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This paper describes the influence of calcination temperature
on bulk and surface properties of MgAlO binary oxide derived
from the hydrotalcite precursor. MAS ?’Al NMR revealed that
significant phase transitions occurred in the samples calcined at
673, 873, and 1073 K. These transitions seem to be important in
determining the surface acid/base properties of the samples.
Microcalorimetric adsorptions of NH; and CO, showed that the
acidity of these samples decreases in the order: y-Al,O,> 673 K>
873 K ~ 1073 K, while the basicity follows the order: MgO >
873 K>1073 K> 673 K. IR spectroscopy revealed that the sur-
face acid/base sites of the calcined hydrotalcite samples are

mainly Lewis type. © 1998 Academic Press

INTRODUCTION

Hydrotalcite-like compounds consist of brucite-like
layers containing octahedrally coordinated bivalent (e.g.,
Mg?*, Ni?*, Zn?*, Cu?%) and trivalent (e.g., AI*", Fe3™")
cations, as well as interlayer anions (e.g., CO3~, NOj3, CI~,
OH ™) and water. These compounds have been used as
precursors of catalysts and catalyst supports (1-14). For
example, calcined Mg—Al hydrotalcites promote a variety of
base-catalyzed reactions, such as aldol condensations and
polymerization reactions (2, 3, 13). Recently, we found that
Pt—Sn catalysts supported by calcined Mg—Al hydrotalcite
were effective for the dehydrogenation of butane and were
more selective and resistant to deactivation than their con-
ventional alumina-supported counterparts (14).

The surface acid/base properties of hydrotalcite-derived
MgAIO oxides with Mg/Al molar ratios ranging from 3 to
12 have been studied by using microcalorimetry and in-
frared spectroscopy (1). The MgAIO oxides calcined at
773 K exhibited moderate acidity and basicity between
MgO and Al,Og; their surface acid/base sites were mainly
Lewis type. The effect of calcination temperature on the
strengths of acid/base sites on these materials as measured
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by microcalorimetric adsorption has not been reported so
far.

In this work, we studied physical properties such as
surface area, pore volume, bulk phase, and coordination
state of AI3* cations, as well as the surface acidity/basicity
of calcined Mg—Al hydrotalcite vs calcination temperature.
These physical properties were characterized using N, ad-
sorption at liquid N, temperature, X-ray diffraction (XRD),
and magic-angel-spinning 27 Al nuclear magnetic resonance
(MAS 27Al NMR). The surface acid/base properties were
determined by adsorptive microcalorimetry (15-17) and in-
frared spectroscopy (IR) (18, 19), employing NH; and CO,
as the probe molecules.

EXPERIMENTAL

The hydrotalcite with Mg/Al molar ratio of 3 was pre-
pared following the method described in Ref. (1). Specifi-
cally, two aqueous solutions containing (NH,),CO5; and
NH,OH, and Al(NOs;); and Mg(NO3), were added drop-
wise and alternately in 30 min, into about 250 ml deionized
water at room temperature. The precipitate was washed
with distilled water and dried at 393 K overnight. Then it
was converted into MgAIO binary oxides by calcination
(heating rate: 10 Kmin~?') for 6 h in air at 673, 873, and
1073 K. Mg(OH), was precipitated by adding NH,OH
solution to Mg(NQOj), solution at room temperature, fol-
lowed by washing and drying. MgO was then obtained by
calcining the Mg(OH), at 673K for 6 h. A commerical
y-Al,O5 was used as the reference in this work.

XRD was performed on a Shimadzu XD-3A X-ray dif-
fractometer using CuKo radiation at a scan rate of 4°
min~ 1. Surface area and pore size were measured by N,
adsorption at 77 K on a Micromeritics ASAP 2000 appar-
atus using the BET and BJH methods. Before the measure-
ments, the samples were usually evacuated at 573 K to
pressures lower than 4 x 1073 Torr.

MAS 27Al NMR spectra were recorded with a Bruker
MSL-300 spectrometer operating at a frequency of
78.17 MHz (magnetic field of 7 T) with sample spinning rate
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of 3.8 kHz. The chemical shifts were measured relative to
a 1 M aqueous solution of AI(NO3)s.

