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Abstract

In the reaction sequence of thermal decomposition of chromate exchanged hydrotalcite a spinel structure was detected at 800 �C; the
main compound was a periclase-like structure. At 1000–1200 �C the only compounds were MgO and the spinel MgAl1.3Cr0.7O4. The
particle size and morphology did not change with gamma irradiation or thermal treatments. The composition of the spinels
MgAl2�xCrxO4 varies when samples are irradiated and/or thermally treated. Aluminum in octahedral sites is displaced to tetrahedral
sites as chromium is incorporated into spinels. A molecular dynamics simulation of the spinels reproduced the experimental behaviour.
A mechanism based on thermodynamical data and Wagner reactions is proposed.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Chromium is present in two oxidation states, trivalent
and hexavalent. Cr(III) occurs naturally and it is an
essential nutrient for humans. Instead, Cr(VI) is mainly
produced as industrial effluents and it has to be retained
[1–3] as it is carcinogenic to humans [1,4,5]. Those waste-
waters are mainly due to leather and nuclear industry. If
coming from nuclear wastes, the radioactivity is an added
danger. There are not many strategies for Cr(VI) removal
from wastewaters. One of them is the reduction of hexava-
lent chromium to trivalent with its subsequent immobiliza-
tion as hydroxide.

Another procedure is its sorption onto various materi-
als, including zeolites, hydrotalcite-like materials or acti-
vated carbon, among others [2,4,6,7]. These exchanged
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materials have to be treated to destroy their structure
and to avoid the liberation of anions. Often, they are ther-
mally treated. If the retained material is radioactive, the
effect of radiation has also to be considered.

Layered double hydroxides or anionic clays, hydrotal-
cite-like materials, referred in this paper as hydrotalcites
or HT, are of potential value in areas as diverse as cataly-
sis, medicine, oil-field exploration or sorption processes [8].
Structurally, they consist of stacks of brucite-like M(OH)2

layers in which a partial replacement of M2+ by M3+

occurs. The resulting charge on the layers needs the
incorporation of charge-balancing anions (An�) such as
carbonate, sulfate and hydroxide within the interlayer. In
the general formula of HT, ½M2þ

1�xM
3þ
x ðOHÞ2�A

n�
x=n � mH2O

[9,10]; the two most common cations are magnesium-II
and aluminum-III [11,12].

The thermal decomposition of HT can be described as a
two-step mechanism. When the HT is heated in air up to
500 �C, it is transformed into a periclase-like Mg–Al oxide.
In this case, the HT can be reconstructed by simple hydra-
tion. At temperatures higher than 500 �C, HT begins to
produce magnesium oxide, MgO and the spinel MgAl2O4.
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If HT is thermally treated at temperatures higher than
800 �C, the HT cannot be reconstructed anymore [13] as
the main compound turns out to be a spinel. The general
formula of spinels, AB2O4, embraces a wide variety of A
and B atoms. The valences of A and B can be 2 and 3 as
in MgAl2O4 [14] which is constituted by a cubic close
packed array of oxide ions with Mg2+ in tetrahedral sites
and Al3+ in octahedral sites, each oxygen is surrounded tet-
rahedrally by three Al3+ ions and one Mg2+; as such, it is
known as a normal spinel whose general formula is written
as follows AtetBoct

2 O4. If the A ions and half B ions swap
positions, the inverse spinel Btet[AB]octO4 is obtained.
Intermediate spinels can have any cation arrangement
between the extremes of normal and inverse spinels. Spinel,
MgAl2O4, forms an extensive range of solid solutions with
Al2O3 at high temperatures. If these Mg2+ ions on tetrahe-
dral sites are replaced by Al3+ ions in the ratio 3:2 and the
solid solution formula may be written Mg1�3xAl2+2xO4, x

vacant cation sites, presumably tetrahedral ones, must
therefore be present.

