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Abstract

Layered double hydroxides (LDHs) with Mg and Al in the layers and carbonate, nitrate or chloride in the interlayer, or with Zn and Al
in the layers and chloride in the interlayer, have been prepared by coprecipitation, and have been used as precursors to prepare chromate-
containing LDHs. All these systems, as well as those obtained upon their calcination up to 800 °C, have been characterised by powder
X-ray diffraction, FT-IR and vis—UV spectroscopies, temperature-programmed reduction (TPR), nitrogen adsorption at —196 °C for
surface texture and porosity assessment, and FT-IR monitoring of pyridine adsorption for surface acidity determination. The results
obtained show that the crystallinity of the chromate-containing LDH depends on the precursor used. The layered structure of the Mg, Al
systems is stabilised up to 400 °C upon incorporation of chromate; however, the Zn,Al-chromate samples collapse between 200 and
300 °C, with simultaneous formation of ZnO. Calcination of the samples above 400 °C gives rise to a reduction of Cr(VI) to Cr(IIl), as
concluded from vis—UV spectroscopic studies. The TPR profiles show that chromate in ZnAl hydrotalcite is more easily reduced than

that incorporated in the magnesium ones. Moderately strong surface Lewis acid sites exist in all samples calcined below 500 °C.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Several hydroxides of divalent cations exhibit the
structure of brucite—Mg(OH),-forming layers constituted
by edge-sharing octahedra [1,2]. If the ionic radii of
the cations are between ca. 0.6 and 0.7 A, they can be
easily substituted (up to a certain substitution degree)
by trivalent cations. This substitution gives rise to
solids whose chemical formula can be written as
M;_>"M " (OH),]*", where an excess of positive
charge exists, which is balanced by anions located between
the brucite-like layers, together with water molecules. In
this way, a large variety of solids with different layer anions
and different layer cations have been prepared, in addition
to those solids existing in nature also showing this
structure. These solids are usually known as layered double
hydroxides (LDHs), hydrotalcites—because of the natural
compound hydrotalcite, MggAl,(OH)3CO; - 2H,O—or
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also anionic clays [3-10]. The interest in these materials
has shown an outstanding growth in recent years due to
their varied applications as catalysts or catalyst precursors,
adsorbents—their exchange capacity can be as large as
3 meq/g—sensors, fillers, drug support, etc. These solids are
obtained by direct synthesis (coprecipitation from solutions
of the metal cations in a solution of the anion to be
intercalated), or by reconstruction of precursor LDHs
calcined at moderate temperatures, or by ion exchange of
the interlayer anion; obviously, not all the methods can be
used for a given material.

Intercalation of bulk anions containing metal anions in a
high oxidation state (e.g., oxometalates such as decavana-
date, molybdate, or chromate) modifies their catalytic
properties, due to developing of acid and red—ox sites and,
in some cases, interlayer microporosity. Eventually they
can even increase the thermal stability acting as real pillars
between the layers.

Several papers have been published so far on LDHs
containing intercalated chromate; very few of them have
dealt with their physicochemical properties [11-14], and
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many studies have been devoted to analyse the use of these
materials for scavenging chromate anions from water
solutions [15-19]. Here we report a study on the prepara-
tion of MgAIl-CrO, and ZnAl-CrO, systems. These
samples, as well as the solids obtained by calcination, have
been characterised by powder X-ray diffraction (PXRD),
Fourier transform infrared (FT-IR) and vis—UV spectro-
scopies, temperature-programmed reduction (TPR) and
pyridine adsorption, monitored by FT-IR spectroscopy.
Our main interest was to evaluate the nature of the species
present in the different systems and to monitor the
evolution of their structural and properties as a function
of the calcination temperature.

2. Experimental
2.1. Preparation of the samples

The MgAl-CrO4, LDHs have been prepared by
reconstruction or anion exchange using MgAl-CO;5; or
MgAI-NO; LDHs (for reconstruction) and MgAI-Cl for
anion exchange. The ZnAl-CrO, system—for which a
larger surface acidity is expected—has been prepared by
anion exchange from a ZnAl-Cl hydrotalcite. The molar
M?"/M?* ratio in the starting solutions was always 2.0.
All reagents were from Panreac and were used as
purchased, without any further purification, except gases,
which had been supplied by L’Air Liquide (Spain).