Microcalorimetric adsorptions of NH; and CO, were
carried out at 423 K using a Tian-Calvet heat-flow micro-
calorimeter. The details of the apparatus and the experi-
mental conditions can be found elsewhere (15). Before the
measurements, the samples were calcined in situ again for
4 h followed by evacuation for 2 h at 673 K.

Infrared spectra were collected at 4 cm ~ ! resolution with
a Bruker IFS66V FT-IR system. The self-supported wafer of
each sample with approximately 20 mg cm ~ 2 was treated in
the same manner as the microcalorimetric sample. Probe
molecules of NH; or CO, were dosed onto the sample at
423 K for 0.5 h. Then the sample was cooled to 293 K. The
IR data were collected after evacuating the sample at 293
and 423 K.

RESULTS AND DISCUSSION

Figure 1 shows the plots of BET surface area vs calcina-
tion temperature for the MgAIO and MgO samples. With
the increase of calcination temperature, the surface area of
the MgAlO sample decreases from 194 to 115 m? g~ !, while
that of MgO decreases from 254 to 38 m? g~ . Apparently,
the MgAlO binary oxides are more stable under heat treat-
ment than MgO, in agreement with the results reported in
the literature (2, 5). Figure 2 shows the pore size distribution
of the MgAlO samples calcined at various temperatures.
These pore size distribution curves were obtained from the
desorption branches of the corresponding hysteresis loops.
It is seen that most pores are populated around 18 nm for
these samples. However, the volume of smaller pores de-
creases with the increase of calcination temperature, result-
ing in an increase of average pore size as listed in Table 1.
Table 1 summarizes some physical properties of the MgAIO
oxides and those of MgO for comparison.

XRD patterns of the calcined hydrotalcite samples are
shown in Fig. 3. Only the pattern characteristic of the MgO
phase can be seen in the sample calcined at 673 K. This
result indicates that AlI** cations are highly dispersed in the
structure of MgO without the formation of spinel species.
Calcination of the hydrotalcite at 873 and 1073 K resulted
in relatively intensive diffraction lines of MgO, owing to the
increased particle size and/or improved crystallinity in the
samples. In addition, the spinel phase, MgAl,O,, appeared
in the sample calcined at 873 K, and this phase became
more intense for the sample calcined at 1073 K.

NMR can probe structure on a smaller scale than XRD.
It is more sensitive to phase transitions and less affected by
particle size and degree of crystallinity of samples (20-29).
Thus, MAS 27 Al NMR was performed in this work to probe
the environment changes of AI’* cations that were
difficult to characterize by XRD. It is known that all the
AIP* occupy the octahedral sites in hydrotalcite before
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FIG. 1. Surface area vs calcination temperature for the MgO and

MgAIlO samples.

calcination (4, 27) and that the calcination may yield phases
with spinel-like structure in which Mg?* and AI** occupy
octahedral and tetrahedral sites in the close-packed layers of
O2~ anions (2). The NMR spectra collected for the calcined
hydrotalcite samples are shown in Fig. 4. It is seen that the
27Al resonances of the MgAlO samples fall into two distinct
regions around 80 and 12 ppm, corresponding to AI*" in
tetrahedral (Al;) and octahedral (Alg) sites, respectively
(20-23). The octahedral and tetrahedral distributions of
AI’* can be estimated by integrating the areas under the
corresponding peaks. The results indicate that the ratio of
Alp/Aly in the MgAIO samples decreases with the order:
60/40 (673 K) > 55/45 (873 K) > 50/50 (1073 K). Appar-
ently, a transition of AI** from octahedral to tetrahedral
sites occurs upon calcination at the elevated temperatures.
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FIG. 2. Distribution of pore size of the MgAlO samples calcined at
varying temperatures.
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TABLE 1
Physical Properties of Calcined Hydrotalcite Samples and MgO
MgAlO MgO
Calci. temp ~ XRD phase  BET area (m*>g~!)  Av. pore diam. (nm)  Pore vol. (cm® g~ 1) Av. pore diam. (nm)  Pore vol. (cm® g~ 1)
673 K MgO 195 9.2 0.43 9.6 0.42
873 K MgO, spinel 132 13 0.41 18 0.35
1073 K MgO, spinel 114 17 0.45 17 0.16

