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A new brucite-like layered Mg/Ga double hydroxide (LDH)
of composition [Mg0.174Ga0.256(OH)2] (CO3)0.134 · mH2O was
synthesized by coprecipitation at pH 10. The hydroxide and the
mixed oxides resulting from its thermal decomposition at 523,
823 and 1073K were characterized by X-ray diffraction, diffuse
reflectance infrared spectroscopy, high-resolution solid-state nu-
clear magnetic resonance (MAS NMR), and thermogravimetric
analysis. The surface properties of the solid (specific surface) and
its basicity were also determined. The Mg /Ga LDH was found to
be stable up to 523 K and to decompose into a mixture of
periclase MgO and amorphous Ga2O3 at 823 K. Its changes with
temperature were monitored by using 1H and 71Ga MAS NMR;
1H MAS NMR spectra revealed the loss of interlayer OH groups
supporting the brucite-like structure on calcination at 823K.
(( 1997 Academic Press

INTRODUCTION

Layered double hydroxides (LDH) are of the general
formula [M(II)

1~x
M(III)

x
(OH)

2
][An~]

x@n ·mH
2
O, where

M is a metal and A an anion. These hydroxides can be used
as precursors for multicomponent catalysts including the
following:

(a) basic catalysts formed from Mg/Al LDHs and used in
aldol condensation (1—3), alkylation (4), Claisen—Schmidt
(5), and epoxide and lactone polymerization reactions (6, 7),
among others;

(b) hydrogenation catalysts formed from Ni/Al, Zn/Cr,
Cu/Zn/Al(Cr), and Cu/Co/Al(Cr) LDHs (8—12);

(c) steam reforming catalysts obtained from Ni/Al LDHs
(12—14).

In addition, LDHs subjected to no thermal pretreatment
following their synthesis are effective adsorbents (15, 16),
chromatographic stationary phases (17), and ion exchangers
(18).
78
0022-4596/97 $25.00
Copyright ( 1997 by Academic Press
All rights of reproduction in any form reserved.
The changes in LDHs during calcination are well docu-
mented (19, 20). Below 473 K, they only lose interstitial
water; on the other hand, at 723—772 K, they undergo thor-
ough dehydroxylation and decomposition of all carbonate
into carbon dioxide and the corresponding metal oxide. In
Mg/Al LDHs, the calcination residue obtained at the last
temperature is of approximate composition Mg

6
Al

2
O

8
(OH)

2
. This product can be used to restore the LDH struc-

ture by rehydration in the liquid or vapor phase provided
the calcination temperature is kept below 823—873 K. This
is known as a ‘‘memory effect.’’ Calcination at 723—773 K
increases the surface area and pore volume of the solid
slightly (19, 21) and results in a change in X-ray diffracto-
grams from the LDH to a poorly crystalline magnesium
oxide.

In one of the earliest items of research on the thermal
decomposition of Mg/Al LDHs, Miyata et al. (21) charac-
terized a number of anion sites in the product that had
variable pK

"
values. Therefore, M2 /̀M3` LDHs and the

solids resulting from their calcination can be assumed to be
basic in nature.

A wide variety of LDHs containing various di- and ter-
valent cations (Mg, Zn, Cr, Al, Fe, Ni, Co) and univalent
cations (Li) in combination with different anions (CO2~

3
,

SO2~
4

, NO~
3
, PO3~

4
, Cl~, ClO~

4
) have been reported (22).

Many of them are Mg/Al LDHs; few, however, contain
Ga3` (23). Although gallium belongs to the same group as
aluminium (ionic radius"0.50 A_ ), the former possesses a
larger atomic volume (ionic radius"0.62 A_ ), so its inclu-
sion can distort LDH layers. In any case, the effects of
introducing a bulkier, more basic cation than aluminium in
an LDH on the structural and catalytic properties of the
solid are theoretically quite interesting.

There are reported 71Ga MAS NMR data that can help
study LDHs containing this ion in crystallographic and
physicochemical terms (24, 25). Gallium can replace alumi-
nium in many crystal structures such as perovskites and
zeolites. Most recently reported data in this respect were
obtained by using high fields under MAS conditions and
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appropriate techniques for averaging the second-order
quadrupole broadening involved.

