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After gibbsite was milled for 5 min in a Cr-steel oscillating mill, corundum was
obtained by heating the powder for 3 h at 800 °C. We found that iron contamination,
produced by the milling process, is essential to attain the transformation at this low
temperature and is located at the surface of the gibbsite particles. The knowledge of
the oxidation state and location of the contaminant elements, necessary to control the
solid-state reactions and/or phase transformations induced by the milling, was realized
in this work by a characterization performed by chemical analysis, x-ray photoelectron
spectroscopy, Mössbauer spectroscopy, and isoelectric point determination. The iron
contamination amounted to about 3% (as Fe2O3) for the sample milled for 60 min.
That the iron contamination that occurred mainly on the gibbsite amorphous surface
was concluded after a comparison of the isoelectric point determination of the milled
samples with that of a mechanical mixture of gibbsite and hematite. X-ray diffraction
studies showed that gibbsite looses its crystallinity after the first 5 min of milling.

I. INTRODUCTION

Milling techniques allow an intimate blend of materi-
als and, promoting the interdiffusion of the initial com-
ponents, facilitate their chemical reactions and crystalline
phase transformations.1 The dehydration of gibbsite,
g–Al(OH)3, is a clear example of the influence of me-
chanical activation.2

Mechanically induced processes, such as impact, fric-
tion, or compression, are complex and sometimes render
seemingly contradictory results.3 For example, the
dependence of the intensity and type of mechanical stress
on the type of mill is found not to be directly connected
to the products obtained.3 However, it is known that the
mechanochemical changes produced by milling occur
mainly in regions close to the grains surface, where the
material is mostly affected by abrasion and repeated col-
lisions with other grains and with the milling tools.4

Corundum, a–Al2O3, is widely used in a variety of
technological applications since it is one of the hardest
known materials, can be prepared in some forms with a

high surface area, and is chemically inert. However, it is
relatively expensive mainly because of the cost of the
raw chemicals and the relatively high temperatures
(1200 °C) needed for its manufacture. For this reason,
cheaper precursors (like gibbsite) and lower transforma-
tion temperatures have been explored as a means of cost
reduction in the industrial applications of corundum. In
particular, the transformation temperature required in the
sequence of intermediate phases from gibbsite to corun-
dum was found to be modified by the milling activation
of gibbsite.5

The effect of impurities on the corundum formation at
lower temperatures has been known for some time; e.g.,
a temperature decrease of 200 °C was observed when a
mixture of 5% hematite and other metallic oxides was
added to gibbsite powders.6 Recently, a low-temperature
route to obtain corundum has been reported,7 but the high
cost of the sol-gel raw materials minimizes its possible
industrial usage.

In this work, toward attaining smaller particle sizes
and hence to increase the surface area of the final mate-
rial, we activated gibbsite by milling. We also found, as
a byproduct of important economic consequence, that thea)e-mail: rosats@netverk.com.ar
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iron contamination from the steel mill allows signifi-
cantly lower temperatures to obtaining corundum from
gibbsite.

II. MATERIALS AND METHODS

Gibbsite powder of particle size 44–74 mm supplied
by Duperial (Argentina). was used as the starting milling
material. The chemicals used for comparison purposes
were pure commercial hematite (a–Fe2O3; 99%), supplied
by BDH (Belgium), and pure commercial corundum with
particle size <0.5 mm, supplied by Alcoa (Brazil).

A Herzog HSM 100 (Germany) oscillating mill was
loaded with a maximum amount of 40g gibbsite. The
milling chamber consisted of a hollow Cr-steel cylinder,
and the milling tools were a ring and a solid cylinder of
the same material. The sample was distributed in the
spaces between these pieces.

After the milling chamber was loaded, the total times
were attained by milling during periods of 120 s with
stops of 4 h to avoid heating the milling chamber and
powder. These samples were named according to the
total milling time in minutes, namely, 0, 5, 20, and
60 min. Afterwards, all samples were heated for 3 h at
500, 800, 900, and 1250 °C and noted correspondingly to
the grinding time in minutes followed by the temperature
of thermal treatment, e.g., 0-500, 20-800, 60-500, etc.

