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Abstract-Mg3Al and Zn3Al hydrotalcite-like layered double hydroxides of various compositions were
synthesized and characterized. A detailed comparative analysis of the structure and composition of starting
and reconstructed layered double hydroxides was made.

Synthetic layered double hydroxides (LDHs),
or so-called hydrotalcite-like materials, arouse in-
creased interest as sorbents [1, 2], anion exchangers
[3, 4], catalysts [5, 6], and catalyst precursors
[7, 8]. The idealized LDH formula is as follows:
[M2+

13 xM3+
x (OH)2]

x+Az3
x/z.mH2O, where M2+ is Mg2+,

Ni2+, Zn2+, ...; M3+ is Al3+, Fe3+, Ga3+, ...; and
Az3 is CO3

23, NO3

3, Cl3, ... [8]. The unit cell is formed
by brucite-like layers separated by interlayer gaps.
The doubly charged cations, M2+, bound to six ox-
ygen atoms, form primary octahedral fragments joint
to form networks [5]. These networks are mutually
superimposed in the form of H-bound brucite-like
layers. Isomorphic replacement of M2+ by different-
ly charged cations, e.g., by Al3+, results in the ap-
pearance of a positive charge, which is compensated
by the anions localized in the interlayer gaps [5].

Layered double hydroxides are solid bases, which
predetermines their use in basic catalysis [438]. In
most cases, LDHs are used in calcined form [8]. Re-
cently, the feasibility has been shown, however, of
using uncalcined LDH catalysts in a number of organ-
ic syntheses [4, 6, 7]. At the same time, there is in-
creased interest in materials with reconstructed struc-
ture, obtained using the so-called memory effect [4],
i.e., the ability of heat-treated LDH torecover the ini-
tial hydrotalcite-like structure upon rehydration [5]. In
this case, the degree of recovery of the LDH structure
depends on the temperature of preliminary heating and
the chemical composition of LDH [5]. Despite the

fact that the memory effect has been known for more
than 20 years and its importance for preparing new
catalysts grows [4], the number of works concerned
with fundamental aspects of this phenomenon is in-
sufficient [7, 9312].

In this study, LDHs of different compositions were
synthesized and a comparative analysis of their struc-
ture before and after transformation was made.

EXPERIMENTAL

As objects of study served Mg3Al and Zn3Al
LDHs. Synthesis of these materials with atomic ratios
M2+/Al3+ of 2, 3, and 5 was described in [7, 13].
The materials prepared are designated as Mg2Al,
Mg3Al, and Mg5Al, or Zn2Al, Zn3Al, and Zn5Al,
where the digit stands for the atomic ratio Mg/Al or
Zn/Al. The residual anions (NO3

3) were removed by
ion exchange for CO3

23 [14].

A part of the LDHs prepared was calcined in thin
bed at 673 or 773 K (heating rate 180 deg h31) for
16 h in a flow of N2, cooled, and stored in sealed
ampules in argon. These materials are designated by
index C. The reconstruction of LDHs was performed
as described in [15], i.e., 1 g of calcined LDHs was
suspended in 100 ml of deionized water, heated to
373 K, kept there for 40 min with stirring, cooled,
filtered, and dried at 383 K for 12 h. The materials
thus prepared are denoted by index R.
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Table 1. Chemical formula, M2+/Al3+ atomic ratio, structural parametera, and crystallite sizee of the synthesized LDHs
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ

Sample
³

Formula
³

M2+/Al3+
³ a ³ e

³ ³ ÃÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ
³ ³ ³ nm

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄ
Mg2Al ³ [Mg0.668Al0.332(OH)2](CO3)0.166 . 0.56H2O ³ 2.01 ³ 0.3042 ³ 18.5
Mg3Al ³ [Mg0.751Al0.249(OH)2](CO3)0.125 . 0.62H2O ³ 3.02 ³ 0.3061 ³ 19.9
Mg5Al ³ [Mg0.833Al0.167(OH)2](CO3)0.084 . 0.64H2O ³ 4.98 ³ 0.3086 ³ 20.7
Zn2Al ³ [Zn0.669Al0.331(OH)2](CO3)0.166 . 0.46H2O ³ 2.02 ³ 0.3071 ³ 44.8
Zn3Al ³ [Zn0.748Al0.252(OH)2](CO3)0.126 . 0.45H2O ³ 2.97 ³ 0.3080 ³ 40.3
Zn5Al ³ [Zn0.837Al0.163(OH)2](CO3)0.081 . 0.43H2O ³ 5.13 ³ 0.3088 ³ 47.0

ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄ

X-ray diffraction analysis (XDA) of the materials
studied was done on DRON33 and Philips 1170 dif-
fractometers (CuK

a

-radiation, l = 0.154178 nm, Ni-
filter) with oriented samples. The size of the LDH
crystallites along thea axis was determined using
the Scherrer equation [7], high-purity gradea-SiO2
served as standard. IR spectra were recorded with
a FTIR Perkin3Elmer 2000 spectrophotometer, using
samples prepared by compaction of pellets of a ma-
terial under study with thoroughly dried KBr (1 : 60
ratio). The27Al NMR spectra were obtained with mag-
ic angle rotation on an AMX 300 WB Bruker spec-
trometer (H = 78.20 MHz, [Al(H2O)6]

3+ standard).

Fig. 1. Diffraction patterns ofLDHs synthesized. (2q) Bragg
angle; the same for Figs. 3, 5. (a) (1) Mg2Al, (2) Mg3Al,
and (3) Mg5Al; (b) (1) Zn2Al, (2) Zn3Al, and (3) Zn5Al;
the same for Figs. 2, 3.

The chemical composition of the materials studied
was determined by atomic absorption spectroscopy
(AAS) on a Perkin-Elmer 3030 spectrophotometer.
The rehydration of calcined LDHs was studied by
the method of water absorption on a CIsorp installa-
tion (C.I. Electronics Ltd).

The chemical formulas of the materials synthesized
(Table 1) show good agreement between the predicted
and experimentally found compositions. X-ray diffrac-
tion patterns of the obtained LDHs (Fig. 1) contain
basal reflections typical of hydrotalcite [5]. As known,
the intensity of the (110) reflection is proportional
to half the structural parametera of the LDH unit cell,
which corresponds to the spacing between the neigh-
boring cations in the brucite-like layer [5]. For the
materials studied, this parameter grows with increas-
ing M2+/Al3+ atomic ratio (Table 1). Such a depen-
dence was observed on replacing Al3+ structural cat-
ions with cations of larger ionic radius (Mg2+ or Zn2+)
[16, 17] and, consequently, confirms their localization
in the LDH structure. The crystallite size of these
materials along thea axis also grows with increasing
M2+/Al3+ ratio (Table 1).

The IR spectra of the synthesized LDHs in the
wave number range 400032000 cm31 contain a broad
absorption band (AB) peaked at 360033650 cm31,
related to OH vibrations in the brucite-like layer [5].
With increasing M2+/Al3+ ratio, the position of the
band maximum shifts steadily to higher frequencies
for Mg3Al and to lower frequencies for Zn3Al. This
is reasonable, since a similar absorption band was
noted at 3700 and 3620 cm31 for magnesium and zinc
hydroxides, respectively. As known, the narrower the
full width at half-maximum (FWHM),I1/2, of a band,
the more ordered is the cation distribution in the LDH
structure [5, 18]. For the materials studied, theI1/2
parameter grows with increasing Mg2+ and Zn2+ con-
tent. As a result, the distribution of structural cations
becomes less ordered. It should be noted that the ab-
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sorption band related to Mg(OH)2 impurity is absent.
Unfortunately, the similarity of the vibration frequen-
cies of Zn(OH)2 and Zn3Al LDHs makes identifica-
tion of the zinc hydroxide phase impossible.