The MgAIl-CO;3 sample (hereafter MgAIC) was pre-
pared by coprecipitation from aqueous solutions of
Mg(NO3),-6H,O and AI(NO;3);-9H,O following the
method described by Reichle [20]. Sample MgAl-NO;
(hereafter MgAIN) was prepared by coprecipitation at
pH =9 following the method described elsewhere [21].
Samples MgAI-Cl and ZnAl-Cl (hereafter MgAICI and
ZnAlCl, respectively) were prepared by coprecipitation in a
N, atmosphere (to avoid incorporation of carbonate from
atmospheric carbon dioxide) from aqueous solutions of
MgCl,-6H,O (or ZnCl,) and AICl;-6H,O at pH =9
(sample MgAICI) or 8 (sample ZnAICl), using 2M NaOH;
the precise experimental conditions to prepare each sample
were carefully chosen after several trials. The suspensions
were aged for 24h at room temperature (r.t.) without
stirring or at 70 °C and simultaneous stirring for samples
ZnAICI and MgAICI, respectively. The precipitates were
left in suspension under a nitrogen atmosphere until they
were used for anion exchange.

Incorporation of chromate was carried out following
two routes, reconstruction and anion exchange. To prepare
the samples by reconstruction, 2 g of the MgAIC or MgAIN
precursor was calcined in a tubular furnace up to 500 °C
under a nitrogen flow at a heating rate of 5°Cmin~", the
final temperature being maintained for 3 h. The solid was
added to an aqueous solution of potassium chromate. The
pH of the suspension was adjusted to 9 for the MgAIC
precursor using 2 M HNOj (higher pH values did not give
rise to chromate insertion in the interlayer), although for

the MgAIN precursor the pH was left to the unmodified
value of the solution (11.5). The suspensions so far
obtained were stirred under inert atmosphere (N,) at r.t.
for 12h (MgAIC) or 6h (MgAIN). The solids were then
filtered, washed with decarbonated water and dried in a
vacuum desiccator; these samples, prepared from precur-
sors MgAIC and MgAIN, are named MgCCr and MgNCer,
respectively.

A second set of samples was prepared by anion exchange
following a method similar to that described by Roy et al.
[22]. The suspensions of LDH precursors MgAICl and
ZnAICl were maintained at the original pH values of 9 and
8.5, respectively, which were mixed with the same chromate
solution used to prepare the samples by reconstruction.
The suspensions were magnetically stirred at r.t. for 24 h
under a nitrogen atmosphere (to avoid carbonation by
atmospheric CO,), and then were washed with decarbo-
nated water, centrifuged and dried in a vacuum desiccator,
yielding samples MgCICr and ZnCICr, respectively, when
starting from precursors MgAICl and ZnAICI.

In all cases, the amount of chromate was twice that
necessary to balance the positive charge of the layers, due
to the M?*/A’" substitution, i.e., a CrO7 /A’ molar
ratio of 1. To study the phases formed upon thermal
decomposition, the samples were calcined at temperatures
ranging from 100 to 800 °C at 5 °C/min with a dwell time of
6h.

2.2. Characterisation procedures

Element chemical analyses for Mg, Al, Zn, and Cr were
carried out in Servicio General de Analisis Quimico
Aplicado (University of Salamanca, Spain) by atomic
absorption in a Mark-2 EEL 240 apparatus, after
dissolving the samples in nitric acid. The carbon content
was determined in a CHNS 932 Leco analyser and chlorine
was determined following the Volhard method [23]. The
PXRD patterns were obtained by reflection from powder
packed in a sample holder, with a Siemens D-500
diffractometer, using Cu Ko radiation (4= 1.54050 A)
with a graphite monochromator and interfaced to a
DACO-MP data acquisition microprocessor. FT-IR spec-
tra were collected in a Perkin Elmer FT-1730 instrument
using de KBr pellet technique; 100 scans were averaged
to improve the signal-to-noise ratio, at a nominal resolu-
tion of 4cm~'. The UV-vis spectra of the samples
were recorded following the diffuse reflectance technique
(UV-vis/DR) in a PERKIN ELMER LAMBDA 35
instrument equipped with a Labsphere RSA-PE-20 and
connected to a PC with UV WINLAB 2.85 software. The
nitrogen adsorption—desorption isotherms for specific sur-
face area and porosity assessment were recorded at
—196°C in a Gemini instrument from Micromeritics.
TPR analyses were carried out on the unpretreated samples
in a Micromeritics TPR/TPD 2900 instrument, at a heating
rate of 10 °Cmin~", using ca. 15 mg of samples and 60 mL/
min of a H,/Ar mixture (5vol%) as reducing agent; these
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experimental conditions were chosen to obtain good
resolution of the reduction peaks [24].

Surface acidity monitoring was carried out by FT-IR
spectroscopic study of pyridine adsorption in a Perkin-
Elmer 16 PC spectrometer coupled to a high-vacuum Pyrex
system and using self-supported discs, degassed in situ in a
special cell [25] built in Pyrex, but with CaF, windows
(transparent to the IR radiation in the required wavenum-
bers range) at 400 °C for 2 h, prior to pyridine adsorption.
The spectrometer is coupled to a PC, and commercial
software was use to process the spectra. Fifty scans were
recorded to improve the signal-to-noise ratio, at a nominal
resolution of 2cm™'. The gas is admitted to the IR-
adsorption cell at r.t., and after 15min for equilibration,
the gas phase is removed by outgassing at different
temperatures (r.t.—400 °C) and the spectrum is recorded.