The aim of this initial work on this type of solid was to
synthesize a new Mg/Ga LDH and characterize it following
various thermal treatments, by using different experimental
techniques including diffuse reflectance infrared (DRIFT)
spectroscopy, X-ray diffraction (XRD), and proton and gal-
lium high resolution solid-state nuclear magnetic resonance
(MAS NMR). The surface properties of the materials obtained
from the different thermal treatments were also determined.

EXPERIMENTAL

Synthesis

The Mg/Ga LDH was obtained by using the coprecipita-
tion method. For this purpose, two solutions containing
0.03 M Mg(NO

3
)
2 ·6H

2
O and 0.01 M Ga(NO

3
)
3 ·6H

2
O,

respectively, in 25 ml of deionized water [x"Ga3`/
(Mg2`#Ga3`)"0.25] were used. The mixture was slowly
dropped over 75 ml of an Na

2
CO

3
solution at pH 10 at

333 K, with 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 and washed with
2 liters of deionized water. The final solid was white-colored
and named HT-1. Any residual nitrate ions in the LDH
structure were removed by exchange with carbonate ions.
For this purpose, 2.5 g of the LDH was dispersed in 125 ml
of distilled water. The dispersion was supplied with 250 mg
of Na

2
CO

3
and refluxed for 2 h, after which the solid, white,

was separated by centrifugation and the water discarded.
This operation was repeated and supernatant analyzed for
nitrate, which gave a negative test. The solid was then dried
at 393 K and named HT-2. This solid was treated with
nitrogen at a variable temperature for 8 h. The treatment at
523 K led to solid HT-3, whereas those at 823 and 1073
K gave solids HT-4 and HT-5, respectively.

Chemical Composition

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

X-Ray Diffraction

XRD patterns were recorded on a Siemens D 500 diffrac-
tometer using CuKa radiation. Scans were performed over
the 2h range from 2 to 80.

Diffuse Reflectance Infrared Spectroscopy

DRIFT spectra for the solids were recorded from 400 to
4000 cm~1 on a Bomen MB-100 FTIR spectrophotometer.
The sample was prepared by mixing 0.14 g of powdered
solid with KBr (the blank) in a 15 : 85 ratio.

Thermal Analysis

Thermogravimetric curves were recorded on a Cahn 2000
electrobalance by heating from 298 to 1073 K at
10 Kmin~1 in a nitrogen atmosphere.

Chemical and Textural Properties

The specific surface areas of the solids were determined by
using the BET method on a Micromeritics ASAP 2000
analyzer.

Basic sites were quantified from the retention isotherms
for phenol (pK

!
"9.9), dissolved in cyclohexane. To this

end, we used a measuring method that had previously
proved highly effective for measuring the acidity and basi-
city of other porous solids. The amount of titrant retained
by the solid was measured spectrophotometrically (j

.!9
"

271.6 nm). By using the Langmuir equation, the amount of
titrant adsorbed in monolayer form, X

.
, was obtained as

a measure of the concentration of basic sites (26).

NMR Spectroscopy

1H and 71Ga MAS NMR spectra were obtained at 400.13
and 121.98 MHz, respectively, on a Bruker ACP-400 spec-
trometer under an external magnetic field for 9.4 T. All
measurements were made at room temperature following
evacuation of the sample at 3 lm of Hg at 120°C for 3 h. The
samples, containing in zirconia rotors, were spun at the
magic angle (54°44@ relative to the external magnetic field) at
5 kHz. 1H spectra were recorded after applying an excita-
tion pulse of n/2 (5 ls) with a 2 s interval between successive
accumulations to avoid saturation effects. 71Ga spectra
were recorded for an excitation pulse of n/4 (2 ls) and an
accumulation interval of 3 s. Tetramethylsilane (TMS) and
Ga(H

2
O)3`

6
(27) were used as external standards for the

proton and gallium, respectively. The number of accumula-
tions for the proton and gallium spectra were 200 and 6000,
respectively.

RESULTS AND DISCUSSION

The elemental analysis of the Mg/Ga LDH following ion
exchange with carbonate and drying in a stove at 393 K for
4 h gave the following formula for an Mg2 /̀Ga3` ratio of
2.50: [Mg

0.714
Ga

0.286
(OH)

2
][CO

3
]
0.143 ·mH

2
O.

The XRD analysis of the solid showed the synthetic LDH
to be highly crystalline in both its original form (HT-1) and
after ion exchange (HT-2). Figure 1 shows the X-ray diffrac-
tograms for the samples stored at 393 K. They are typical of
solids with stacked layers and analogous to those previously



FIG. 1. XRD patterns for (A) HT-1 and (B) HT-2.

