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A MgAl hydrotalcite-like material intercalated with hexa-
niobate has been prepared by the anion exchange method
from the corresponding nitrate precursor; the sample and the
oxides obtained upon its calcination were characterized by
element chemical analysis, powder X-ray diffraction, thermal
analyses (thermogravimetric and differential), nitrogen ad-
sorption-desorption isotherms at –196 °C, transmission elec-
tron microscopy, and FT-IR and UV/Vis spectroscopy. The re-
sults show the formation of a microporous hydrotalcite-type
solid with a gallery height of 7.2 Å where the H3Nb6O19

5–

anions are oriented with their C3 axes perpendicular to the
layers. This material preserves its layered structure upon cal-

Introduction

Layered Double Hydroxides (LDHs), also known as
hydrotalcite-like compounds or anionic clays, are lamellar
materials generally described by the empirical formula
M2+

1–xM3+
x(OH)2(Am–)x/m·nH2O, where Am– is the anion

balancing the net positive charge of the brucite-like lay-
ers[1–3] developed by a partial M2+/M3+ substitution. A
large number of compounds with this structure have been
synthesized in the last decades varying the nature and the
molar ratio of the cations in the layers and the nature of
the interlayer anions. These compounds have shown their
suitability in different fields, acting as anion scavengers in
wastewater, biomolecule reservoirs or as polymer additives
to improve its properties.[4–6] Nevertheless, there is no doubt
that it is in the field of catalysis where they find the widest
number of applications, as catalysts, catalyst precursors or
supports.[7] These last applications are mainly due to the
fact that calcination of the mentioned materials gives rise
to systems constituted by different phases (mixed metal ox-
ides) which usually show higher stability, larger surface de-
velopment and longer life-time than others prepared by
conventional methods.

Polyoxometalates (POMs) are anionic compounds with a
cluster structure formed by linked oxygen octahedra coordi-
nating transition metals (V, Mo, W, isopolyoxometalates),
although in many cases a heteroatom (P, Si) in a tetrahe-
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cination up to 400 °C; calcination above this temperature
causes decomposition of the hexaniobate and the layered
structure collapses, giving rise to amorphous mesoporous sol-
ids (Nb-Mg-Al-O) with a large specific surface area
(157 m2 g–1). At 800 °C crystallization of Mg4Nb2O9 takes
place. FT-IR studies on the acid-basic properties carried out
by pyridine and 2-propanol adsorption, showed that all solids
obtained through hydrotalcite calcination present Lewis-type
acid and Brönsted-type basic sites.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

drally coordinated unit is included in the structure (hetero-
polyoxometalates).[8] These compounds have also deserved
much attention because of the multiple applications they
find in many different fields, such as medicine, materials
science and catalysis.[9–11] POMs containing niobium have
been scarcely studied and, contrary to those containing V,
Mo or W, are synthesized under basic pH conditions.[12]

The best-known niobium POM is hexaniobate (Nb6O19
8–),

which has the Lindqvist structure, and is obtained through
alkaline fusion of Nb2O5. Niobium compounds are exten-
sively used in many heterogeneous catalytic processes where
they can act as catalyst supports or as the active phase.[13]

In order to modify the textural properties and to develop
acid and electron acceptor centres in the hydrotalcite basic
structure and thereby improve its catalytic properties, many
authors have reported the intercalation of different oxo- or
polyoxometalates between the LDH layers,[14,15] giving rise
to very selective catalysts in some oxidation reactions such
as dehydrogenation or alkene epoxidation.[16–18] In a pre-
vious work Evans et al. reported the intercalation of some
hexametalates with the Lindqvist structure [V2W4O19

4– and
NbxW6–xO19

(x+2)– where x = 2, 3, 4] within the interlayers
of hydrotalcite,[19] but a study of the intercalation of hexa-
niobate is lacking in the literature, and so herein we report
the synthesis of a new MgAl LDH intercalated with hexa-
niobate (H3Nb6O19

5–) prepared by anion exchange, starting
from a nitrate LDH (MgAl-NO3) precursor. Its characteri-
zation, as well as of the oxides obtained upon its calci-
nation, by element chemical analyses, Powder X-ray Dif-
fraction (PXRD), Thermogravimetric (TG) and Differential
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Table 1. Elemental chemical analyses of the prepared samples and their corresponding formulae.