In a previous work, Martı́nez-Gallegos and Bulbulian
[2] presented the ability of HT to retain Cr(VI) wastes.
The HT with adsorbed chromate, also referred to in this
paper as HT–Cr, was heated to immobilize Cr in the solid.
The immobilization of chromium in the corresponding
thermally treated solids was quantified in lixiviated liquors
with a NaCl solution. It was found that c-irradiation of
HT–Cr samples developed a solid where chromium was
retained more strongly than in the non-irradiated material.
If heated at high temperature, samples, whether irradiated
or not, immobilized the chromium (VI) originally present
in the hydrotalcite in the form of Mg–Cr spinel. Although
the thermal decomposition of different hydrotalcite-like
materials has been reported [13,15–17], a detailed reaction
sequence describing the thermal decomposition of HT–Cr
has not been presented and radiation damage has not
been discussed. The aim of the present study is first to
obtain CrO2�

4 adsorbed HT, then to investigate further
the Cr immobilization in the thermally treated hydrotalcite
and, lastly, to understand the structural effects of c-
irradiation.

2. Methods and materials

HT was produced as described previously by Sato et al.
[18]. It was prepared by co-precipitating mixed metal solu-
tions of magnesium and aluminum chlorides. One liter of
an aqueous solution of 0.25 mol AlCl3 and 0.75 mol
MgCl2 Æ 6H2O was added dropwise to 1 L of an aqueous
solution of 0.5 mol/L Na2CO3 and 2.5 mol/L NaOH under
vigorous stirring for 3 h at 60 �C. The resulting precipitate
was filtered and washed with deionized water to remove the
chloride. Finally the powder was dried at 80 �C for 24 h.

The initial HT was thermally treated in a furnace at
500 �C for 3 h. Then, HT was reconstructed using 1 N
ammonium chromate solution. The mixture was shaken
for 24 h at room temperature and the solid was separated
by centrifugation. It was then washed three times with
deionized water. Fractions of this sample were heated at
different temperatures, 500, 800, 1000 and 1200 �C in air
for 3 h. A set of thermally treated HT–Cr samples was
gamma-irradiated with a 60Co gamma source in an indus-
trial gamma radiator.

Chromium content in HT–Cr samples was determined
by neutron activation analysis. The samples were irradiated
in a TRIGA MARK III nuclear reactor for 30 min with an
approximate neutron flux of 1013 n/cm2 s. The 320 keV
photo-peak, from the 51Cr isotope produced by the nuclear
reaction 50Cr(n,c)51Cr, was measured with a Ge/hyperpure
solid-state detector.

The thermogravimetric (TG) analysis was performed in
a TGA-51 TA Instruments Thermogravimetric Analyzer.
The heating rate was 5 �C/min from room temperature to
1000 �C. Crystalline compounds were identified by X-ray
diffraction (XRD), using a diffractometer (Siemens, D-
5000) coupled to a copper anode X-ray tube. The Ka wave-
length was selected with a diffracted beam monochromator.
MgO which was found in all the XRD patterns, does not
form solid solutions with Cr or Al at temperatures higher
than 800 �C [19,20], hence, it was used in samples treated
at 1000–1200 �C as an internal standard. The cell parame-
ter a of the spinel structure was determined from the (311)
peak. Infrared spectra (FTIR) were obtained at room tem-
perature with a Nicolet Magna-IR spectrometer, equipped
with DTGS-CsI detector. The samples were diluted in KBr
pellets. The resolution was 2 cm�1. The different powders
were studied by transmission electron microscopy (TEM)
using a 1200-EX, JEOL instrument at 120 kV. The samples
were prepared as specified in the standard powder
methods.

27Al MAS NMR data were collected on a Bruker
ASX300 spectrometer operating at 78.2 MHz. Samples
were packed as powders into zirconia ceramic rotors. All
samples were spun at 10 kHz. p/2 pulse was 2 ls with a
recycling time of 0.5 s. 27Al NMR signals were referenced
relative to external 1 N aqueous AlCl3.

All simulations were performed using the Cerius2 soft-
ware package [21], and the MgAl2O4 initial model was
based on a reported structure [22]. The aluminum atoms
were substituted by Cr atoms (0, 2, 4, 8, 12 and 16 atoms),
into the theoretical cell, to generate different models. The
theoretical study was performed using the energy minimi-
zation and dynamic simulation modules of Cerius2

software.