Because of the formation of spinel phase in the samples
calcined at 873 and 1073 K, the site distribution of cations
in the MgAl,O, spinel as revealed by MAS NMR should be
considered here. In fact, the MgAl,O, spinel has been
studied extensively using the MAS NMR (24-27). In par-
ticular, Mackenzie et al. studied the thermal decomposition
of Mg-Al hydrotalcite and phase variations of MgAlO
binary oxide at temperatures from 473 to 1473 K (27) by
XRD and NMR. All of these studies observed the migration
of cations in the spinel lattice upon heat treatment, usually
the migration of AI** from octahedral to tetrahedral sites,
consistent with our findings in this work. In the unit cell of
MgAl,O, spinel, there are 32 oxygens and 24 cations with
8 cations tetrahedrally coordinated and 16 octahedrally
coordinated. This kind of spinel can be expressed as
(A{_;B;)[A;B,_;]10,, where A and B denote bivalent and
trivalent cations, respectively, and parentheses and brackets
denote tetrahedral and octahedral sites, respectively. The
two extreme forms of the spinel are normal and inverse
when i equals 0 and 1 respectively. But i can also be any
number between 0 and 1, which expresses the degree of
inversion and can be evaluated according to the ratio of
octahedral to tetrahedral sites occupied by B cations. In our
case, the value of i was calculated to be 0.8, 0.9, and 1 for the
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FIG. 3. XRD patterns of the MgAlO samples calcined at varying
temperatures.

samples calcined at 673, 873 and 1073 K, respectively. Thus,
an inverse spinel structure seems to have been formed for
our sample calcined at 1073 K. However, these values are
much higher than those reported in the literature for the
MgAl,O, spinel (24-27), probably due to the different states
of the samples. In fact, our samples were mixtures of MgO
and the spinel when calcined at 873 and 1073 K, while the
samples studied in the references (24-26) were pure and were
usually prepared by solid reaction at temperatures higher
than 1473 K. However, Mackenzie et al. also found that the
fraction of tetrahedral AI** was about 0.5 when the Mg-Al
hydrotalcite was calcined at 673 K. Unfortunately, no cor-
relation can be made at present between XRD and NMR
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FIG. 4. MAS 27Al NMR spectra of the MgAlO samples calcined at
varying temperatures.
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results, since the XRD cannot provide information about
the site distributions. In this regard, NMR may be a more
informative tool than XRD, since the former provided the
information that can be related to the surface acid/base
properties that will be discussed later in this paper.

Actually, more subtle influences on the coordination sur-
roundings of AI** are reflected by the spread of chemical-
shift values. The 27Al chemical shift is known to be sensitive
to the second nearest-neighbor coordination sphere (20-22).
For binary compounds, the chemical shift becomes more
positive with the smaller electronegativity of elements
bonded to Al-O polyhedra (28, 29). For the spectra in
Fig. 4, each band from an octahedral or tetrahedral site
splits into two peaks, indicating that both sites have two
distinct coordination states. The peak with the chemical
shift at 12 ppm can be assigned to Al, bonded to Mg?*
(Aly—O—-Mg). The peak at 15 ppm is very sharp, which is
indicative of a well defined, crystalline, octahedral phase.
Shen et al. (1) observed a similar peak at 16 ppm and
pointed out that the nature of this phase was not apparent,
but that it was not characteristic of the oxides since the
quantity of this phase might be less than 1%. Two peaks (83
and 72 ppm) can be clearly observed in the tetrahedral
band. The Al; resulting in the 83 ppm peak evidently has
higher electron density and thereby can be assigned to
Al;—O bonded to Mg?* (Al.—~O-Mg), while the 72 ppm peak
can be assigned at Al—O bonded to Al®*(Al—O-Al).
Therefore, upon calcination at elevated temperatures, sev-
eral phase transitions may take place. Apparently, a transi-
tion from Al,—O-Mg (12 ppm) to Alt—O-Mg (83 ppm) oc-
curs when the sample is calcined at 673 K. This transition
continues when the sample is calcined at 873 and 1073 K,
since the ratio of Aly/Al; continues to decrease with the
increase of calcination temperature. In addition, another
transition from Al—O-Mg (83 ppm) to Al—O—Al (72 ppm)
might occur when the sample is calcined at 873 K. However,
this latter transition seems to be reversed, i.e., a transition
from Al—O-Al (72 ppm) back to Al—O-Mg (83 ppm)
might take place, when the sample is calcined at 1073 K.
Thus, the sample calcined at 873 K seems to be in
a transition state that may exhibit different acid/base prop-
erties, which will be presented below.