Sample Mg[a] Al[a] N[a] Nb[a] K[a] C[a] Formula

MgAl-NO3 18.5 10.1 5.2 – – – [Mg0.67Al0.33(OH)2](NO3)0.33·0.44H2O
K8Nb6O19 – – – 40.0 22.5 – K8Nb6O19·13H2O
MgAlNb 12.9 6.7 – 25.9 – 0.1 [Mg0.68Al0.32(OH)2](H3Nb6O19)0.06(CO3)0.01·0.70H2O

[a] Weight percentage.

Thermal Analyses (DTA), nitrogen adsorption-desorption
at –196 °C, Scanning and Transmission Electron Micro-
scopy (SEM and TEM), and Fourier Transform Infrared
(FT-IR) and Vis-UV spectroscopy are also reported. Crys-
talline potassium hexaniobate, which was synthesized for
preparation of MgAl-hexaniobate LDH, has also been
characterized and used as a reference. The acid-base prop-
erties of the solids obtained by calcination of the MgAl-
hexaniobate LDH were tested by FT-IR spectroscopy after
pyridine or 2-propanol adsorption.

Results and Discussion

Element chemical analysis carried out for potassium
hexaniobate as well as for both layered samples lead to the
following formulae: K8Nb6O19·13H2O, [Mg0.67Al0.33-
(OH)2](NO3)0.33·0.44H2O and [Mg0.68Al0.32(OH)2]-
(H3Nb6O19)0.06(CO3)0.01·0.70H2O, respectively (values have
been rounded to two figures after the decimal point)
(Table 1). This last formula has been calculated considering
H3Nb6O19

5– as the interlayer anion since this is the pre-
dominant species at the pH conditions (12.5) at which the
exchange process was performed.[13] The amount of inter-
layer water (0.70 molecules per LDH mol) has been deter-
mined from the TG curve (see below). The slight increase
of the Mg/Al molar ratio from 2 (MgAl-NO3) to 2.1
(MgAlNb) after the exchange process is probably due to a
partial dissolution of the aluminum cations as aluminate as
a consequence of its amphoteric character and the ex-
tremely high pH used during the exchange process to stabi-
lize the niobium POM, although this small difference could
also be ascribed to the experimental error of the technique.

It should be mentioned that different intercalation
attempts, such as direct synthesis from metal nitrate salts
or exchange using meixnerite (a MgAl LDH containing hy-
droxyl as the interlayer anion) as a precursor were tested
and none of them produced the hexaniobate intercalation,
the unique layered phase detected using these synthesis
routes being hydrotalcite, MgAl-CO3. Addition of the
LDH-NO3 as a slurry, as recommended by other authors
to facilitate anion exchange,[20] was also unsuccessful, prob-
ably due to changes in pH leading to Nb2O5 precipitation.

Although the procedure followed to synthesize potas-
sium hexaniobate is described in the literature to produce
the single-protonated form, element chemical analyses and
the PXRD pattern in Figure 1, from comparison with the
JCPDS file 14-0288, confirm that the niobium polyoxomet-
alate formed in this case was octo-potassium hexaniobate
(K8Nb6O19·13H2O). To study its thermal stability the
PXRD patterns of the products obtained upon its calci-
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nation at different temperatures were recorded and are also
shown in this Figure. As can be observed, potassium hexa-
niobate completely decomposes below 300 °C and two dif-
ferent crystallographic forms of potassium niobate,
KNbO3, have been identified, one at 300 °C and the other
at 600 °C, matching with the 32-0821 and 32-0822 JCPDS
files, respectively.

Figure 1. PXRD patterns of K8Nb6O19 (a) uncalcined, and cal-
cined at (b) 300 °C and (c) 600 °C.