3. Results

3.1. Elemental analysis

The HT thermally treated sample (500 �C/3 h) was left
in the chromate solution for 24 h, in order to reach the
maximum chromate absorption into the HT [23]. The
amount of retained CrO2�

4 , measured by neutron activation
analysis, was 3.2 meq per gram of calcined HT.
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3.2. Composition

The XRD patterns of the HT and HT–Cr samples are
compared in Fig. 1. Both samples may be identified as a
hydrotalcite structure. However, while HT presents sharp
and narrow peaks, the HT–Cr displays wide and not well
defined peaks. Stanimirova et al. [24] have shown that
the reconstructed HT corresponds to the rhombohedral
polytype whose diffraction patterns exhibit broader peaks,
independently of the initial sample. Furthermore, the peak
(003) of the HT–Cr are clearly shifted to the left, indicating
an increase in the interlamellar distance as the ionic radius
of CrO2�

4 (0.24 nm), is larger than that of CO2�
3 (0.185 nm).

The HT–Cr samples were thermally treated at 500, 800,
1000 and 1200 �C. The XRD patterns of these samples are
compared in Fig. 2. In the HT–Cr sample treated at 500 �C,
MgO (JCPDS file 30-0794) [25] is the only identified
Fig. 1. X-ray diffraction patterns of the hydrotalcite as prepared (HT) and
intercalated with chromium (HT–Cr).

Fig. 2. X-ray diffraction patterns of the HT–Cr samples heated for 3 h at
different temperatures. (A) Sample before the thermal treatment, (B)
500 �C, (C) 800 �C, (D) 1000 �C and (E) 1200 �C. Peaks were indexed as
hydrotalcite (*), MgO (n), MgAl2�xCrxO4 (d). Samples (C) and (E) were
reported previously by Martinez-Gallegos and Bulbulian [2].
crystalline phase. Actually, the composition of the MgO
must correspond to the periclase material, Mg6Al2�x-
CrxO9. When the sample is heated at 800 �C, periclase-like
material is again the main phase, but small quantities of
MgAl2�xCrxO4 spinel as a secondary phase are found as
well. At 1000–1200 �C, the sample was crystalline and only
MgO and MgAl2�xCrxO4 are found. The diffraction peaks,
corresponding to the spinel containing Cr, are shifted
about 0.5� in 2h to the left if compared to the MgAl2O4 spi-
nel. Samples heated at 1200 �C present a better crystalliza-
tion of the different phases, due to a sintering process.

The cell parameter a for the MgAl2O4, is 0.809 nm
(Fig. 3). It is in agreement with the a value, 0.808 nm,
reported in the JCPDS file 05-0672 [26]. Table 1 compares
the cell parameter a values of different MgAl2�xCrxO4 spi-
nels to the value determined in our sample (0.816 nm). The
ionic radius of Al is 0.675 nm which is lower than 0.755
(chromium radius). An expansion of the unit cell is, thus,
expected. If a linear law is assumed (Végard law) between
x and the cell parameter a, the value of x = 0.7 is obtained
for our spinel sample whose formula turns out to be
MgAl1.3Cr0.7O4. Therefore, the Cr/Al ratio is 0.54 which
compared to the theoretical Cr/Al ratio in the fully
exchanged HT (0.5) is 0.04 higher. Hence, some chromium
should be adsorbed in some non-interlamellar exchange-
Fig. 3. X-ray diffraction patterns of the HT and HT–Cr samples treated at
1000 �C and 1200 �C, respectively. (A) HT at 1000 �C, (B) HT–Cr at
1000 �C and (C) HT–Cr at 1200 �C. Peaks were labelled with Miller index
of indicated crystalline phase.