Figures 5 and 6 show the plots of the differential heat vs
coverage for CO, and NHj; adsorptions, respectively, on the
samples calcined at the different temperatures. Apparently,
the Mg—Al binary oxides exhibit lower basicity than MgO
and lower acidity than y-Al, O3, consistent with the results
reported previously (1). However, the difference of acid/base
properties of these binary oxides displayed is also apparent.
The basicity of the samples can be arranged in the order:
MgO > 873 K > 1073 K > 673 K, while the order for the
acidity is: y-Al, O3 > 673 K > 873 K ~ 1073 K.

Figure 5 clearly shows that the sample calcined at 8§73 K
displays significantly higher basicity than those calcined at
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FIG. 5. Differential heat vs coverage for CO, adsorption on the MgO
and MgAlO samples calcined at varying temperatures.

673 and 1073 K in terms of both the initial differential heat
and the saturation coverage for the CO, adsorption. This
sample exhibits a large peak at 72 ppm in its NMR spec-
trum (Fig. 4). The peak is attributable to the structure
Al—O-Al, ie., the Al;-O tetrahedrons with other AI*™
cations as the nearest neighbours, which might be converted
from the structure Al,—O-Mg, i.e., the Al—O tetrahedrons
with Mg?* cations as the nearest neighbors. The migration
of Al; away from adjacent Mg?* may leave more O2~
anions surrounding the Mg?™*. In fact, the IR results to be
presented shortly show that the stronger base sites are
associated with those O?~ anions having Mg>* as the
nearest neighbors. In addition, quantum calculations reveal
that the main factor that influences the generation of stron-
ger basicity is an increase in O%~ anions coordinated to the
Mg?* near to the central O~ in the base site (30). Thus, it
may be concluded that the sample calcined at 873 K in the
transition state may possess sites having relatively more
02~ anions coordinated to Mg2* explaining the sample’s
enhanced basicity.

Figure 6 shows that the sample calcined at 673 K displays
stronger acidity than those calcined at 873 and 1073 K. This
sample has the higher Aly/Aly ratio (60/40) as determined
by 27Al NMR. McKenzie et al. (7) proposed based on NMR
and XPS (X-ray photoelectron spectroscopy) that the
calcined hydrotalcites underwent enrichment of Al; on
the surface. In addition, the McKenzie group showed that
the surface Al exhibited poor activity for the conversion of
2-propanol to propene, which is a typical acid-catalyzed
reaction. Our XPS results indicated that no surface enrich-
ment of AI** occurred in our samples calcined at the vari-
ous temperatures. Therefore, we may attribute the acidity of
the sample calcined at 673 K to the octahedrally coor-
dinated AI** on the surface. In fact, this sample calcined at
a relatively low temperature may have more defects that
allow more accessible AI*>* cations to adsorb NH.
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The FT-IR spectra of CO, adsorption on the calcined
hydrotalcite samples are shown in Fig. 7. These spectra are
similar to each other, with six bands at around 1650, 1570,
1390, 1270, 1230, and 1070 cm ™!, indicating that the calci-
nation temperature has little influence on the nature of
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FIG. 7. Infrared spectra for CO, adsorption on the MgAlO samples
calcined at varying temperatures.
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surface base sites. After evacuation at 423 K, three bands at
around 1570, 1390, and 1270 cm ~ ! remain; the bands 1570
and 1390 cm ! can be assigned to unidentate species and
the band 1270 cm ™! to bidentate, carbonate species asso-
ciated with Mg?* cations (31, 32). Evacuation at 423 K
leads to the disappearance of the bands at around 1650,
1230, and 1070 cm ™!, indicating that the corresponding
species are formed on weaker base sites. The bands at 1650
and 1230 cm ™! can be assigned to bidenatate carbonate
species associated with A13* cations (30). It is thus clear that
the O~ anions associated with AI** cations exhibit weaker
basicity than those associated with Mg?* cations.