The powder XRD patterns of sample MgAlNb, both
original and calcined at increasing temperatures, are shown
in Figure 2. The first one is characteristic of materials with
the hydrotalcite-like structure in which the intercalation of
hexaniobate has led to an increase in the basal spacing from
8.8 Å (corresponding to a phase with intercalated nitrate
anions in an upwards configuration) to 12.0 Å, which me-
ans a gallery height of 7.2 Å, once the brucite-like layers
width (4.8 Å)[21] is subtracted. This value is in agreement
with the height of a hexaniobate anion, (Nb6O19

8–)[22,23]

with its C3 axis perpendicular to the layers (Figure 3). The
basal spacing, usually measured from the d003 diffraction
peak (assuming aR3̄m layers stacking) was calculated in this
sample from the positions of the peaks due to other basal
planes, (006) and (009), recorded at 6.0 and 4.0 Å, respec-
tively, because the peak due to (003) planes is partially hid-
den by a broad peak centred at 11 Å. The pattern is similar
to that reported by different authors for other POM-LDHs
systems.[20,21,24–31] Regarding the broad reflection between
10–12 Å some authors have claimed that it is produced by
a poorly crystallized phase of a M2+/M3+-POM salt in low
quantities,[20,26] while other authors have proposed different
alternatives.[27–30] The unexpected low intensity of the peak
due to diffraction by the (003) planes (weaker than the
other two basal reflections recorded) is due to the presence
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of species (POMs) with high scattering factors in the inter-
layers.[29]

Figure 2. PXRD patterns of samples MgAlNb: (a) uncalcined and
calcined at (b) 150 °C, (c) 300 °C, (d) 450 °C and (e) 800 °C. (*)
MgAl-CO3; (o) MgO. Miller indexes are labelled for the layered
phase.

Figure 3. Scheme of MgAl LDH pillared with hexaniobate.

Additionally, and in agreement with the chemical analy-
ses, a small amount of another layered crystalline phase,
ascribed to hydrotalcite (MgAl-CO3), is also present, even
though extreme care was taken to avoid CO2. This phase
could have been formed during the exchange process due to
the high affinity that these materials have towards carbon-
ate under the strongly basic conditions (pH = 12.5) at which
the reaction was carried out, or it could have been incorpo-
rated during post-synthesis treatments while the solid was
still wet (during washing or drying processes).

The PXRD pattern recorded for the sample calcined at
150 °C (Figure 2, b) is rather similar to that recorded for
the uncalcined one, but a decrease in the intensity of the
broad peak centred at 11 Å allows the weak (003) reflection
to be distinguished at the position expected (12 Å) taking
into account the positions of the peaks due to diffraction
by planes (006) and (009). The diffractograms are quite sim-
ilar for samples calcined below 300 °C, although some dif-
ferences are observed in the PXRD pattern of the sample
calcined at 300 °C, Figure 2 (c); the reflections due to the
MgAl-CO3 phase have vanished, and a decrease in the in-
tensities of all the peaks is also observed. The characteristic
reflections due to planes (003), (006), (009) and (110) of a
hydrotalcite-like material are still observed at 400 °C, which
means that the POM ions hosted in the interlayers are
thermally more stable than when they are isolated as
a potassium salt (decomposition is observed at 300 °C).
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The PXRD pattern for the sample calcined at 450 °C, Fig-
ure 2 (d), is typical of an amorphous material, indicating
that the layered structure has collapsed, giving rise to
amorphous oxides for which the PXRD diagram shows
only weak peaks at 2.1 and 1.5 Å ascribed to the MgO peri-
clase phase (JCPDS file: 4-0829). Similar patterns are ob-
served for samples calcined up to 700 °C, but at 800 °C the
PXRD pattern (MgAlNb800, Figure 2, e) shows sharp
diffraction maxima characteristic of a crystalline phase
ascribed to magnesium niobate, Mg4Nb2O9 (JCPDS file:
36-1381). No crystalline phase containing aluminum has
been identified at any calcination temperature, suggesting
that it must be well dispersed or forming amorphous
phases. At these calcination temperatures, the niobium in
excess which has not reacted with magnesium (Mg/Nb =
1.8) to form magnesium niobate must be, as well as alumi-
num, forming an amorphous phase, since no peaks corre-
sponding to crystalline Nb2O5 were detected by PXRD.