Table 1
a cell parameter of MgAl2�xCrxO4 depending in x value

MgAl2�xCrxO4 a (nm) (JCPDS file) a (nm) ± 0.001 (this work)

x = 0 0.808 (file 05-0672) 0.809a

x = 0.5 0.815 (file 23-1222) –
x = 1 0.821 (file 23-1221) –
x = 0.7 – 0.816b

x = 2 0.833 (file 10-0351) –

a Data measured from the HT treated at 1200 �C without Cr.
b Data measured from the HT treated at 1200 �C with Cr.



Fig. 5. Theoretical X-ray diffraction patterns of MgAl2O4 (A), MgAl1.25-
Cr0.75O4 (B) and MgCr2O4 (C). Miller indexes correspond to spinel-like
structure.

Fig. 6. FTIR spectra (A) HT–Cr – 800 �C, (B) HT–Cr – 1200 �C, (C) HT–
Cr – 800 �C c-irradiated at 6000 kGys, (D) HT–Cr – 1200 �C c-irradiated
at 6000 kGys and (E) HT–Cr, reported by Martinez-Gallegos and
Bulbulian [2].

Table 2
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able sites of the HT, probably through a grafting process
[27].

3.3. Theoretical model of the spinel structure

A theoretical model was developed in order to confirm
the experimental composition obtained for the spinel struc-
ture. In the initial configuration of MgAl2O4, different
amounts of Al atoms were substituted by Cr atoms, 0, 2,
4, 8, 12 and 16 atoms, where 0 and 16 correspond to
MgAl2O4 and MgCr2O4, respectively. The minimum con-
figuration energy was calculated for all the compositions.
The results show that the cell parameter a increases as a
function of the number of Cr atoms, as expected. The cell
parameter changes from 0.806 nm to 0.839 nm as predicted
by Végard rule (Fig. 4). The parameter a calculated for
MgAl1.25Cr0.75O4 was 0.818 nm. It is the closest simulated
structure to MgAl1.3Cr0.7O4 composition obtained experi-
mentally. If the Al/Cr molar ratio in the simulation is
higher than 1.25/0.75, i.e. one chromium atom added, the
composition is MgAlCrO4 which has been already reported
(JCPDS card 23-1221). The parameter a for these two
structures, experimental and theoretical, are in good agree-
ment. Fig. 5 shows the theoretical XRD patterns for the
MgAl2O4, MgAl1.25Cr0.75O4 and MgCr2O4. When Cr is
added into the spinel structure these XRD patterns present
the same shift to the left. The intensity of the (222) peak is
also a function of Cr amount. Therefore, Cr atoms are
incorporated into the spinel structure and the cell parame-
ter is altered due to the radius difference.

3.4. FTIR spectroscopy

Fig. 6 compares the IR transmission spectra for samples
HT–Cr, non-thermally treated and thermally treated at 800
and 1200 �C. Spectra for these same samples irradiated at
6000 kGy are also included. The band due to CrO2�

4

groups, Table 2, is clearly resolved at 887 cm�1 for HT–
Cr samples. This band vanishes when the sample is treated
Fig. 4. Theoretical a cell parameters as a function of incorporated
chromium.

Assignment of FTIR bands

Species Bond Band (cm�1)

OH� O–H 1631
CO2�

3 C–O 1373
C–O 601

CrO2�
4 Cr–O 887

Cr2O3 Cr–O 770
MgAl2�xCrxO4 Al–O 669
at 800 �C and a new weak band appears at 770 cm�1. For
samples treated at 1200 �C, the CrO2�

4 band is no more
present and the typical band attributed to AlO6 groups in
a spinel structure appears at 669 cm�1 [28,29].

3.5. Thermal behavior

Fig. 7 shows the TGA curves for HT and HT–Cr sam-
ples. Both hydrotalcites present similar trends, the first



Fig. 8. X-ray diffraction patterns of the HT–Cr samples after the
irradiation at 6000 kGy. The samples were previously treated for 3 h at
different temperatures. (A) Sample before the thermal treatment, (B)
500 �C, (C) 800 �C, (D) 1000 �C and (E) 1200 �C. Peaks were indexed as
hydrotalcite (�), MgO (n), MgAl1.3Cr0.7O4 (d). Samples (C) and (E) were
previously reported by Martinez-Gallegos and Bulbulian [2].