3. Results and discussion

From element chemical analysis the following
formulae have been calculated for the precursor samples:
[Mgo.63Al0.36(OH)2](CO3)0.15 - nH20,  [Mgo.67Al0.33(OH),]
(NO3)o.33-nH0, [Mgo.67Alp.33(OH)2](Cl)o.30(CO3)0.02 -
nHO0 and [Zng 61Alp 30(OH)2)(C1)o.33(CO3)0.03 - nH2O  for
samples MgAIC, MgAIN, MgAICl and ZnAICl, respec-
tively. The M?"/AI’" molar ratios are similar to those
existing in the starting solutions, except for sample ZnAlIClI,
for which the Zn/Al molar ratio is as low as 1.6. The
chloride-LDHs are partially carbonated, despite the careful
conditions used during synthesis.

Table 1

The element chemical analyses for the chromate-contain-
ing LDHs are given in Table 1, together with the formulae
calculated for these samples. The largest chromate loading
is achieved when starting from sample MgAIClI, although
in all samples, a small portion of carbonate still seems to be
present.

The PXRD diagrams for the precursors and for the
chromate-LDHs are included in Fig. 1. The lattice
parameters a and ¢, calculated assuming [26] a R3M
symmetry are also included in Table 1. All the diagrams
recorded are consistent with the presence of well crystal-
lised hydrotalcite-like compounds, showing the three
characteristic basal reflections due to planes (003), (006),
and (009). The diffraction peaks in the diagrams of the
precursors are very sharp and intense, while those for the
chromate-containing samples are broader and less intense,
especially for sample MgCCr, suggesting a low crystallinity
and a less organised stacking arrangement [27].

The change in basal spacing (from the position of the
first intense maximum at low 260 values) indicates that
chromate has been actually intercalated in all cases. The
spacing for the first peak, ascribed to diffraction by planes
(003), ranges from 8 to 8.6 A. If the width of the brucite-
like layer (4.8 A [28]) is subtracted, the gallery height results
3.2-3.8 A, slightly lower than the size of the tetrahedral
anion CrO3~, with a thermochemical radius of 2.4 A [29];
such a small value, close to the lower limit previously
reported [11-14] for LDHs containing intercalated chro-
mate (8.13—101&), can be the result of a strong interaction
between the chromate oxide anions and the brucite-like
layers.

Element chemical analyses (% weight), formulae and crystallographic parameters (A) of synthesized chromate LDHs

Sample Mg Zn Al Cr C Formula d003) a c
MgCCr 18.3 10.1 6.5 0.8 [Mg067Aloz‘;(OH)z](CrO4)01 |(CO3)0_06 nHZO 8.57 3.04 25.7
MgNCI' 19.96 10.2 7.0 0.5 [Mg068A1032(OH)2](CI'O4)01 1(CO3)0‘04 I’leO 8.00 3.04 24.0
MgClCr 18.12 9.83 7.9 0.8 [Mg067Alogg(OH)z](CrO4)o14(C03)001 nHZO 8.66 3.04 26.0
ZnCICr 32.12 7.59 4.9 0.8 [Z1.67A%0 33(OH)2I(CrO4)o.12(CO3)0.05 TH,0 8.54 3.07 25.62
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Fig. 1. PXRD patterns of (A) precursors samples (a) ZnAICI (b) MgAICI (c) MgAIN and (d) MgAIC, and (B) samples (a) ZnCICr (b) MgNCr (c) MgCICr
and (d) MgCCr.
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As expected, the values for crystallographic parameter a,
Table 1, is the same for the samples with the same layer
cations, while the values for parameter ¢ are rather close to
each other, as all samples should contain intercalated
chromate. However, it should be noted that some of the
(003) maxima are clearly asymmetric or rather broad;
actually, those for samples MgCICr and ZnCICr clearly
show a shoulder close to 7.7 A, which could be ascribed to
the presence of a by-product consisting of the correspond-
ing chloride-LDH—as a result of incomplete exchange—or
to contamination by a carbonate-LDH, as the spacings
reported [30] for carbonate and chloride LDHs are very
close to each other. However, from the element chemical
analyses results, we should conclude the presence of the
carbonate-LDH. In samples MgCCr and MgNCr contain-
ing carbonate the peaks do not split, but they are very
broad, especially for sample MgCCr; probably the lines
corresponding to the carbonate-containing LDH are
obscured by the bands due to the chromate-containing one.

