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CHEMISTRY

An Mg/Al and a Mg/Ga layered double hydroxide (LDH) were synthesized by using the coprecipitation method
and calcined at a variety of temperatures. The starting LDHs and their calcination products (mixtures of oxides and
spinels) were characterized by X-ray diffraction, solid-state NMR and IR spectroscopies and thermogravimetric
analysis. Based on the results, the LDHs studied possess a brucite-like structure where tervalent cations occupy
octahedral positions. At moderate temperatures, calcination gives a mixture of oxides; at high temperatures,

however, the corresponding spinels are obtained.

Introduction

Hydrotalcite, [MgsAl,(OH),c](CO5)-4H,0, is a layered-
double hydroxide (LDH) belonging to the anionic clay family!
structurally analogous to brucite, Mg(OH),; Mg?" cations
occupy the centres of octahedra, which are superimposed and
joined by hydrogen bonds between hydroxy groups at octa-
hedron vertices. In hydrotalcite some Mg?" ions are replaced
by AI**; this produces a charge deficiency in the layers that is
neutralized by anions in the interlayer region, which also
contains water of crystallization. Replacement of the mag-
nesium or aluminium with another cation (Ni, Zn or Cu in
the former case and Ga, Cr, Fe or Mn in the latter) yields the
so-called layered-double hydroxides, of general formula
(M",_ M™ (OH),]**(A""),,ymH,0O. These solids are cur-
rently being used in many catalysed processes including
condensation,®® hydrogenation*® and nitrogen oxide
decomposition reactions,®’ among others.

Characterizing surface active sites in catalysts is one of the
primary goals in catalysis that has so far been pursued by
using a wide variety of instrumental techniques such as XRD,
IR, Raman, NMR, EPR and ESCA spectroscopies. Thus,
multinuclear MAS NMR spectroscopy was recently used by
our group for the structural elucidation of catalytically active
solids such as sepiolites,® magnesium oxide-magnesium ortho-
phosphate systems,” magnesium pyrophosphate'® and silica—
aluminium phosphate systems.!!

The chemical nature of zeolites in catalytically active mate-
rials is altered by the isomorphic substitution of AI** by Ga’™;
this can be used with a view to designing improved zeolite
catalysts and zeolite-based molecular sieves.!?™'4

The growing interest in the use of Ga®" in catalytic systems
led us to investigate an Mg/Ga layered double hydroxide
(LDH) and compare it with an Mg/Al LDH that is widely
documented in the literature. The study included both LDHs
as such and their products upon calcination at a variety of
temperatures, and involved the use of various instrumental
techniques such as X-ray diffraction (XRD), diffuse reflectance
IR (DRIFT) spectroscopy and magic-angle solid-state MAS
NMR spectroscopy.

Experimental
Preparation of LDHs

Mg/Al LDH. Two solutions containing 0.03 mol of
Mg(NO;),-6H,0 and 0.01 mol of AI(NO;);-6H,0, respect-

ively, in 25 ml of deionized water, were mixed and the mixture
added dropwise to 75 ml of an Na,CO; solution at pH 10 at
333 K under vigorous stirring. The pH was kept constant by
adding appropriate volumes of 1 M NaOH during precipi-
tation. The suspension thus obtained was kept at 353 K for
24 h, after which the solid was filtered off and washed with 21
of deionized water.

Mg/Ga LDH. The procedure used to prepare this compound
was identical to that above except that the starting solutions
contained 0.03 mol of Mg(NO;),6H,0 and 0.01 mol of
Ga(NO;);-6H,0.

Once synthesized, the LDHs were exchanged with carbonate
in order to remove nitrate ions from the interlayers. For this
purpose, 2.5 g of LDH was dispersed in 125 ml of distilled
water and 250 mg of Na,CO; was added and the mixture
allowed to reflux for 2 h, after which the solid was separated
by centrifugation and the water discarded. This operation was
repeated and the supernatant analysed for nitrate, which gave
a negative test. The resulting solids, denoted HT-Mg/Al and
HT-Mg/Ga, were dried at 373 K and calcined in a nitrogen
atmosphere at 473, 773, 1073 or 1273 K for 8 h.

Characterization

The elemental composition of the samples was determined on
a Perkin-Elmer 1000 ICP spectrophotometer under standard
conditions.

X-Ray diffraction (XRD) patterns were recorded on a
Siemens D-500 diffractometer using Cu-Ka radiation. Scans
were performed over the 20 range from 5-80°.