Fig. 9. TEM bright field images of the samples treated at 800 �C before
(A) and after (B) the irradiation process at 6000 kGy.

Fig. 7. TGA analyses of the HT and HT–Cr samples.
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weight loss of about 15 wt%, in both samples occurred
between room temperature and 200 �C. This process is
associated to the dehydration of the samples. A second
weight loss is observed from 350 to 500 �C and it corre-
sponds to a dehydroxylation process, attributed to peri-
clase formation as discussed above (XRD). However,
HT–Cr sample was dehydroxylated at higher temperature
(410–540 �C) than HT sample (380–490 �C). Furthermore,
the HT–Cr sample has ca. 8% less weight loss than sample
free of chromium, in the region dehydroxylation. These
effects could be due to the stabilization of the HT structure
by CrO2�

4 ions. Lastly, HT–Cr sample presented a third
weight loss of about 5 wt% between 890 �C and 950 �C
which is not present in the HT curve. This loss may be
associated to the formation of the spinel structure, there-
fore to reduction of Cr(VI) to Cr(III).

3.6. Irradiated samples

3.6.1. Composition

All the HT–Cr samples heated at different temperatures
were irradiated with a 60Co gamma source at 1000 kGy and
6000 kGy. Fig. 8 shows the XRD patterns of the samples
irradiated at 6000 kGy. Although no new crystalline phases
were detected as an effect of irradiation, if XRD patterns in
Figs. 2 and 8 are compared, some differences are observed.
Particularly, in the XRD patterns of samples heated at
1200 �C there is a change in the relative intensities between
the peaks for MgAl1.3Cr0.7O4 and the peaks for MgO. It
seems that peaks for MgO increase their intensity as the
sample is gamma irradiated. This is easily confirmed by
comparing the intensities of peaks close to 36 (spinel) and
42 (magnesium oxide) at two theta. This result is discussed
below. Furthermore, TEM studies show the same mor-
phology before and after the irradiation process. No con-
solidation processes [30], due to irradiation are observed
by TEM in these samples (Fig. 9). Both samples (HT–Cr
treated at 800 �C before and after irradiation) present the
same polyhedral morphology and particle size, 10–20 nm.
However, when the samples are heated at 1200 �C, the par-
ticle size increases up to 1–2 lm due to the sintering pro-
cess, as already mentioned in the XRD results.

From the FTIR spectra in Fig. 6, it could be inferred
that gamma irradiation propitiates the spinel formation.
In this sense, the area of the peak at 670 cm�1 was com-
pared with the area of the peak at 1361. The ratios of the
peak areas are very close in the spectra A and B; C and
D. Then, the FTIR data do not provide results showing,
indisputably, the formation of spinel as a consequence of
the gamma irradiation.

3.7. Aluminum coordination

The 27Al MAS NMR spectra of samples HT and HT–Cr
heated at 1200 �C, non-irradiated and gamma irradiated,
are displayed in Fig. 10. These spectra exhibit signals close
to 79, 68, and 7 ppm assigned to the presence of tetrahe-



Fig. 10. 27Al MAS NMR spectra of HT and HT–Cr samples, treated at
1200 �C. (A) non-irradiated and (B) gamma irradiated at 6000 kGy.
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dral, distorted tetrahedral and octahedral aluminum sites
respectively in an oxygen environment [31,32]. The irradia-
tion, as well as the incorporation of chromium, has an
important effect on the distribution of aluminum species.
Fig. 11. Summarize of the thermal decompositio
Furthermore, irradiation and chromium incorporation
promote the conversion of octahedral aluminum into
tetrahedral aluminum, i.e., the aluminum is replaced by
chromium; Fig. 10 shows that, as a consequence of irradi-
ation, the signal attributed to octahedral aluminum is
broadened. Thus, a coupling or paramagnetic effects due
to presence of unpaired electrons in Cr(III), a d3 configura-
tion, is present.