X-ray diffraction (XRD) patterns were obtained in a
Philips PW 1140 diffractometer using Cu Ka radiation
and a Ni filter. The working conditions were 40 kV and
20 mA. Samples were analyzed by means of the powder
mounting technique. The amount of corundum in each
sample was determined by comparing the diffracted in-
tensity area of the peak at 43.27° (2u) (2.09Å, hkl 4 113)
with that of a pure corundum commercial sample con-
sidered as 100%.

X-ray photoelectron spectroscopy (XPS) analyses
were performed in an ESCA Shimadzu 750 spectrometer
with an Escapac 750 system. A Mg anode (1253 eV)
operating at 30 mA and 8 mV was used as the excita-
tion source in a residual vacuum of 10−5 Pa. An energy
correction was made to account for the sample charging
based on the C 1s peak at 285 eV. The integrated area
of the peaks and their measured full width at half-
maximum (FWHM) were normalized. Isoelectric point
(IEP) determinations were performed by means of the
measurement of the diffusion potential, from which
the transport number (t+) value was obtained in the same
way as described before.8–10 The IEP is defined as the
value of the pH when the surface is not charged. Its value
is obtained from the t+–pH curve; it is the pH when both
cations and anions in the sample have equal mobility,
and this happened at t+ 4 0.5. Because the t+ values
belong to all cations (adsorbed and free) contained in the
sample, when the amount of free ions is 100 times less

than that of the adsorbed ones,11 the calculated t+ value
is considered to correspond to the adsorbed ion (counter
ion) and then the IEP can be determined. Mössbauer
spectra were taken at room temperature in transmission
geometry in a conventional constant acceleration spec-
trometer of 512 channels with a 50mCi nominal activity
57Co〈U〉Rh〈U〉 source. The spectra were fitted with a
nonlinear least-squares program with constraints assum-
ing Lorentzian line-shapes. Isomer shifts (d) were re-
ferred to a–Fe at room temperature. Differential thermal
analyses (DTA) were obtained in a Netzsch simultaneous
thermal analyzer STA 409, in nitrogen atmosphere and
with a heating rate of 10 K/min. The specific surface
areas of the samples at different grinding times were
determined by N2 adsorption [Brunauer–Emmett–Teller
(BET) method]. The percentage of iron oxide in sample
60 was determined by previous oxidation and K2Cr2O7

titration.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the samples for
different milling times. The line broadening, which in-
creases with milling time, is coincident with previous
observations2,5 and indicates a progressive loss of crys-
talline order.

From the two XPS spectral signals recorded (Al 2p
and O 1s), we calculated the binding energies (Eb) and
FWHM values shown in Table I. The relative spectral
areas O 1s/Al 2p, Fe 2p/Al 2p, and C 1s/Al 2p, as well as
the BET specific surfaces are also displayed. These ratios
indicate that iron and carbon contaminations (coming
from the mill and the vacuum pump oil, respectively)
alter the fraction of Al atoms at the surface.

The constant Al 2p and O 1s Eb and FWHM values
indicate that the coordination of Al or O atoms at the
surface is not modified by milling.12 The decrease of
the O/Al relationship with milling time follows the
same trend as the C/Al ratio, indicating that the Al sig-
nal is screened by the carbon contamination. No
Fe 2p signal was found in the initial sample and the
one milled for 5 min. The small Fe/Al ratio found for
the longer milling times suggests an increasing iron
contamination of the alumina surface that can only
originate in the milling tools. The iron amount deter-
mined in sample 60, by chemical analysis, indicates
a surface contamination of about 3%, expressed as
hematite.

The increase of specific surface with grinding time
agrees with that obtained elsewhere for a different gibb-
site sample.2

Figure 2 shows the Mössbauer spectrum for sample
60. Absorption profiles belonging to different iron
species can be observed. One sextet, two doublets,
and one singlet had to be used to obtain a good fitting of
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the data. The central narrow peak at 0.0 mm/s (with
respect to a–Fe) can be assigned13 to very small super-
paramagnetic Fe0 particles and amounts to 20 ± 3% of
the total spectral area.

