically

�10 to 20 ppm for octahedrally coordinated aluminium (AlO6),

30–40 ppm for pentahedral coordinated aluminium (AlO5) and

50–80 ppm for tetrahedrally coordinated aluminium (AlO4) [26].

Fig. 9 shows the 27Al MAS NMR spectra of untreated and heat-

treated gibbsite. The peaks related to the AlO6 units are rather thin

for the G, G373 and G473 samples but widen progressively as the

temperature increases with the largest peak located at 1027 K. At

1473 K, the peak of alpha alumina is the only symmetric one. The

spectra for the as-received gibbsite (untreated) and G373 are

shown in Fig. 9a. The central peak is asymmetric with an observed

peak shift of 8.63 ppm and a small shoulder at 2.2 ppm. This peak

position is consistent with hexacoordinate (octahedral, AlO6)

aluminium cations, which is consistent with the results from

diffraction studies. The peaks (G473 spectrum) for the hexacoor-

dinate Al in the mineral overlap in the mixture (gibbsiteþ

boehmite). This peak position is only consistent with hexacoordi-

nate (AlO6) aluminium cations. The peaks (G573 and G673 spectra)

for hexacoordinate A1 in the treated gibbsite overlap in the

mixture (Boehmiteþchi). The peak assigned to the tetracoordinate

Al appears when chi-alumina is present. The spectra of the G773,

G873, G973 and G1073 samples (containing chi- and small amount

of kappa alumina) have peaks located at 8.62 and 65.53 ppm,

which correspond to hexacoordinate and tetracoordinate Al,

respectively. The spectrum of the G1173 sample (containing chi-

and kappa aluminas) exhibits peaks located at 8.86 and

65.91 ppm, which correspond to hexacoordinate and tetracoordi-

nate Al, respectively. The spectrum of the G1273 sample (contain-

ing kappa-alumina) contains peaks located at 8.48 and 66.17 ppm,

Fig. 8. XPS spectra in the C1s in the region for untreated and treated gibbsite at various temperatures (a) and decomposition of the C1s peak (b). Experimental data points

(full circles), decomposition components (black lines) and the fit to the data (red line) are shown. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Fig. 9. 27Al MAS NMR spectra of untreated and heat treated gibbsite in air from 373 to 1473 K.

A. Malki et al. / Journal of Solid State Chemistry 215 (2014) 8–1514



which correspond to hexacoordinate and tetracoordinate Al,

respectively, and a small shoulder at 4.53 ppm, which corresponds

to hexacoordinate Al. The spectrum for the G1373 sample (con-

taining kappa, small amount of alpha alumina) exhibits peaks

located at 12.92 and 66.19 ppm, which correspond to hexacoordi-

nate and tetracoordinate Al, respectively, and two small shoulders

at 8.36 and 4.85 ppm, which corresponds to hexacoordinate Al.

The eventual formation of crystalline α-A12O3 (corundum) is

clearly shown in the MAS NMR spectrum (Fig. 9b) by the narrower

and more symmetric resonances indicating longer-range structure

and a characteristic peak position at 13.7 ppm.

By integrating the peak areas, the 27Al tetrahedral/octahedral

ratio has been determined. The percentage of AlO4 content as a

function of calcination temperature is shown in Fig. 10, and it does

not vary significantly between 750 and 1200 K. The proportion of

tetrahedral sites is �22% and �27% in χ- and in κ-A12O3,

respectively.

The percentage of AlO4 units in the transition aluminas follows

the same behaviour as the ratio of Al/O.

4. Conclusion

Gibbsite was calcined at 300–1473 K, and the relationships

between the calcination temperature and various properties of

this compounds have been examined by various techniques to

elucidate their roles in the expected gibbsite transformations

leading to transition aluminas and ultimately to alpha alumina.

XRD analysis indicates that the transformation sequence involves

the formation of κ-Al2O3 as an intermediate phase between χ- and
α-Al2O3. The crystallite size of χ-Al2O3 is as small as 10 nm.

The determination by XPS of an Al/O ratio higher than 2/3 in

the samples annealed between 800 K and 1400 K, whereas the

expected ratio is observed after the full conversion to α-Al2O3. The

nonstoichiometry (Al/O42/3) can be explained by the formation

of the clusters on aluminas surface. They can be represented by the

formula (Al2O3)n(AlO)x with n¼1–7 and x¼1, 2, 3. Information on

the relative occupancy of tetrahedral and octahedral aluminium

sites in aluminas was obtained using 27Al solid-state MAS NMR.

The percentage of AlO4 units in transition aluminas follows the

same behaviour as the ratio of Al/O.
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