The FT-IR spectra of potassium hexaniobate and of
LDH-niobate (MgAlNb sample) are shown in Figure 4.
Apart from the bands due to the LDH matrix, the spectra
are very similar, suggesting that the hexaniobate structure
is maintained after the exchange. Bands at 3462 cm–1

(broad) and at 1640 cm–1 for the potassium salt are due to
the hydroxyl groups stretching mode and the bending mode
of water molecules, respectively. The bands due to Nb=O
and Nb–O–Nb stretching vibrations are recorded in the
900–400 cm–1 range (844, 697, 528, and 415 cm–1), in agree-
ment with those previously reported elsewhere for this com-
pound.[32] After intercalation into the LDH structure,
bands ascribed to Nb–O stretching modes in hexaniobate
units (844, 770, and 542 cm–1) are still recorded, together
with other bands at 664, 447, and 402 cm–1 due to υ(Mg–
O) and Mg/Al–OH translational modes of the layers.[33] An-
other band due to the ν3 mode of carbonate anions associ-
ated to the LDH-carbonate phase identified by XRD is
clearly recorded at 1369 cm–1.

Figure 4. FT-IR spectra of MgAlNb (a) and calcined at (c) 250 °C,
(d) 450 °C and (e) 800 °C; (b) FT-IR spectrum of potassium hexa-
niobate.

The small shift observed for some of the bands ascribed
to the hexaniobate unit, when compared with their posi-
tions for the potassium salt, is presumably a consequence
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of the interaction between the anion and the brucite-like
layers.

The FT-IR spectra recorded for calcined MgAlNb sam-
ples are also included in Figure 4. Similar spectra to that
recorded for the uncalcined sample are observed when the
calcination is carried out up to 400 °C, and only an appreci-
able decrease in the intensity of the bands, especially the
one due to carbonate, is observed, in agreement with the
PXRD results.

Calcination at 450 °C gives rise to decomposition of
hexaniobate and collapse of the layered structure, the spec-
trum showing a broad band in the 900–400 cm–1 range, typ-
ical of amorphous oxide species. The spectrum is similar for
samples calcined up to 700 °C, but when the solid is cal-
cined at 800 °C, new bands at 758, 638, 490 and 432 cm–1

characteristic of the Mg4Nb2O9 phase, already identified in
this solid by PXRD, develop.

The TG and DTA curves recorded for potassium hexa-
niobate and the MgAlNb sample are shown in Figure 5.
Three thermal effects can be distinguished in the DTA
curve of the potassium salt (dashed line in panel A); the
first two (at 115 and 290 °C) are endothermic effects and
correspond to removal of structural water, the second also
coincides with potassium hexaniobate decomposition (ob-
served from the PXRD at 300 °C) to potassium niobate.
The exothermic effect recorded at 592 °C can be ascribed
to transformation of KNbO3 into another crystalline phase,
also observed by PXRD. The TG curve (solid line in panel
A) reveals that the structural water, which is the only vola-
tile species in the sample, is lost in different steps. The
weight losses represent ca. 16% of the total weight which
means 13 water molecules per mol potassium hexaniobate.

Two well-resolved weight losses are recorded in the TG
curve for sample MgAlNb (Figure 5B), although the DTA
curve shows three endothermic effects; the first one, at
126 °C, can be ascribed to removal of surface adsorbed
water. The second effect, at 265 °C is due to removal of
interlayer water and the third, recorded at 443 °C, is a con-
sequence of dehydroxylation of the brucite-like layers,

Figure 5. TG (solid lines) and DTA (dotted lines) of (A) potassium hexaniobate and (B) sample MgAlNb, recorded under oxygen.
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matching with the hexaniobate decomposition into
amorphous Mg-Al-Nb-O and water, as detected by FT-IR
and PXRD between 400 and 450 °C.

Carbonate decomposition to CO2 around 300 °C, as con-
cluded by PXRD and FT-IR spectroscopy, can be partially
included in the peak recorded at 265 °C, although its contri-
bution to the weight loss is almost undetectable due to the
low amount of CO3

2– present in the sample. Moreover, the
peak at 126 °C could be partially due to the evaporation
of some intercalated water, because water adsorbed on the
external surface of the crystallites generally is totally
evolved at 110 °C. This overlap does not allow ascribing
accurately the weight loss to the different processes de-
tected. Consequently, the amount of intercalated water
given in the formula of the MgAlNb sample (0.70 molecules
per mol of LDH) has been determined in an approximate
way from the weight loss recorded between 110 and 270 °C.

The UV/Vis spectra (not shown) recorded for all samples
show only an absorption band in the UV range, corre-
sponding to a Nb5+�O2– charge-transfer process. A shift
from 260 (potassium hexaniobate) to 245 nm (MgAlNb) is
observed upon intercalation of hexaniobate in the LDH
structure (Table 2). This small hypsochromic shift is proba-
bly due to the POM confinement within the layered host.
No appreciable change is observed in the spectra of the cal-
cined samples, where only a sharper absorption peak at
253 nm is recorded in the spectrum of the sample calcined
at 800 °C (Table 2).