Calcination at increasing temperature (100-800 °C) gives
rise to X-ray diffraction diagrams included in Figs. 2 and 3.
In the MgAIl-CrO, LDHs the maxima originated by the
hydrotalcite-like phase persist (although they shift from
their original positions) up to 300 °C, but disappear when
the samples are calcined at 400 °C or above, indicating
the appreciable stability attained upon intercalation of
chromate.

As mentioned, as the temperature is raised from r.t. to
300 °C, in addition to an increase in the intensity of the
(003) diffraction peak, there is also a shift towards larger 26
values: the (003) diffraction peak is recorded at 8.66, 8.03,
and 6.88A for the original sample MgCICr and after
calcination at 150 and 300°C, respectively. A similar
behaviour is observed for samples MgNCr and MgCCr, for
which the decrease in d(go3) is from 8.0 to 6.9A and from
8.57 to 7.1 A, respectively, from the unheated to the sample
calcined at 300 °C.

The decrease in the gallery height is also observed for
sample ZnCICr, Fig. 2B, the basal spacing decreasing from
8.54 to 7.47A when the sample is calcined at 200 °C.
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However, in this case, the structure collapses when the
sample is calcined at 300°C and the layered system is
destroyed. This lower stability of sample ZnCICr, if
compared to that of the samples containing Mg and Al
in the layers (whichever the specific precursor used to
prepare them) might be related to the fact that ZnO
crystallises at a lower temperature than MgO does (the
diffraction maxima corresponding to these two oxides can
be clearly detected for the high-temperature calcined
solids).

As mentioned above, the shrinkage of the gallery,
decreasing the gallery height, when the oxometalate-
containing LDHs are calcined at moderate temperatures,
has been previously reported by different authors
[11-13,22,31,32] and has been ascribed to a grafting
process, i.e., anchoring of the oxometalates to the layers.
Alternatively, such a decrease in the gallery height has been
also claimed to occur as a consequence of dehydration of
the samples at these moderate temperatures. In order to
determine which of the two processes is responsible for the
decrease of the gallery height of our samples, we have
stored the samples, previously calcined at 200 °C, for 24h
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Fig. 3. PXRD patterns of samples MgNCr and MgCCr (inset), uncalcined
and calcined at the temperatures given (°C). (¥) Diffraction by the Al
sample holder; (O) MgO.
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Fig. 2. PXRD patterns of samples (A) MgCICr and (B) ZnCICr, uncalcined and calcined at temperatures given (°C). (¥) Diffraction by the Al sample

holder; (O) MgO; (#) MgAl, 5Cr 504 spinel; ((J) ZnO; (e) ZnAl,O4 spinel.
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at r.t. in a desiccator, at saturation pressure of water
vapour; the PXRD diagram has then been recorded and we
have found that the spacing for the (003) reflexion is the
same as for the sample calcined at 200°C, i.e., this
treatment is unable to expand the layers, demonstrating
that the oxometalate is anchored to the layer [33]. This
process has been explained assuming that one hydroxyl
anion of the brucite-like layer is replaced by an oxide anion
of the oxometalate, whose results definitively bonded to the
layers.

Changes observed in the PXRD diagrams of the samples
containing Mg and Al when they are heated above 300 °C
is similar for all of them, Figs. 2 and 3. The layered
structure is destroyed at 400°C, and only weak, broad
maxima are recorded at 2.43, 2.11, and 1.49A, which
correspond to planes (111), (200), and (220) of MgO
periclase, respectively (JCPDS file 4-0829 [34]). The
sharpness of these peaks increases as the calcination
temperature increases. When calcination is carried out at
800 °C, additional weak diffraction maxima are recorded,
whose positions coincide with those for MgAl; sCr 5Oy, a
mixed oxide with the spinel structure, whose formation has
also been reported upon calcination of MgCr-CO; and
MgAl-(trisoxalochromate(III)) LDHs [35,36].

Calcination of sample ZnCICr at 300°C, Fig. 2B,
produces an almost amorphous phase, where only ex-
tremely weak peaks at 2.62 and 2.46 A, ascribed to ZnO
(JCPDS file 36-1451 [34]), are recorded; their intensities
increase as the calcination temperature is increased.
Additional to these signals, others due to ZnAl,O4 spinel
(JCPDS file 5-0009 [34]) are also recorded from 600 °C and
above, and their intensities also increase with the calcina-
tion temperature. No diffraction line ascribable to chro-
mium-containing solids was recorded for these samples, so
we should conclude that chromium-containing species
should be well dispersed in this system.