The doublets belonging to Fe2+ (with quadrupole split-
ting, D 4 1.32 ± 0.24 mm/s, isomer shift with respect to
a–Fe, d 4 1.40 ± 0.12 mm/s) and to Fe3+ (D 4 0.63 ±
0.05 mm/s, d 4 0.28 ± 0.06 mm/s) contributed with
relative areas of 13 ± 3% and 37 ± 9%, respectively. The
sextet with broad lines (of hyperfine parameters with
values of H 4 32.5 ± 0.1T, d 4 0.02 ± 0.02 mm/s, and
2e 4 −0.02 ± 0.02 mm/s, for the magnetic hyperfine
field, isomer shift, and quadrupole shift, respectively) has
a relative area of 30 ± 5% of the total spectrum. These
values correspond to magnetically split Fe0 atoms whose
hyperfine fields are diminished by the small size of their
particles—however larger than those involved in the
Fe0 superparamagnetic fraction—and also modified by
the likely location of a considerable amount of atoms
close to the gibbsite grains and in disordered regions of
the sample.

Except for the Fe2+ doublet, where it is known that the
recoil-less factor is about 20% lower than the f-factors of
the other iron species,14 the relative areas of the Möss-
bauer signals can be considered to correspond to the
actual amount of atoms in the different oxidation states
within the experimental errors. Under these assumptions,

the total weight percent obtained for the detected iron
oxidation states were 42%, 13%, and 31% for Fe0, Fe2+,
and Fe3+, respectively.

Figure 3 shows the t+ curves against pH for all the
samples. The value of IEP can be seen to increase from
pH 4 9.2 for sample 0 to pH 4 12.5 for sample 5. At
present, we do not have an explanation for this high
IEPpH value. An IEPpH higher than 10 has never been
reported for aluminum oxides or hydroxides. No iron
contamination was detected by XPS for sample 5.

Milling times longer than 5 min caused an IEPpH de-
crease from 12.5 to around 10.5 for samples 20 and 60,
respectively. This could be attributed to the lower rate of
decrease of the gibbsite particle as the milling progresses
(particle size average diameters decreased from 50 to
20 mm after milling for 0 and 5 min, respectively, and
remained constant for longer grinding times2).

If the gibbsite milled sample was only a mixture of
gibbsite and hematite coming from the milling tools, and
the iron contamination was not coating the gibbsite par-
ticles—as suggested by the XPS results—the IEP deter-
mination by diffusion potential of a specially prepared
mixture (not milled) of hematite and pure gibbsite should
yield the same value as the milled sample. That is, the
IEPpH of a mixture of phases and that of iron-coated

TABLE I. Binding energy values and FWHM for Al 2p and O 1s peaks and relationships between elements O 1s/Al 2p, Fe 2p/Al 2p, and C 1s/Al
2p, obtained by XPS and specific surface for the indicated samples. (n.d. 4 not detected).

Sample
Al 2p (eV)

Eb (FWHM)
O 1s (eV)

Eb (FWHM)
O 1s/Al 2p

area ratio (%)
Fe 2p/Al 2p

area ratio (%)
C 1s/Al 2p

area ratio (%)
S (BET)
(m2/g)

0 74.3 (2.0) 532.2 (2.6) 2.20 n.d. 1.82 6
5 74.2 (2.0) 532.2 (2.7) 2.00 n.d. 1.74 25

20 74.3 (2.0) 532.3 (2.5) 1.98 0.03 1.60 41
60 74.2 (2.0) 532.2 (2.5) 1.80 0.03 1.45 107

FIG. 1. X-ray patterns of gibbsite samples milled for the times shown.

FIG. 2. Mössbauer spectrum of sample 60. The outer solid line is
the least squares fitting of the data. The inner thin solid lines are the
subspectra of the different iron species described in the text.
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gibbsite particles should not be the same. Figure 4 shows
the t+ against the pH curve for the mixture sample pre-
pared with the same amounts of gibbsite and hematite as
those found in sample 60. The IEPpH values are not only
different (10.0 for the mixture, and 10.5 for sample 60),
but the t+ dependence on pH is also totally different.
These results suggest that there are different iron oxide–
gibbsite associations in both samples. If this holds, it
should be in agreement with the increase in the Fe/Al
ratio measured by XPS, which is indeed confirmed by the
values shown in Table I.