The nitrogen adsorption-desorption isotherm recorded
for the MgAlNb sample, Figure 6, previously degassed at
120 °C for 2 h, is in between types I and II of the IUPAC
classification,[34] characteristic of microporous solids. The
specific surface area determined by the BET method is
24 m2 g–1 (Table 2), 40% of which corresponds to adsorp-
tion on micropores (as calculated from the t-plot)[35] and
the external surface area corresponds to 14 m2 g–1. Layered
double hydroxides intercalated with small anions are not
microporous, as the width of the interlayer (ca. 3 Å) is not
large enough to host nitrogen molecules. Interlayer micro-
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Table 2. Specific surface areas (SBET: BET method; Sm microporous
equivalent surface area, Sext external surface area and Vt total pore
volume) and position of the maximum in the UV/Vis spectra for
potassium niobate and several layered samples (* determined from
the t-plot).

Sample SBET
[a] Sm

[a]* Sext
[a]* Vt

[b] λ[c]

MgAl-NO3 26 – 27 0.08 –
MgAlNb 24 10 14 0.06 245
MgAlNb500 157 – 160 0.20 239
MgAlNb800 45 6 39 0.12 253
K8Nb6O19 1 – – – 260

[a] m2 g–1. [b] mL g–1 (determined at p/p = 0.95). [c] nm.

porosity only develops when the interlayers are swelled after
intercalation of large anions with a large formal charge, ren-
dering large spaces between them.

Figure 6. Nitrogen adsorption–desorption isotherms (filled sym-
bols and open symbols, respectively) at –196 °C for the original
sample MgAlNb (circles) and calcined at 500 °C (triangles) or
800 °C (squares). The inset shows the pore size distribution for
sample MgAlNb500.

The isotherms recorded for the samples calcined between
450 and 600 °C are similar to each other and very different
to that recorded for the MgAlNb sample. The isotherm for
sample MgAlNb500 (Figure 6) can be classified as type IV,
characteristic of mesoporous solids, since it shows a signifi-
cant increase of the adsorbed amount at an intermediate
relative pressure range, produced by a multilayer filling
mechanism. The BET surface area for this sample shows an
appreciable increase (157 m2 g–1) in comparison to that for
the uncalcined one (Table 2). No adsorption on micropores
was detected (the zero intercept of the t-plot approached
zero) and the corresponding external surface area was cal-
culated as 160 m2 g–1. The pore size distribution plot (Fig-
ure 6), shows a very intense and slightly asymmetric curve,
which indicates that most of the pores have diameters rang-
ing between 1.8 and 4 nm. A considerable increase in the
pore volume (0.20 cm3 g–1) is also observed upon calci-
nation. These textural properties change with calcination
above 700 °C. Thus, the MgAlNb800 sample (Figure 6)
shows an isotherm similar to that recorded for the pristine
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layered material. The BET surface area decreases to
45 m2 g–1, probably due to crystallization of magnesium
niobate, Mg4Nb2O9, (detected by PXRD), although it re-
mains larger than that measured for crystalline potassium
hexaniobate and its calcination products (between 1 and
2 m2 g–1), suggesting that other phases corresponding to
aluminum-containing amorphous species also exist. For
this sample a small fraction of micropores is also found.

Representative scanning and transmission electron
micrographs (SEM and TEM) for calcined and uncalcined
samples are shown in Figure 7 and Figure 8. At first sight,
when potassium hexaniobate crystallizes from solution, en-
larged prismatic-shaped crystals are formed. From the SEM
micrographs it can be observed that these crystals have a
hexagonal section (see parts a and b in Figure 7), and a
closer view reveals small, smooth crystalline particles with
sizes between 2 and 5 µm (Figure 7, c).

Figure 7. SEM pictures of potassium hexaniobate with different
magnification.

Figure 8. TEM pictures of the original sample MgAlNb (a), inset
closer view and calcined at 500 °C (b, c) and 800 °C (d).