Representative FT-IR spectra of the samples have been
included in Fig. 4. The broad band at 3462-3445cm™" is
due to the stretching mode of hydroxyl groups, both from
the layers and of interlayer water molecules; in addition,

800
400

200

MgNCr

Transmittance

MgCICr

these are also responsible for the medium-weak intensity
band at 1630cm™', due to their bending mode. The
bands recorded in the low wavenumbers region are due
to Al/Mg-OH or Zn/Al-OH translational modes of layer
hydroxyl groups, recorded at 552, 448, and 390cm™" for
the Mg,Al samples and at 552, 427, and 324 cm™! for the
ZnCICr sample [37,38]. The v3; mode of intercalated
carbonate is recorded in all samples at 1360+8cm™'.
The characteristic infrared band of chromate, due to mode
v4(Cr-0), recorded at 890cm™' for free chromate [39], is
recorded at 883, 884, 877, and 870cm ™', respectively, for
samples MgCCr, MgNCr, MgCICr, and ZnCICr. The shift
observed (up to 20cm ™! in some cases) indicates that the
Cr-O bond is weaker than for free chromate, probably
through hydrogen bonding of the anion with interlayer
water molecules of layer hydroxyl groups.

When MgAl-CrO; LDHs are calcined, the spectra
recorded are essentially the same, whichever the precursor
used. In all cases, the band due to mode v4(Cr—O) of
chromate splits, even after calcination at 100 °C, from the
initial position at ca. 880cm ™', into two bands at 880 and
940 cm ™! for the samples prepared by reconstruction, and
at 864 and 930 cm ™' for sample MgCICr. In the meanwhile,
some minor changes in the low wavenumbers region, where
bands due to the modes within the layers are recorded, are
also observed. These changes are also observed when
sample ZnCICr is calcined, Fig. 4B, and the bands at 864
and 930cm ™' are observed when the calcination tempera-
ture is 100-200 °C. All these changes further confirm that
oxometalate is grafted on calcination at moderate tem-
peratures, with a decrease in the symmetry of the chromate
anion from 7, to C;, or even C,,, as a consequence of its
interaction with the brucite-like layers [14,40] by a
OH(brucite)/O(oxometalate) substitution.

On the other hand, the FT-IR spectra recorded for
MgAIl-CrO,4 LDHs calcined below the temperature needed
to destroy the layered structure, show a splitting of the v
mode of carbonate at 1384 and 1350 cm ™!, and a new band
at 1543cm™" develops. Bands in these same ranges have
been previously reported by other authors, who claim they
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Fig. 4. FT-IR spectra of samples (A) MgNCr and uncalcined and calcined MgCICr and (B) uncalcined and calcined ZnCICr; calcination was performed at

the temperatures given (°C).
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are due to the presence of hydrogencarbonate species,
formed via dehydration of the carbonate-LDH, by
transferring a proton from the layer hydroxyls to the
interlayer carbonate anion [37,41].

Calcination of MgAl-CrO, LDHs samples at 400 °C
(when the layered structure is destroyed, according to the
PXRD data) gives rise to FT-IR spectra, Fig. 4A, with very
weak absorption bands whose positions coincide with
those of the bands recorded for the sample calcined at
300 °C (940, 864, 611, 552, 428, and 324 cm ™), indicating
that, despite the information provided by the XRD
experiments, a fraction of mostly amorphous MgAIl-CrO,
LDH still exists. The layered structure, however, is
completely destroyed at 500°C, when crystallisation of
M¢gO begins; these changes give rise to the developing of
two new bands, at 671 and 476cm ™', whose intensity is
enhanced and the second one shifts to 492cm™' when
calcination is carried out at 700 and 800 °C, probably due
to an increase in the crystallinity of MgO. It should be
noticed that no band due to mode v(Cr-O) of MgAl, 5
Cr(.504 is recorded, even in samples calcined at 800 °C, the
temperature at which that species was detected by XRD,
probably because they are masked in the much broader and
intense bands due to MgO.

The FT-IR spectrum recorded for sample ZnCICr
calcined at 300 °C is characteristic of an amorphous phase,
and none of the bands detected at low temperature is
recorded. According to the PXRD data, the layered
structure is destroyed at 300°C. Bands at 672 and
504 cm™!, characteristic of ZnO, develop after calcination
at 500 °C and when calcination is carried out between 600
and 700°C additional bands at 554, 481, and 421cm™',
probably due to ZnAl,Oy4 spinel already detected by XRD,
are recorded. These bands become stronger and sharper
when the calcination temperature is increased. Samples
ZnAl-Cl and ZnAl-CO; give rise to similar spectra when
they are calcined between 300 and 800°C; so, FT-IR
spectroscopy is unable to evidence the presence of crystal-
line Zn—Al-Cr—O phases in this temperature range.