FIG. 2. XRD patterns for (A) HT-3, (B) HT-4, and (C) HT-5.
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obtained by Reichle et al. (19) for Mg/Al LDH. From the
position of the strongest lines, of crystallographic indices
(003), the lattice distance d

003
was obtained; this in turn was

used to calculate the lattice parameter c. Such a distance
was decreased by the ion exchange (see Table 1 for sample
HT-1 and HT-2) as a result of the increased attraction
between brucite-like layers and CO2~

3
ions, of greater

charge than NO~
3

ions. Also, lattice parameter a, deter-
mined from the (001) diffraction, was decreased, consistent
with an increase in the average particle size. A comparison
of the values for the lattice parameters with reported values
for Mg/Al LDHs with an Mg/Al ratio of 2.5 reveals that the
chief effect of replacing aluminium with gallium in the LDH
structure is an increase in the interlayer distance as a result
of the higher atomic radius of gallium. Thus, Mg/Al LDHs
with an Mg/Al ratio of 2.5 were found to have an a value of
3.046 (1) and 3.052 A_ (20), and their parameter c to be 23.06
(1) and 23.08 A_ (20).

Structural changes produced by calcination in the LDH
sample that was subjected to carbonate exchange were
monitored from XRD patterns (Fig. 2). Heating of sample
HT-2 at 523 K (HT-3, Fig. 2A) caused no alteration or
significant change in the lattice parameters (see Table 1). On
the other hand, a calcination temperature of 823K de-
stroyed the LDH structure and led to the formation of a
TABLE 1
Lattice Parameters for Synthesized LDHs

Sample ¹ (K)a d
003

(A_ ) a (A_ ) c (A_ )

HT-1 RTb 7.99 3.25 23.91
HT-2 RTb 7.93 3.10 23.79
HT-3 523 7.92 3.12 23.74

a Temperature of termic treatment.
b Room temperature.
periclase magnesium oxide phase together with amorphous
gallium oxide (Fig. 2B). Finally, raising the temperature
from 823 to 1073 K caused no additional structural change
in the phase formed at the former temperature (Fig. 2C).

Figure 3A shows the DRIFT spectrum for sample HT-2.
As can be seen, it includes a strong band between 3800 and
2700 cm~1 that comprises the twisting vibrations of
physisorbed water (28), vibrations of structural OH~

groups (29), characteristic valent vibrations of OH2OH,
and/or characteristic stretching vibrations of Mg2`—OH~

bonds in Mg/Ga hydroxycarbonates similar to those for
Mg/Al hydroxycarbonates (28—31). The band correspond-
ing to the vibration mode d

HOH
appears at 1643 cm~1. The

sharp band at 1385 cm~1 corresponds to mode l
3

of inter-
layer carbonate. This vibrational mode might also corres-
pond to l

3
for the nitrate ion—this, however, was confirmed

to be absent from the LDH structure after the carbonate
exchange. The restricted symmetry in the interlayer space
activates mode l

1
for carbonate, which occurs as a weak

shoulder at 1049 cm~1, consistent with previous results for
other LDHs (32). There is no sign of bicarbonate species in
the FTIR spectrum, however.

Figures 3B and 3C show the diffuse reflectance FTIR
spectra for the Mg/Ga LDH samples calcined at 823 (HT-4)
and 1073 K (HT-5), respectively. Both exhibit significant
changes relative to the spectrum for the previous sample
(Fig. 3A). The bands between 450 and 650 cm~1 correspond
to characteristic vibrations of MgO and Ga

2
O

3
(33, 34). The

broad band centered at 1400 cm~1 is characteristic of
O—C—O vibrations in adsorbed (not interlayer) carbonate
groups on the surface of the oxide system formed (34, 35), as



FIG. 3. DRIFT spectra for (A) HT-2, (B) HT-4, and (C) HT-5.