The typical hydrotalcite morphology, hexagonal platelet
particles, is clearly observed by TEM for the as-synthesized
MgAlNb sample (Figure 8, a). The size of the hexagonal
crystals is ca. 100±50 nm and their thickness 20±10 nm.
Calcination between 450 and 600 °C produces a smoothing
of the particle edges (Figure 8, parts b and c), which are
now more rounded than those observed for the uncalcined
ones. A quite homogeneous pore distribution is simulta-
neously developed, in agreement with the results obtained
by the nitrogen adsorption study. The particles are sur-
rounded by an amorphous wall with a thickness of 10 nm
(indicated by arrows in Figure 8, c).
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For the sample calcined at 800 °C (Figure 8, d) the mor-

phology completely changes; aggregates of very small ir-
regular-shaped particles (between 20 and 50 nm) are ob-
served, indicating that the magnesium hexaniobate
(Mg4Nb2O9) phase (detected by PXRD and FT-IR), is well
mixed or embedded in an amorphous phase (formed by Al-
Nb oxides).

The textural and morphological properties observed for
sample MgAlNb calcined between 450 and 600 °C have not
been previously reported for LDH-POM calcined sys-
tems.[30,36,37] In these last cases, as well as for LDHs interca-
lated with permanent (nonvolatile) anions, a decrease in the
surface areas is usually observed upon calcination. On the
other hand, calcination of hydrotalcites intercalated with
volatile anions (CO3

2–, NO3
–, etc.)[36,38] results in the devel-

opment of porosity and, as a consequence, an enhancement
of their surface areas. Different factors influence this pro-
cess, such as the preparation method, nature of the metal
ions in the layers, the sort of anion, etc., and it is ascribed
to the evolved gases (NO2, CO2, O2, etc.) produced upon
anion decomposition, escaping through the crystal basal
faces. However, in previous reports where TEM pictures of
calcined hydrotalcites are shown,[36] no particles as well de-
fined as in our case have been observed.

Because of the high basicity of the hexaniobate anion in
comparison with other polyoxometalates (heptamolybdate
or polyoxotungstates), a delay of the reaction between hexa-
niobate and the magnesium existing in the layers may be
produced, enhancing its thermal stability, so POM decom-
position and layer dehydroxylation take place in a narrow
temperature range. This may be the reason why an amorph-
ous solid (Mg-Al-Nb-O) with these special textural proper-
ties is formed.

Acid-Base Properties
To gain insight into the surface properties of solid

MgAlNb500 we have tested its acid-base properties by the
adsorption of pyridine and 2-propanol monitored by FT-
IR spectroscopy.

Pyridine Adsorption
The FT-IR spectrum of the MgAlNb500 sample after

pyridine adsorption at room temperature and outgassing at
the same temperature is shown in part A of Figure 9; only
bands at 1608, 1586, 1575, 1487 and 1443 cm–1 are re-
corded, ascribed to modes 8a, 8b, 19a and 19b, respectively,
of pyridine bonded to surface Lewis acid sites. The splitting
observed for the band originated by mode 8a (1608,
1586 cm–1) clearly shows the presence of two different types
of surface Lewis acid sites on the surface of this solid. The
positions of the bands are similar to those previously re-
corded upon adsorption of py on alumina, and so the
bands here recorded should be ascribed to pyridine ad-
sorbed on tetrahedrally (1608 cm–1) or octahedrally coordi-
nated (1586 cm–1) Al3+ cations,[39] although the first one
could also be ascribed to py bonded to coordinatively un-
saturated (cus) Nb5+ ions, since its position coincides with
that of the band recorded after adsorption of pyridine on
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Nb2O5.[40] When the outgassing temperature is increased up
to 300 °C, Figure 9 (A), the intensity of the bands are mark-
edly reduced, but they are still observed, indicating that the
Lewis-type acid centres are strong.

Figure 9. (A) FT-IR spectra of pyridine adsorbed at room tempera-
ture on MgAlNb500 and outgassing at the temperatures given (in
°C); (B) FT-IR spectra of 2-propanol adsorbed at room temp. on
MgAlNb500 (a) and heated at (b) 200 °C and (c) 300 °C.

The FT-IR spectrum of pyridine adsorbed on sample
MgAlNb800 (not shown) is similar to that recorded upon
adsorption on the sample calcined at 500 °C, where only
Lewis acid sites are detected, but they are weaker than for
the sample calcined at 500 °C, as they were removed after
outgassing merely at 200 °C.