It is well known [42] that the strong yellow colour of
chromate species is due to a charge transfer process 0>~ —
Cr®" recorded in the visible range of the electromagnetic
spectrum, as d—d transitions are impossible because of the
d® configuration of chromium in chromate. The vis—=UV
spectrum of solid K,>CrOy, recorded following the diffuse
reflectance technique, shows absorption bands at 459, 340,
265, and 229 nm. These bands shift to 440, 372, and 275 nm
when chromate is in aqueous solution. The vis-UV/DR
spectra of original and calcined MgCICr and ZnCICr
samples are included in Fig. 5. The bands recorded in the
spectra of sample MgCICr calcined up to 500 °C are very
similar (they are recorded at 445, 370, 358, and 270 +2 nm),
and essentially coincide with those of the chromate anion.
Calcination at 500 °C gives rise to an additional, weaker,
band at 604 nm, and still a new band at 706 nm is recorded
for the sample calcined at 800 °C. The first bands further
confirm the presence of chromate in all MgAl LDHs, even
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Fig. 5. Vis=UV/DR spectra of samples (A) MgCICr and (B) ZnClICr,
uncalcined and calcined at the temperatures given (°C).

at rather high temperature. The last bands mentioned can
be ascribed to the Laporte forbidden transition since the
fundamental state 4A29(F) to the excited state 4ng(F) (the
band at 604 nm) and to a spin-forbidden transition (band
at 706 nm) [43] of Cr’" in octahedral coordination. The
last band is known as the “ruby band” [44]. The other
bands originated by octahedrally coordinated Cr** species
due to transitions 4A2g(F)—>4T1g(P) and 4A29(F) —>4T1g (F),
which are usually recorded at 420 and 270nm, are
probably masked by the intense bands originated by the
chromate species.

Formation of Cr* " after calcination is also evidenced by
the green colour that the original yellow samples adopt as
the calcination process is carried out, as they are
progressively calcined. After combination with MgO and
AP species, the compound MgAl, sCr, 5O, is formed; its
presence has been proved by PXRD analysis at high
temperature (800 °C).

The vis—=UV/DR spectra recorded for sample ZnCICr
calcined up to 300 °C, Fig. 5B, are similar to those shown
by the MgAI-CrO; LDHs uncalcined or calcined up to
400 °C; only the intense charge transfer bands due to
tetrahedrally coordinated oxo-Cr®" species are recorded
(at 448, 388, 363 and 285nm). However, at 400 °C (at this
temperature the samples show a greenish colour) and
above the spectrum includes also a very weak band at
605 nm, characteristic of octahedrally coordinated Cr®"
species. The colour becomes finally grey when the sample is
calcined at 700 °C, and the spectrum shows (Fig. 5B) a
broad band from 240 to 344 nm, similar to that recorded in
the spectrum of ZnO, a species whose presence had been
confirmed by PXRD and FT-IR spectroscopy. Other
bands recorded at 561 and 671 nm are due to Cr’ " species,
probably dispersed in the lattice of ZnO formed during
calcination.

Changes in the average oxidation state of chromium in
the samples prepared, and submitted to calcination at
different temperatures have been monitored by TPR. The
TPR profiles for samples MgCICr and ZnCICr are included
in Figs. 6A and B, respectively. We have previously
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Fig. 6. TPR profiles of samples: (A) uncalcined and calcined MgCICr, and
(B) uncalcined ZnAIC and uncalcined and calcined ZnCICr; calcination
was performed at the temperatures given (°C).

reported [45] that under the experimental conditions here
used Mg>", APP", or CO3™ species are not reduced.
However, we have checked reducibility of ZnAl-CO; LDH
(sample ZnAlC), whose TPR profile shows a reduction
maximum centred at 600 °C, Fig. 6B, which should be due
to reduction of Zn*" to Zn°, of ZnO formed during
heating of the sample in the TPR analysis. It should be
noticed that the reduction processes detected by TPR
cannot be ascribed to reduction of the species as they were
in the original, non-heated LDH, as its structure changes
during the heating TPR process. Although commercial
ZnO does not show any reduction peak in its TPR profile,
it is well known that ZnO develops lattice defects when
heated in vacuo or under reducing conditions, leading to
the formation of non-stoichiometric compounds usually
formulated as Zn;.,O [46], which destabilise the lattice
and thus further facilitate zinc reduction. As already
reported in this study, sample ZnCICr, as the ZnAlIC one,
decomposes upon heating producing ZnO, which, at
moderate calcination temperatures, should contain an
appreciable concentration of lattice defects, thus favouring
Zn*>" reduction. This reduction effect is recorded for the
original and calcined ZnCICr samples, together with
another reduction maximum whose position shifts from
371 to 285°C, Table 2, when the precalcination tempera-
ture increases, and which corresponds to reduction of Cr®™*
to Cr’ ™.