If we assume that only iron oxide (as hematite) coats
the amorphized gibbsite particles, the apparent surface
coverage (%ASC) can be calculated using the equation
of Castillo et al.15

%ASC =
MFe(IEPG − IEPFe/G)

MG(IEPFe/G − IEPFe) − MFe (IEPFe/G − IEPG) ,

where MFe and MG are the molecular weights of iron
oxide and gibbsite, respectively, and the subscripts G,
Fe/G, and Fe refer to the gibbsite, hematite–gibbsite, and
hematite samples, respectively. The IEP data of the dif-
ferent samples are displayed in Fig. 3. The reported
IEPpH value of hematite is 8.0.16 The %ASC values ob-
tained for 20 and 60 samples were 5.3 and 9.8, respec-
tively, which indicate the increasing iron coverage of
gibbsite with milling time.

Figures 5 and 6 show the x-ray patterns of the samples
with different heat treatments after the milling times
specified. Independently of the milling time, the obser-
vation of Fig. 5 allows to infer that a temperature treat-
ment at 500 °C forces all samples into a state very close
to that of an amorphous one. The presence of g–
and k–Al2O3 was revealed by the peaks at 1.38, 1.97, and
2.35 Å belonging to the (300), (202), and (110) reflec-
tions of g–Al2O3, and those at 1.38, 1.60, and 2.08 Å to
the (300), (116), and (113) ones of k–Al2O3.

Figure 6 displays the diffraction patterns of the
samples thermally treated at 800 °C. The beginning of
the gibbsite-to-corundum transformation can already be
observed in the pattern of sample 5-800. Samples 20-800
and 60-800 exhibit clear corundum peaks.

FIG. 3. Curves of t+ against pH for samples 0, 5, 20, and 60. Solid lines are spline regressions meant only as a guide for the eye.

FIG. 4. Curve of t+ versus pH for a mixture of gibbsite and hematite
(relationship 10/0.1 wt%) purposely prepared for comparison. Solid
lines are a guide for the eye.

FIG. 5. X-ray patterns of samples milled for 0, 5, 20, and 60 min and
further heat-treated at 500 °C for 3 h.The numbers on top of the data
show the positions in Å belonging to the following Miller indices
of the peaks: 0-500 sample 1.97(202) of g–Al2O3; 5-500, 1.60(116)
and 2.08 (113) of k–Al2O3; 60-500 sample 1.38(300) and 2.35(110)
of g–Al2O3.
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A further increase of the thermal treatment tempera-
ture to 900 °C (XRD pattern not shown) produces a
further step of the transformation towards corundum in
the same samples. The quantitative corundum transfor-
mation was determined in milled samples treated at 800
and 900 °C and is shown in Table II.

The corundum percentage increased considerably
when the temperature was raised 100 °C from 800 to
900 °C. Almost all gibbsite in samples 20 and 60

was transformed to corundum when thermally treated
at 900 °C for 3 h. In contrast, sample 0 (non-activated
gibbsite) did not show any measurable amount of corun-
dum. Peaks displayed in XRD patterns after a thermal
treatment at 1250 °C (XRD figure not shown) indicate
the complete transformation to corundum in all samples,
including sample 0.

Figure 7 shows the DTA analysis of the samples in-
dicated. For sample 0, a large endothermic peak was
observed at about 350 °C as well as a small one at about
500 °C. These peaks denote the formation of g–AlOOH
and its dehydroxylation, respectively.17 The DTA analy-
ses of 20-800 and 60-800 samples showed an exothermic
peak at 1040 °C. This peak belongs to the transition to
corundum and is in agreement with the 20-800 and
60-800 XRD patterns. However, the DTA of the 0-800
sample did not show any peak around these temperatures,
also in agreement with the absence of any corundum
peak in its XRD pattern.

IV. CONCLUSIONS

The activation of inexpensive gibbsite powders in an
oscillating steel mill for about 20 min not only produces
the usually observed increase of the surface area of the
milled powder, but also allows corundum to be obtained
from the final material by heating the powder for 3 h at
800 °C. This temperature is much lower than the 1200 °C
typically required to induce the transformation. The iron
contamination originated in the milling tools is essential
for this reaction to occur.

The iron contamination, which amounts to about 3%
(as hematite) after 60 min of milling, was observed to lie
almost entirely at the surface of the gibbsite particles by
several surface analytical techniques, in particular, by IEP.
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