4. Discussion

Results are summarized in Fig. 11. From the XRD and
FTIR results, Cr is located between the layers of the recon-
structed rhombohedral polytype HT. Still, small fractions
of Cr must be retained in some external sites, according
to Châtelet et al. [23]. The Mg/Al molar ratio is found to
be 3 in both the original and the reconstructed HT, this
is in good agreement with Stanimirova et al. [24] observa-
tions. Nevertheless, the Mg/Al molar ratio should increase
with thermal treatment-reconstruction according to Mac-
kenzie et al. [33].

The TGA analysis shows that the HT–Cr sample is more
stable to thermal treatment than the HT sample. The dehy-
droxylation of the HT–Cr occurred at higher temperatures
n and radiation damage of HT–Cr samples.
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than that of HT. These differences from 25 to 300 �C
may be attributed to the difference in the structure, as
reconstructed HT corresponds to the rhombohedral poly-
type [24]. Therefore, the bonds in HT–Cr are stronger
and the ion diffusion is slow. At 500 �C, a periclase-like
Mg6Al2�xCrxO9 structure is formed which contains Al
and Cr ions as mentioned by Stanimirova et al. [34]. Then,
at higher temperatures, the spinel structure appears as the
periclase-like structure content diminishes. These results
are in agreement with the work of López-Salinas et al.
[35]. FTIR spectroscopy confirms the XRD results as
chromate infrared bands disappear and a new band at
770 cm�1, attributed to the formation of the mixed oxide
Mg6Cr2O9, appears.

It seems that aluminum spinel is initially formed and
chromium progressively becomes part of the structure if
the following thermodynamical data [36] are considered:

MgCr2O4

DH 0
298 ¼ �1777:8 kJ=mol

C0
p ¼ 65:15þ 26:2� 10�3 T� 0:62� 106 T�2 J=mol K

MgAl2O4

DH 0
298 ¼ �2299:1 kJ=mol

C0
p ¼ 146:78þ 35:56� 10�3 T� 3:68� 106 T�2J=mol K

The difference in DH 0
298 of �500 kJ/mol favours the for-

mation of the MgAl2O4. Therefore, the Cr stays on the
periclase structure which surrounds the previously formed
MgAl2O4 particles. Then, increasing the temperature these
two oxides react forming the MgAl2�xCrxO4 and MgO.
West [14] proposed the Wagner reactions to describe this
process in MgO and Al2O3. If chromium is incorporated
to this system, the following modified Wagner reactions
may be proposed (x = 1, in MgAl2�xCrxO9):

ðIÞ Al3þ � Cr3þ þMg6Cr2O9 !MgAlCrO4 þ 5MgO

ðIIÞ Cr3þ �Al3þ þMgAl2O4 !MgAlCrO4

Mg6Cr2O9 þMgAl2O4 ! 2MgAlCrO4 þ 5MgO

Reactions I and II correspond to the interfaces
Mg6Cr2O9/MgAlCrO4 and MgAlCrO4/MgAl2O4, respec-
tively, Fig. 12. Therefore, from reaction I, while Al diffuses
towards Mg6Cr2O9, Cr diffuses in the opposite direction,
and only in the interface described by reaction I, MgO is
Fig. 12. Scheme of the modified Wagner reactions i
formed. Note that if MgO forms a continuous layer in
the interface the chromium and aluminum diffusion would
be impeded. Thus, as the periclase-like structure disappears
the MgO must be forming isolated crystals.

Furthermore, this mechanism agrees with the calorific
capacities, Cp, values. For a given amount of heat-energy,
the temperature increase in the MgAl2O4 is higher, creating
a thermal gradient in the interface, which favours chro-
mium diffusion.