The TPR curves for the original and calcined MgCICr
samples shows, Fig. 6A, only one maximum due to
reduction from Cr®* to Cr’*, whose precise positions
are included in Table 2. The position of the maximum
reduction peak, as in the Zn-containing samples occurs,
shifts to lower temperatures (from 480 to 405°C) as the
precalcination temperature increases, and when the sample
is precalcined above 400 °C, the intensity of this peak
strongly decreases (it is even hardly detected when the
sample has been precalcined at 800 °C).

Hydrogen consumption has been determined from the
areas under the peaks, after calibration with commercial

Table 2
TPR data, temperature of the reduction maxima, molar ratio and Cr(VI)
and Zn(II) reduction percentages

Sample Tmax(°C)  Ho/Cr*  Hy/Zn* % Cr** % Zn**
ZnAIC 600 0.6 30
ZnCICr 588, 371 12 0.46 40 23
ZnCICr/400 605,357 2.0 0.34 67 17
ZnCICr/700 552,285 0.2 0.04 6 2
ZnCICr/800 582,285  0.06 0.04 2 2
MgCICr 471 0.9 30

MgCICr/400 480 1.5 50

MgCICr/700 397 0.24 8

MgCICr/800 400 0.07 3.6

“Molar ratio.

(from Merck) CuO, assuming the following reactions to
take place (previous results [45] have shown that Cr’”"
species are not reduced under the experimental conditions
here used):

Cro* + 3H, — Cr¥t + 6H,
Zn*t + Hy, — Zn° 4+ 2H™.

The calculated reduction percentages have been included
in Table 2 for both cations, Cr®" and Zn?". The
percentage of reduction from Cr®" to Cr** for samples
MgCICr and ZnCICr (as well as for those prepared by
reconstruction, MgNCr and MgCCr) increases as the
precalcination temperature increases, the largest value
being measured for the samples precalcined at 400 °C. This
indicates that reduction of interlayer chromate is more
difficult than when existing in the amorphous phase formed
by collapsing of the layered structure. Above 400 °C the
reduction percentage strongly decreases, reduction being
almost unobservable in samples precalcined at 800 °C. This
decrease is a consequence of the partial reduction of Cr®™"
to Cr®" during precalcination of the samples above 400 °C
(as concluded from vis—UV spectroscopic studies).

In agreement with previous results [36,45,47] in no case
could the reduction observed be ascribed to reduction to
zero-valent chromium.

The FT-IR spectra recorded after r.t. adsorption of
pyridine and outgassing at increasing temperatures on
MgAl-CrO4 and ZnAl-CrO4 LDHs calcined at 300 or
400 °C are almost coincident in both cases; for simplicity,
the spectra included in Fig. 7 are those corresponding to
sample MgCICr calcined at 400 °C. Bands at 1609, 1589,
1575, 1489, and 1443 cm™! are observed in all these spectra;
they are due to modes 8a, 8b, 194, and 19b of pyridine
adsorbed on surface Lewis acid sites [48,49]. The weakness
of the bands, as well as the fact that they disappear by
simply outgassing the samples at 200 °C, indicates that the
surface sites are weak Lewis acid sites; it also seems
(although true quantification cannot be concluded from the
results so far obtained) that the Zn-containing sample
should possess a lower surface acidity, as the bands
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Fig. 7. FT-IR spectra of py adsorption at room temperature and after
outgassing at temperatures given (°C) on sample MgCICr calcined at
400 °C.

recorded for this sample are weaker than those recorded
for the Mg-containing samples. Splitting of the band due to
mode 8« (the bands are recorded at 1605 and 1589cm™")
indicates the simultaneous presence, on the surface of the
samples, of two types of surface acid Lewis sites, probably
associated to surface coordinatively unsaturated Cr®* and
Mg®* (or Zn>" in samples containing Zn) cations. The
surface Lewis sites associated to surface Mg " (or Zn>™)
cations should also be weaker than the other ones, as the
band at 1589 cm™! disappears upon outgassing at 100 °C.
Although the presence of surface Bronsted acid sites has
been reported for Cr®*/TiO, systems [50], they have not
been detected in our samples, probably due to the large
basicity of the existing oxide anions.

Pyridine adsorption on samples calcined above 400 °C
gives rise to FT-IR spectra with bands that quickly
disappear after outgassing at r.t., which indicates that only
physisorption of pyridine took place. The absence of
surface Lewis acid sites is due to reduction from Cr®" to
Cr’" upon heating above 400 °C, as detected by vis—-UV
spectroscopy and TPR.

The nitrogen adsorption—desorption isotherms, recorded
at —196°C for all chromate-containing LDHs show
features which can be ascribed to types I and II in the
IUPAC classification [51]. This can be related to the
presence of microporous or non-porous materials. The
values for the specific surface areas, determined following
the BET method [51], are included in Table 3, and they
increase when the calcination temperature is increased.