Some authors have reported the existence of Brönsted
acid sites in niobium-containing samples when they are ex-
posed to water,[41] but they were not observed in our sam-
ples; the FT-IR spectra recorded after adsorption of py on
samples previously exposed in situ to water vapour are sim-
ilar to that recorded for the unwetted samples.

Isopropanol Adsorption
The FT-IR spectrum of 2-propanol (ISP) adsorbed on

sample MgAlNb500 at room temperature is displayed in
part B of Figure 9. It shows a broad band at ca. 3255 cm–1

(not shown) which corresponds to new surface hydroxyl
groups developed on the surface of the solid by a dissoci-
ative adsorption mechanism. Sharp bands at 2970, 2936,
2878, and 2728 cm–1 correspond to stretching modes of the
methyl group and the bands in the low wavenumbers re-
gion, at 1468, 1382, 1308, 1164, and 1135 cm–1 [ascribed to
δ(CH3), ν(CO), and ν(CC)], are characteristic of alcoholate
species formed via dissociative adsorption of the ISP mole-
cule. When the solid is heated in situ at increasing tempera-
tures, Figure 9 (B), the intensities of the bands originated
by the isopropoxide species decrease; new bands develop
above 200 °C at 1709 and 1230 cm–1, which correspond to
ν(C=O) and νas(C–C–C) modes of acetone weakly coordi-
nated through the oxygen atom of the carbonyl group to
surface Lewis acid sites. The latter bands disappear upon
outgassing at low temperature (100 °C). Adsorption of ISP
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on sample MgAlNb calcined at 800 °C (not shown) gives
rise to similar spectra, although the bands assigned to ace-
tone are less intense.

ISP decomposition to acetone or propene is considered
as a test reaction in the study of the acid-base and redox
properties of metal oxide heterogeneous catalysts[42,43] since
Brönsted acid sites are needed for propene formation via
dehydration, while Lewis-type acid and basic, and redox
centres are required for acetone formation via oxidative de-
hydrogenation, but only acid and basic sites if the acetone
is produced via simple dehydrogenation. In our case, forma-
tion of acetone (detected by FT-IR) has to be produced
through this last process, since temperature programmed re-
duction (TPR) studies carried out on our samples did not
show any hydrogen consumption due to Nb5+ reduction.
The reaction may proceed through the following steps:
(1) ISP is first dissociatively adsorbed on Lewis-type acid
sites as an isopropoxide species and the proton is adsorbed
on basic centres−surface exposed oxide anions−and (2) the
abstraction of a second hydrogen atom from the alcohol
takes place. On desorption, acetone and H2 are the reaction
products.

In summary, Lewis-type acid and Brönsted-type basic
centres are present in the calcined samples.

Conclusions

All the results reported here support the successful inter-
calation for the first time of hexaniobate between the MgAl
brucite-like layers, rendering a new microporous layered
material which retains its structure during calcination in air
up to 400 °C, i.e., an enhancement in POM thermal stability
is achieved upon its intercalation. Calcination at 450 °C
produces dehydroxylation of the layered structure and
POM decomposition, giving rise to amorphous mesoporous
solids, with a large specific surface area (157 m2 g–1); further
calcination at 800 °C leads to magnesium niobate crystalli-
zation which is embedded in an amorphous Nb-Al-contain-
ing phase. All calcined solids show surface Lewis-type acid
and Brönsted-type basic sites, which are responsible for ace-
tone formation by simple dehydrogenation of 2-propanol.

In addition to succeeding in preparing a novel, thermally
stable MgAl-hexaniobate LDH, an amorphous mesoporous
solid, Mg-Al-Nb-O, which seems suitable to be used as a
catalyst support or adsorbent, was formed through its calci-
nation between 450–600 °C.

Experimental Section
All reagents were purchased from Aldrich and used without any
further purification.

Potassium hexaniobate (K8Nb6O19·13H2O) was synthesized follow-
ing a preparation method similar to that described elsewhere;[44]

Nb2O5 (13.3 g, 50 mmol) was slowly added to a KOH (26 g,
394 mmol) melt in a nickel crucible; once the addition was com-
pleted the mixture was further heated for 30 min and then it was
poured into decarbonated water (100 mL). After filtering the solu-
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tion the volume was reduced to 50 mL and the solution was cooled
overnight at 0 °C. The crystals that formed were filtered off and
washed with a 1:1 (v/v) ethanol/water mixture and dried under vac-
uum in a desiccator.