The spinel nuclei (MgAl2�xCrxO4) may be formed at or
on the surface of the MgO crystals such that the oxide
arrangement is essentially continuous across the MgO spi-
nel interface. MgO constitutes the core of the particles, sur-
rounded by the MgAl2�xCrxO4 spinel. Instead, Reaction II
does not generate any MgO. In this reaction, Al diffuses
from MgAl2O4 towards MgAlCrO4, and Cr diffuses in
the opposite way. This mechanism can be correlated to
Fig. 13 reported by Martı́nez-Gallegos and Bulbulian [2].
They said that even at 800 �C Cr is partially lixiviated. In
the proposed structure Cr remains at the surface as
Mg6Al2�xCrxO9, which following Stanimirova et al. [34],
may rehydrate as HT.

In order to verify this hypothesis, an additional XRD
pattern is presented in Fig. 14. It corresponds to the HT–
Cr sample heated at 800 �C before and after lixiviation with
1 N NaCl solution. A small amount of hydrotalcite is
recrystallized. The only anions available to reconstruct
the layered structure are chlorides or chromates. The
(00 3) distance obtained corresponds to chromate-
exchanged hydrotalcite. Thus, a small amount of Cr(VI)
is not reduced and it is located in the interlayer space of this
hydrotalcite, therefore, chromium leaches from the solid in
the form of CrO2�

4 ions. This hydrotalcite may also recrys-
tallize, partially, with chloride anions. This mechanism
explains the results of Fig. 13.

In the irradiated samples, the spinel is homogenized as
more Al is found in tetrahedral sites as determined by
NMR. The aluminum species, or a fraction of them, that
remain octahedrally coordinated are modified. Note, in
Fig. 10, that in the corresponding spectra of HT samples,
the signal close to 9 ppm is broader for the irradiated sam-
ple. Aluminum has a spin of 5/2 and possesses an electric
quadrupole moment that can interact with the electric field
gradients (EFG) at the nucleus. These quadrupolar effects
are determined by the symmetry of the local surroundings
of the nucleus. The EFG is more important at the surface
f x = 1 in the general formula Mg6Al2�xCrxO9.



Fig. 13. Chromium desorption by lixiviation with a 1 N NaCl solution,
taken from Martinez-Gallegos and Bulbulian [2].

Fig. 14. X-ray diffraction patterns of the HT–Cr samples treated at
800 �C. (A) Before treatment with NaCl and (B) after treatment with
NaCl. Peaks were indexed as hydrotalcite (�), magnesium oxide (n) and
spinel (d).
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of the spinel and the broadening of the peak close to 9 ppm
can be due to the segregation of aluminum in the Al con-
taining compounds. A second hypothesis may be the crea-
tion of amorphous material. However, this last hypothesis
is discarded because there is no evidence of amorphous
material presence in XRD patterns.

Pells and Dupree et al. [37,38] have reported that irra-
diation produces ionization and displacement damage in
spinel structure. These works propose the creation of
octahedral cation vacancies as a consequence of the
displacement of the aluminum by magnesium. The appear-
ance of these vacancies can be responsible of the modifica-
tion of the NMR signal corresponding to octahedral
aluminum.

Then, the spinel structure initially tends towards a
normal spinel, but gamma irradiation increases spinel
inversion. A similar behavior has been observed in mag-
nesium–aluminum spinel irradiated by neutrons.
5. Conclusions

HT–Cr decomposed when it was heated at 800 �C or
higher temperatures in air. A periclase-like Mg6Al2�x-
Cr2xO9 structure is produced. HT–Cr decomposes through
a complex mechanism, including the formation of the
MgAl1.3Cr0.7O4 spinel and MgO at 1000–1200 �C. Gamma
irradiation of HT–Cr causes displacement of aluminum
from octahedral to tetrahedral sites as shown by 27Al
NMR. These results may be interpreted through Wagner
reactions which show that MgO is only synthetized at the
Mg6Cr2O9/MgAlCrO4 interface. Furthermore, according
to thermodynamical data MgAl2O4 is first produced. Later
Cr diffuses through the MgAl2O4 in order to produce the
MgAl2�xCrxO4 spinel.

When the MgAl2�xCrxO4 external layer in the HT–Cr
thermally treated at 800 �C is in contact with a NaCl solu-
tion, HT recrystallizes and residual Cr(VI) occupies the
interlayer space.
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