Thermogravimetric curves were recorded on a Cahn 2000
electrobalance by heating from 298 to 1073 K at 10 K min !
in an argon atmosphere.

FTIR spectra for the LDHs at room temperature and for
samples calcined at 473 K, and diffuse reflectance IR (DRIFT)
spectra for the calcined solids at different temperatures were
recorded over the wavenumber range 400-4000cm ™! on a
Bomen MB-100 FTIR spectrophotometer. Samples were pre-
pared by mixing the powdered solids with KBr (the blank) in
a 15:85 ratio.

The specific surface areas of the solids were determined by
the BET method!® which was implemented on a Micromeritics
ASAP 2000 analyser.

27Al and "Ga MAS NMR spectra were recorded at 104.26
and 121.98 MHz, respectively, on a Bruker ACP-400 spec-
trometer under an external magnetic field of 9.4 T. All measure-
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ments were made at room temperature. The samples, held in
zirconia rotors, were spun at the magic angle (54° 44’ relative
to the external magnetic field) at 3.5 kHz for ’Al and 5.0 kHz
for *Ga. ?’Al spectra were recorded at an excitation pulse of
n/8 (0.6 pus) and an accumulation interval of 1s. "*Ga spectra
were obtained at an excitation pulse of m/4 (2 us) and an
accumulation interval of 1s. Al(H,0)s®" and Ga(H,0)>"*
were used as external standards for aluminium and gallium,
respectively.'® The number of accumulations for 2’Al and "'Ga
spectra were 1000 and 60 000, respectively.

Results and discussion
Elemental analysis

Elemental analysis of the LDHs following ion exchange with
carbonate and drying at 393 K provided the following ratios:
3:1 Mg:Al in HT-Mg/Al and 3:0.84 Mg:Ga in HT-Mg/Ga.
The resulting formulae for the LDHs can thus be written as
Mg 75Alg 25(OH),(CO3)0.125°0.70H,0 and Mgy 75Al, 22(OH),-
(CO3)9.120°0.62H,0, respectively.

XRD results

The XRD patterns for the LDHs (Figs. 1A and 2A) exhibit
some common features of layered materials (e.g. narrow,
symmetric, strong lines at low 260 values and weaker, less
symmetric lines at high 20 values). A comparison of the XRD
patterns for the sample containing gallium with that for the
aluminium sample reveals that the former possess the same
layered structure as the Mg/Al hydrotalcite. From the position
of the strongest lines, of crystallographic indices (003) the
lattice distance, d,o3, Was calculated and used to determine the
lattice parameter ¢ (23.16 and 23.39 A for HT-Mg/Al and HT-
Mg/Ga, respectively). These values suggest that the insertion
of Ga3", a larger cation than AI**, in the LDH structure
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Fig. 1 XRD patterns for HT-Mg/Al (A) and its products of calcination
at 473K (B), 773 K (C), 1073 K (D) and 1273 K (E).
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Fig.2 XRD patterns for the HT-Mg/Ga (A) and its products of
calcination at 473 K (B), 773 K (C), 1073 K (D) and 1273 K (E).

increases the spacing between layers. Structural changes pro-
duced by calcination of the LDHs samples at 473 K (Fig. 1B
and 2B) caused no alteration or any significant change in the
structures. On the other hand, a calcination temperature of
773 K destroyed the LDH structure and led to the formation
of a periclase MgO phase in addition to amorphous aluminium
or gallium oxides (Fig. 1C and 2C). These results are consistent
with previous findings that periclase MgO is the sole crystalline
phase expected to occur at these calcination teperatures.!’
Raising the calcination temperature to 1073 K resulted in no
change in the phases obtained except for increased crystallinity
in the samples. Finally, raising the temperature from 1073 to
1273 results in a sharpening of the MgO reflections. At this
temperature, sharp reflections for spinel (MgAl,O, and
MgGa,0,) also appear (Fig. 1E and 2E, respectively).