The MgAl-NO3 hydrotalcite−Mg2Al(OH)6(NO3)·1.33H2O−was
prepared by coprecipitation from the corresponding metal nitrate
salts, following a method previously described:[45] a solution
formed by dissolving Mg(NO3)2·6H2O (12.8 g, 50 mmol) and
Al(NO3)3·9H2O (9.4 g, 25 mmol) in water (150 mL) was added
dropwise under nitrogen to CO2-free water (150 mL). The pH was
maintained close to 10 by simultaneous addition of a 2- NaOH
solution, and the mixture was stirred for 24 h at room temperature
and then it was treated for five days at 70 °C under hydrothermal
conditions in a Teflon-lined steel autoclave at autogenous pressure.
The suspension was finally washed with decarbonated water, centri-
fuged and dried under vacuum.

The MgAl-hexaniobate LDH was prepared by anion exchange, by
adding dry Mg2Al(OH)6(NO3)·1.33H2O (1.0 g, 3.8 mmol) to a
solution of K8Nb6O19·13H2O (1.5 g, 1.1 mmol) in CO2-free water
(70 mL). The pH finally achieved was 12.5. The mixture was kept
under nitrogen and refluxed at 90 °C for 6 h; the resulting solid was
centrifuged and washed with boiling water and finally dried under
vacuum in a desiccator. The sample obtained in this way is desig-
nated as MgAlNb, and the samples obtained upon calcination are
labelled as MgAlNbT (where T is the calcination temperature in
°C).

Instrumentation: Element chemical analyses were carried out in Ser-
vicio General de Análisis Químico Aplicado (University of Salam-
anca, Spain); Mg, Al and Nb were determined by atomic absorp-
tion in a Mark-2 EEL 240 apparatus, while carbon and nitrogen
contents were determined with a CHNS 932 Leco analyzer.

The powder X-ray diffraction (PXRD) patterns were obtained with
a Siemens D-500 diffractometer, using Cu-Kα1 radiation (λ =
1.54050 Å).

Differential thermal analysis (DTA) and thermogravimetric (TG)
analysis curves were recorded in DTA-7 and TG-7 instruments,
respectively, from Perkin–Elmer. The analyses were carried out in
flowing (30 mLmin–1) oxygen from L’Air Liquide (Spain) at a heat-
ing rate of 10 °Cmin–1.

The nitrogen adsorption-desorption isotherms for specific surface
area measurements were recorded at –196 °C in a Gemini instru-
ment from Micromeritics. The samples were previously outgassed
at 120 °C for 2 h. The pore size distribution plotted for
MgAlNb500 was obtained from the Cranston and Inkley
method.[46]

The UV/Vis spectra were recorded in the 200–1100 nm range with
a Perkin–Elmer Lambda 35 apparatus equipped with a Labsphere
RSA-PE-20 accessory by the diffuse reflectance technique; MgO
was used as a reference.

Fourier Transform infrared spectra (FT-IR) were collected with a
Perkin–Elmer FT-1730 instrument using the KBr pellet technique.

The FT-IR technique was also used to assess the surface acidity/
basicity properties using pyridine or 2-propanol as probe mole-
cules. These spectra were recorded with a Perkin–Elmer 16 PC
spectrometer using self-supported discs; the sample was degassed
in situ in a special cell[47] with CaF2 windows at 400 °C for 2 h at
10–4 Nm–2, prior to the adsorption experiments. After degassing,
the probe molecule vapour was adsorbed at room temperature and,
in the case of pyridine (py), the spectra were recorded after outgas-
sing at increase temperatures (from room temp. to 400 °C), while
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2-propanol (ISP) was adsorbed at room temp. and, without remov-
ing the gas phase, the solid was heated at increasing temperatures
(100–400 °C).

Scanning electron micrographs (SEM) were obtained with a model
940 Digital Scanning-Microscope from Zeiss.

Transmission electron micrographs (TEM) were obtained with a
Zeiss-902 apparatus equipped with a digital camera, the samples
were prepared on a copper grid after evaporating a drop of sample
dispersed in water.
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