FIG. 4. 1H MAS NMR spectra for (A) HT-2, (B) HT-3, (C) HT-4,
(D) HT-5, and (E) MgO. Asterisks denote spinning side bands.
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well as of carbonate and water reversibly adsorbed on the
oxide surfaces (34—37). When the carbonate is massic or part
of some other mixed structure (e.g., residual carbonate re-
maining after the synthesis of a magnesium orthophos-
phate) it is assigned a slightly higher frequency than inter-
layer carbonate, viz. 1432 cm~1 (38, 39). One other weak
band is observed in the 3800—3100 cm~1 region due to the
valent vibrations of OH2OH

2
(28) and H

2
O2OH

2
(29).

A high-temperature treatment therefore eliminates all these
bands and that at 1400 cm~1. Based on these results, the
loss of water and CO

2
from these solids is quite apparent.

The TGA curves for sample 2 exhibit two stages spanning
the ranges 423—490 and 563—693 K, respectively, which in-
volve an overall weight loss of 41.5%. The first such loss
(11.4%) can be ascribed to the release of weakly adsorbed
interlayer water; the second (30.1%) is associated with the
removal of water molecules from the brucite-like structure
and of CO

2
from interlayer carbonate as the layered struc-

ture is destroyed.
Figure 4 shows the 1H MAS NMR spectra for sample

HT-2 (Fig. 4A), as well as those for the solids resulting from
the thermal treatments at 523 K (HT-3, Fig. 4B), 823 K
(HT-4, Fig. 4C), and 1073 K (HT-5, Fig. 4D). By way of
comparison, Fig. 4E shows the spectrum for MgO calcined
at 773 K. The spectrum for Mg/Ga LDH subjected to no
thermal treatment (Fig. 4A) exhibits a signal at 4.1 ppm that
can be ascribed to structural OH groups in the LDH and to
physisorbed water. The asymmetry of the signal suggests the
presence of another component overlapped with the pre-
vious one, which, by comparison with the spectrum for
Mg/Ga LDH heated at 523 K (Fig. 4B), can be ascribed to
Ga—OH groups (d"0.4 ppm). In the spectrum, the intensity
of the signal at 4.1 ppm appears to have been decreased by
the dehydroxylation caused by the thermal treatment. It
includes a signal at d"!1.1 ppm which, by analogy with
reported results for aluminas (40, 41), can be assigned to OH
groups where the proton is strongly shielded (e.g., basic
octahedral Ga—OH groups). When the temperature is raised
up to 823 or 1073 K (Figs. 4C and 4D, respectively), the
intensity of the signals decreases owing to the loss of both
interlayer OH groups and physisorbed water (the band at
4.1 ppm disappears), which leads to the destruction of the
layered structure and the formation of the MgO and Ga

2
O

3
phases. Thus, these spectra exhibit two distinct signals at
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!1.1 and 0.4 ppm. Mastikhin (40, 41) assigned a signal at
0.33 ppm for aluminas to ‘‘basic’’ octahedral Al—OH groups
and another at 2.55 ppm to ‘‘more acidic’’ Al—OH groups.
By analogy with these results, the signal at !1.1 ppm can
be ascribed to ‘‘basic’’ octahedral Ga—OH groups and that
at 0.4 ppm to ‘‘more acidic’’ Ga—OH groups. On the other
hand, by comparison with the 1H spectrum for MgO the
asymmetry of these signals suggests the presence of Mg—OH
groups, although in much smaller numbers than Ga—OH
groups.

Figure 5 shows the 71Ga MAS NMR spectra for sample
HT-2 (Fig. 5A) and those for the solids obtained on calcina-
tion at 523 K (Fig. 5B), 823 K (Fig. 5C), and 1073K
(Fig. 5D). The chemical shifts of the solids were subjected to
no second-order quadrupole correction. A linear correlation
was recently established between 27Al and 71Ga NMR
chemical shifts in isostructural Al and Ga compounds
possessing oxygen only in the first aluminium or gallium
coordination sphere (42). Based on this correlation, and on
available knowledge on the 27Al NMR, chemical shifts for
aluminium in aluminophosphates, approximate 71Ga NMR
chemical shift ranges for gallium in gallophosphates in
terms of coordination number were predicted. The shifts for
tetrahedrally coordinated gallium in galloaluminate-based
FIG. 5. 71Ga MAS NMR spectra for (A) HT-2, (B) HT-3, (C) HT-4,
and (D) HT-5. Asterisks denote spinning side bands.
MCM-41 molecular sieves and zeolites range from 139 to
156 (43—45). The shifts for octahedrally coordinated Ga in
Mg/Ga LDH obtained by us from 71Ga MAS NMR spectra
(approximately from !14 to !21 ppm) and those for tet-
rahedrally coordinated Ga (58—59 ppm) can be correlated
with those reported for Mg/Al LDHs with M2 /̀M3` ratios
similar to those in our Mg/Ga LDH by using the linear
relation reported by Bradley et al. (42).