Table 3
Specific surface area (m>g~") and pore volume of the samples

Sample SBET St Sm Vp (cm?® g’l)
MgCICr 36 20 15 0.09
MgCICr/400 56 47 8 0.10
MgCICr/700 124 n.d. n.d. n.d.
MgCICr/800 15 n.d. n.d. n.d.
ZnCICr 32 26 5 0.12
ZnCICr/400 51 45 6 0.14
ZnClICr/700 37 n.d. n.d. n.d.
ZnCICr/800 35 n.d. n.d. n.d.

n.d., not determined.

The highest specific surface areas for samples containing
Mg and Al are reached when the samples are calcined up to
700 °C; so, although the values for the uncalcined samples
MgCCr, MgNCr, and MgCICr are 15, 14, and 36 m? gfl,
respectively, they increase up to 45, 67, and 124m>g~"
when calcined at 700 °C. When the calcination temperature
is 800 °C, the specific surface area values decrease. Such a
decrease is observed for sample ZnCICr from 600 °C
upwards.

These changes in the specific surface areas can be related
to the nature of the crystallographic species existing in
these samples, as they cannot be related to formation of
channels and pores upon removal of the interlayer anion,
as proposed elsewhere [52] when the interlayer anion is
carbonate or nitrate. Such a specific surface area develop-
ment could also be related to the presence of small
contaminating amounts of interlayer carbonate or chloride,
which are expelled from the solid on calcination as CO,,
Cl, or HCI, thus giving rise to enhanced porosity and thus
surface area development [52]; however, the larger surface
area enhancement is observed for those samples where
contamination by these species is lower. So, we should
conclude that the increase in the specific surface area
should be mostly related to formation of amorphous
species, such as MgAl; sCr; 504, dispersed in the MgO
lattice, which crystallise only at 800 °C, as shown by the
PXRD diagrams. In a similar way, both Cr** and Cr®"
species exist in sample ZnCICr, well dispersed in the ZnO
matrix up to 500°C, and the Zn, Al spinel crystallise
between 600 and 700 °C, the same temperature range where
a decrease in the specific surface area is observed.

Finally, the #-plots for all samples show a positive zero-
intercept, indicating the presence of micropores. The values
for the external surface areas, S; [53] and area equivalent to
adsorption in micropores, Sy, are included in Table 3. The
area equivalent to adsorption in micropores decreases
when the calcination temperature is increased; it is well
known [5,10] that LDHs with small interlayer anions (i.e.,
chloride, nitrate, carbonate) do not show microporosity;
however, on intercalating bulk anions, such as chromate,
accesible voids and pores develop, which are easily
accessible to nitrogen molecules, thus accounting for the
microporosity here found.
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4. Conclusions

Both synthesis methods used here, anion exchange and
reconstruction, lead to formation of acceptably crystalline
LDHs containing intercalated chromate, with basal spa-
cings ranging from 8§ to 8.6 A, which decrease when the
samples are calcined; this decrease is a consequence of a
grafting process arising from a strong interaction between
the oxometalate and the hydroxyl layers.

Synthesis of these systems by reconstruction from LDHs
containing intercalated nitrate calcined at moderate tem-
peratures is reported here for the first time; it seems to be a
better way than reconstruction from calcined carbonate
precursors, as better crystallised samples are prepared in a
faster way, without an excessive decrease of the pH of the
suspension.

The MgAl-CrO4 LDHs prepared are more stable (up to
400 °C) than the ZnAl analogues (300°C) due to a fast
formation of crystalline ZnO in the last case; actually, only
ZnO is detected by PXRD after collapsing of the layered
structure up to 600 °C where crystallisation of a Zn,Al
spinel starts. Destruction of the hydrotalcite-like structure
in MgAI-CrOy4 systems around 400 °C takes place with
simultaneous formation of mostly amorphous MgO, whose
crystallinity increases as the calcination temperature is
increased. A new spinel phase, with a composition
MgAl; 5Cry.5Oy, is formed at 800 °C.

Cr(VI) species are more easily reduced to Cr(III) species
in the ZnCICr systems than in MgAIl-CrO, ones, as it takes
place at a lower temperature and in a larger percentage. All
systems calcined in the 300-400°C range show Lewis
surface acid sites. Reduction of Cr(VI) to Cr(IIl) takes
place when the samples are calcined above 400 °C,
cancelling the Lewis surface acid sites, whose presence
has been detected in samples calcined below this tempera-
ture by FT-IR monitoring of pyridine adsorption; samples
calcined above 400 °C are no longer reduced along the TPR
experiments.
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