TGA results

The TGA curves for the two samples (Fig. 3) exhibit three
main regions over the temperature ranges 300—540, 540-800
and 800-1073 K, which involve an overall weight loss of 44.8%
for HT-Mg/Al and 39.7% for HT-Mg/Ga. The first such loss
(15.9 and 13.1% for HT-Mg/Al and HT-Mg/Ga, respectively)
can be attributed to the release of interparticle pore water;!8
the second weight loss (28.9% for HT-Mg/Al and 26.6% for
HT-Mg/Ga) is due to the removal of carbonate ions from the
interlayer and hydroxide ions from the brucite-like layer.!8:*°
Over this temperature range, the LDHs undergo decarbonation
and dehydroxylation reactions that release carbon dioxide and
water, and produce metal oxides. The third, final weight loss,
of lesser significance than the previous two, involves the
sustained release of water above 800 K. This water probably
results from dehydroxylation of the Al,O; or Ga,O; phase.
This third weight loss is somewhat controversial. Based on
mass spectra obtained during the thermal decomposition of
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Fig. 3 TGA curves for the LDHs.

LDHs, some authors have ascribed it to loss of water;%° others,
however, have related it to removal of carbonate ions.?!+??

MAS NMR spectra

Fig. 4 shows the 2?’A1 MAS NMR for solid HT-Mg/Al and its
calcination products. The observed chemical shifts exclude the
requirement for second-order quadrupole correction. As can
be seen from Fig. 4A, the spectrum for the uncalcined LDH
contains a single signal at § 9.7. This suggests that aluminium
occupies octahedral sites (Alp) preferentially. The loss of inter-
layer water at 473 K gives a small resonance at ¢ 74 (Fig. 4B)
that can be assigned to tetrahedrally coordinated aluminium
(Aly); this resonance becomes more prominent upon calci-
nation at 773 K (Fig. 4C). These spectra exhibit no evidence
of a resonance at ¢ 30 typical of the dehydroxylation of some
aluminosilicates, which has been assigned to five-coordinate
aluminium.?® Between 773 and 1073 K, the Aly/Aly ratio is
similar to that in y-alumina (30-32%)*® and although this
phase was not identified by XRD, it might be present in MgO
microdomains and lead to the broadened reflections in Fig. 1C.
It is also worth noting that the dehydroxylation of aluminium
takes place similarly as for pure gibbsite in air; alternative
alumina phases such as those of cubic structure (y-, 5- and 6-
alumina) and hexagonal phases (y- and k-alumina) are also
possible.?* The spectrum for HT-Mg/Al calcined at 1073 K
exhibits a second signal at J ca. 69 (Fig. 4D) that is consistent
with the chemical shift for MgAl,O,, even though no such
phase is observed by XRD (Fig. 1D). Raising the calcination
temperature to 1273 K increases this signal at ¢ 69 (Fig. 4E),
consistent with the XRD results, which reveals the presence of
a spinel phase.

Subsequently, solid HT-Mg/Ga was studied by 7'Ga MAS
NMR spectroscopy. Fig. 5 shows the spectra for the solid and
its calcination products. As can be seen from Fig. SA and B,
the "'Ga spectra for this solid and its calcination product at
473 K both exhibit a single signal with a chemical shift in the
range 6 —17 and —19 that can be assigned to octahedrally
coordinated gallium (Gag) and is consistent with previous
results of our Group.?> Calcination of this LDH at 773 K or
higher temperatures introduces significant spectral changes
(Fig. 5C-E); in contrast to the aluminium solids, in these
gallium solids the metal is largely tetrahedrally coordinated
(Gar, 6 58-60). Also, the Gag signal undergoes a downfield
shift during the transformation of the LDH into Ga,O; and
MgO.? The solid calcined at 1273 K (Fig. 5E), from which,
based on the XRD spectrum, the spinel is formed, exhibits an
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Fig. 4 ’Al MAS NMR spectra for HT-Mg/Al (A) and its products
of calcination at 473 K (B), 773 K (C), 1073 K (D) and 1273 K (E).
*Denotes spinning side bands.

ill-defined Gag signal; its presence, however, can be inferred
from the slope change in the spinning side band.