Thus, solid HT-2 exhibited a typical signal for octahedral
Ga at about !14 ppm (Fig. 5A), even though the quality of
the spectrum was not too good. The broad band on which
this signal was superimposed suggests that this gallium is
in a distorted, low-symmetry environment. Calcining this
material at 523 K (Fig. 5B) resulted in a upfield shift in the
signal for octahedral Ga to !19 ppm; no signal for tet-
rahedrally coordinated Ga was observed because the mater-
ial was still preserved its layered structure, as confirmed by
the XRD study (Fig. 2A). On the other hand, calcination at
823 or 1073 K (Figs. 5C and 5D) revealed the presence of
octahedral Ga (signal at ca. !20 ppm) and of tetrahedrally
coordinated Ga (signal at 58—59 ppm). Based on previous
results for Mg/Al LDHs (46—48), this new tetrahedral Ga
probably arises from breakage of LDH layers and trans-
formation of amorphous Ga

2
O

3
, which contains both co-

ordination forms. These results are quite consistent with our
1H MAS NMR results: OH groups are bonded to octahed-
rally coordinated gallium, which, as noted earlier, is present
at calcination temperatures as high as 1073 K.

Table 2 gives the specific surface areas (S
BET

) for the
different samples and MgO and Ga

2
O

3
. As can be seen, the

surface area increased with calcination of the sample at
823 K as a result of the removal of H

2
O and CO

2
molecules,

which increased the material’s porosity and hence its area.
A further increase in the calcination temperature to 1073 K
diminished the specific surface area as the likely result of
particle sintering. This was confirmed by X-ray diffracto-
grams, which exhibited sharp peaks for the sample calcined
thermally at 1073 K (Figs. 2B and 2C), thus suggesting
TABLE 2
Specific Surface Areas and Base Site Densities for Synthesized

Mg/Ga LDHs and the Products of Calcination

Sample ¹ (K)a S
BET

(m2/g) X
.
c (lmol/g)

HT-2 RTb 34.0 —
HT-3 523 18.1 133.7
HT-4 823 133.0 83.5
HT-5 1073 111.1 84.1
MgO 773 241.3 254.0
Ga

2
O

3
773 6.1 35.1

a Temperature of termic treatment.
b Room temperature.
c Basicity.
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improved crystallinity. These results are consistent with
those reported for other LDHs (2, 48), even though they are
highly influenced by the synthetic method used to prepare
the LDH. However, a comparison of our results with those
for Mg/Al LDHs with metal ratios of 2—4 reveals that the
latter behave similarly toward calcination. The specific sur-
face area of the untreated LDH is quite small and peaks at
723—823 K; above 823 K, it starts to decrease (2).

The basicity of the solids against phenol is given in
Table 2. Before any CO

2
and H

2
O are lost, the solid exhibits

a strongly basic character that diminishes as the calcination
temperature is raised. The basicity of the oxide mixture
obtained on calcination is independent of the final calcina-
tion temperature. A comparison of this oxide mixture with
its pure components (Table 2) reveals that the basic charac-
ter of the mixture lies in between that of commercially
available magnesium oxide and gallium oxide. However, as
derived from the spectroscopic data, the mixture obtained
by calcining the starting Mg/Ga LDH is not a simple
mechanical mixture, but rather possesses peculiar structure
and properties.
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123, 231 (1992).
.


	TABLES
	TABLE  1
	TABLE 2

	FIGURES
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5

	INTRODUCTION
	EXPERIMENTAL
	Synthesis
	Chemical Composition
	X-Ray Di¤raction
	Diffuse Reflectance Infrared Spectroscopy
	Thermal Analysis
	Chemical and Textural Properties
	NMR Spectroscopy

	RESULTS AND DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