The FT-IR spectra collected after NH; adsorption at
423 K are shown in Fig. 8. The spectrum for y-Al,O3; is
similar to that reported previously (1). The bands at 1623
and 1238 cm ™! are due to NH; adsorbed on Lewis acid
sites (AI* "), while the bands at 1690, 1486, and 1391 cm !
belong to NHJ species formed between NH; and Brgnsted
acid sites (33). All the calcined hydrotalcite samples exhibit
primarily Lewis acidity with the bands at around 1623 and
1180 cm~'. The bands in the region between 1300 and
1480 cm ™! are hardly seen in the spectra for the calcined
hydrotalcite samples due to adsorption of NH; on Brgnsted
acid sites, in agreement with the results reported by Lercher
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FIG. 8. Infrared spectra for NH; adsorption on the y-Al,O; and

MgAIlO samples calcined at varying temperatures.
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calcined at varying temperatures.

et al., who found that only Lewis acid sites existed on the
mixed oxide MgO-Al, O3 (34). After evacuation at 423 K,
all the peaks almost disappear, indicating that these sites are
not strong for the adsorption of NH3.

Figure 9 presents a better view of the acid/base strength
distributions on the samples. These histograms were gener-
ated by first fitting the curves of differential heat vs coverage
by polynomials and then using the fitted polynomials to
determine the number of adsorbates interacting with surface
sites with a differential heat within a given range. As shown
in Figure 9a, the sample caclined at 673 K exhibits acidity,
with about 0.3 umol m ~ 2 NHj; adsorption sites between 100
and 110 kJ mol !, which are not available for the samples
calcined at 873 and 1073 K. On the other hand, Figure 9b
shows that the sample calcined at 873 K possesses base sites
stronger than 120 kJ mol~!. In addition, this sample pos-
sesses more base sites with the CO, adsorption heat be-
tween 60 and 120 kJ mol ! than the samples calcined at
673 and 1073 K.

CONCLUSIONS

In this work, we extended our studies to the effects of
calcination temperature on the calcined hydrotalcite. This
information may be useful for the hydrotalcite-derived
MgAIO binary oxides used as acid/base catalysts and

Histograms of the distribution of interaction strengths for (a) NH; and (b) CO, adsorption on the y-Al,03, MgO, and MgAlO samples

catalyst supports. We confirmed that MgAlO exhibited
moderate acidity/basicity, even upon calcination at varying
temperatures from 673 to 1073 K. We also confirmed that
the MgAlO samples are more stable than MgO toward heat
treatment in surface area and pore size. In addition, it was
found that the material has relatively uniform pore size
distribution centered around 18 nm. It was also found that
calcination at 873 K produced the MgAlO with stronger
basicity than the samples calcined at 673 and 1073 K, while
calcination at 673 K produced the MgAlO sample with
stronger acidity than the samples calcined at higher temper-
atures. This behavior provides more treatment parameters
to control the surface acidity/basicity of MgAlO according
to needs. Finally, we demonstrated by combining the results
of MAS 27A1 NMR and microcalorimetric adsorption that
the transition state, which has relatively more Al;—O tetra-
hedra associated with AlI** (the structure Al;—O-Al) in
the sample calcined at 873 K, may possess sites having
relatively more O?~ anions coordinated to Mg?™, which
show enhanced basicity.
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