FTIR and DRIFT spectra

Fig. 6 and 7 show the FTIR and DRIFT spectra for the studied
solids. FTIR spectra for HT-Mg/Al, HT-Mg/Ga and their
calcination products at 473 K (Fig. 6A, B and 7A and B) exhibit
strong bands between 3800 and 2700 cm~! that comprises
the twisting vibrations of physisorbed water,?® vibrations of
structural OH™ groups,” characteristic valency vibrations
of OH:---OH, and/or characteristic stretching vibrations of
Mg?>*~OH" in hydroxycarbonates.?**° The band correspond-
ing to the vibration mode Jdyoy appears at 1647-1644 cm ™.
Carbonate ion in a symmetric environment exhibits three
absorption bands close to those for the free anion (viz. v,=
680 cm ™Y, v,=880 cm ! and v;=1415cm !). Band v, is clearly
observed in the region 1381-1373 cm ™! in the four spectra, as
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Fig. 5 "Ga MAS NMR spectra for HT-Mg/Ga (A) and its products
of calcination at 473 K (B), 773 K (C), 1073 K (D) and 1273 K (E).
*Denotes spinning side bands.

is v, (873-874 cm™!). On the other hand, the v, band is only
observed in the spectrum for the Mg/Al sample owing to
inadequate resolution of the other three spectra. The presence
of a shoulder at ca. 1400 cm ™! can be ascribed to a decreased
carbonate symmetry®® that activates the vibrational mode v;;
this mode, which is inactive in wholly symmetric carbonate,
appears as a shoulder at 1505-1535cm ™! in the spectra.’!
Whilst the band at 1381-1373 em ™! could correspond to v for
nitrate ion; this is ruled out since nitrate ion was found to be
absent following its exchange with carbonate.

Fig. 6C and 7C show DRIFT spectra for the LDHs calcined
at 773 K. As can be seen, they are markedly different from the
previous spectra. The spectra show prominent bands at
450-650 cm ! corresponding to characteristic vibrations of
the oxides (MgO, Al,O;, Ga,0;).3%3® The spectra also include
a broad band at 1400 cm ! typical of O—C—O vibrations for
adsorbed (non-interlayer) carbonate on the surface of the mixed
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Fig. 6 IR spectra for solid HT-Mg/Al (A) and its product of

calcination at 473 K (B) and DRIFT spectra for products of calcination
of solid HT-Mg/Al at 773 K (C), 1073 K (D) and 1273 (E).
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Fig.7 IR spectra for solid HT-Mg/Ga (A) and its product of

calcination at 473 K (B) and DRIFT spectra for products of calcination
of solid HT-Mg/Ga at 773 K (C), 1073 K (D) and 1273 (E).



Table 1 Specific surface areas values for LDHs and their calcination
products

Ta/K Sper (HT-Mg/AlY Sper (HT-Mg/Ga)®
R.T.” 56.2 51.7
473 58.9 61.5
773 143.5 116.9
1073 109.9 106.6
1273 75.0 48.0

“Room temperature. *Units m? g~ 1.

oxides formed upon calcination,®+3* together with carbonate
and water reversibly adsorbed on the oxide surfaces.**” When
the carbonate is forming particles or part of some other mixed
structure (e.g. residual carbonate remaining after the synthesis
of a magnesium orthophosphate), it occurs at a slightly higher
frequency than interlayer carbonate,3”3° viz. 1432cm™ L.
Finally, a further weak band is observed in the region
3800-3100 cm ! arising from OH---OH, and H,O---OH,
groups.?”? Based on these results, loss of water and CO, from
these solids is apparent.

After calcination of LDHs at 1073 and 1273 K, significant
changes in the DRIFT spectra of the solids were observed
(Fig. 6D, E and 7D and E). Several bands are observed in the
range 400-1100 cm ~! which correspond to vibration bands of
MgO,3233 Al,O; and Ga,053%4° and the spinel phases.*!

BET results

Table 1 lists the specific surface areas for the LDHs and their
calcination products. As can be seen, the areas increase with
increasing calcination temperature up to 773 K, through
removal of water molecules of carbon dioxide, which increases
the porosity in the solids. As the calcination temperature is
further increased, the specific surface area decreases to a
minimum at 1273 K as a result of sintering and the formation
of spinel phases. This is consistent with the XRD patterns for
the solids calcined at this temperature, which exhibit narrow
peaks suggestive of increased crystallinity.

Conclusions

Based on the results obtained in this work, replacement of
aluminium by gallium in a layered double hydroxide introduces
no substantial structural changes. The increased ionic radius
of Ga*" relative to AI** results in an increased interlayer
spacing. Calcination of these solids at temperatures below
1073 K gives a mixture of magnesium and aluminium or
gallium oxides. Above 1073 K, however, calcination yields
crystalline periclase MgO phases and the aluminium or gallium
spinel. As shown by MAS NMR spectra, like Ga**, AP
occupies mostly octahedral positions in the LDH structure
and both octahedral and tetrahedral positions in the solids
calcined above 773 K.
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