In the range 14003200 cm31, the IR spectra of
LDHs contain a strong band at around136831376 cm31

(Fig. 2), attributed ton3 bending vibrations of CO3
23

anions [14, 19]. Weakly resolved shoulders at 1090,
105031056, and 8603880 cm31, attributable ton1 and
n2 vibrations of CO3

23 [12, 19], are also present. The
shoulder at 790 cm31 (Al3O3 bond vibrations [12])
was noted solely for the Mg2Al sample, evidently
indicating the presence of a certain amount of the
Al(OH)3 impurity. The absorption band at 7603

765 cm31, attributable to Zn3Al3O vibrations inside
the brucite-like layer, is also present in the Zn3Al
LDHs IR spectra. In addition, the IR spectra contain
absorption bands at 6683624 cm31 (Mg3Al LDH),
6123620 cm31 (Zn3AL LDH; n4, bending vibrations
of the carbonate bond), and 5803560 cm31. The last
absorption bands are typical of brucite-like layer
(stretching and bending vibrations of M3O, M3O3M,
and O3M3O bonds) [20]. With increasing content of
the M2+ cations in LDH, the positions of the 4283
396-cm31 bands (vibrations of hydrotalcite octahedral
networks [19, 20]) steadily shift to lower frequencies,
approaching the value found for brucite (364 cm31).

The 27Al NMR spectra of the materials studied are
similar to those obtained previously for synthetic
hydrotalcite [17, 21]. They contain only one strong
resonance related to Al3+ octahedrons with chemical
shift of 7.9 and 14.0 ppm for Mg3Al and Zn3Al,
respectively. This implies that, in the LDHs studied,
aluminum(III) atoms are localized in octahedral posi-
tions of brucite-like layers.

The whole set of the obtained results characterizes
the synthesized materials as LDHs with hydrotalcite
structure.

As expected, calcination atT > 573 K results in
amorphization of the LDH crystalline structure. The
diffraction patterns of calcined samples contain re-
flections that can be assigned to MgO or ZnO (Fig. 3).
It is quite reasonable that their intensity grows with
increasing M2+/Al3+ ratio (Fig. 3).

The calcination of Mg3Al and Zn3Al LDHs at
6003773 K yields double oxides, Mg(Al)O or
Zn(Al)O, nearly isostructural to MgO or ZnO
[7, 12, 21, 22]. Degradation of the Zn3Al LDHs is
observed at 573 K, irrespective of the Zn/Al ratio
[12]. The presence of the amorphous Al2O3 phase
or zinc aluminate on the surface of ZnO particles is
possible.

Fig. 2. LDHs IR spectra. (n) wave number.

Fig. 3. Diffraction patterns ofLDHs calcined at 773 K.

The IR spectra of LDH(C) contain absorption
bands characteristic of double oxides [23]. The CO3

23

vibrational bands disappear nearly completely, where-
as the weak band around 1370 cm31 is present. This
indicates incomplete removal of carbonate anions,
which can be occluded in the mixed oxide lattice [24].
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Fig. 4. Adsorption3desorption isotherms of water.
(Dm) Change in sample mass and (f ) relative humidity.
(I ) Adsorption and (II ) desorption. (1) Mg2Al, (2) Mg5Al,
(3) Zn2Al, and (4) Zn5l, all calcined at 773 K.

Fig. 5. Diffraction patterns of reconstructed LDHs.
(a) (1) Mg2Al(R), (2) Mg3Al(R), and (3) Mg5Al(R);
(b) (1) Zn2Al(R), (2) Zn3Al(R), and (3) Zn5Al(R).

The NMR revealed tetrahedrally coordinated Al3+

cations, Al3+(tet), in the Mg3Al and Zn3Al LDHs
calcined at 6733923 K [7, 17, 22]. For Zn-containing
materials, the intensity of the Al3+(tet) resonance
is considerably higher than that for Mg3Al LDHs [7].
Double oxides prepared by calcination of Zn3Al
LDHs contain Al3+ ions mostly in tetrahedral posi-
tions [25]. The change in partial coordination of Al3+

ions is caused by dehydroxylation of LDHs [17, 21].
With increasing temperature, the coordination envi-
ronment of Al3+(oct) cations becomes more distorted.
This affects neighboring Mg2+ or Zn2+ ions [7, 21],

capable of forming corresponding oxides. An analysis
of the parameters of the27Al NMR line showed
that the lowest ordering of Al3+ ions and, consequent-
ly, the most significant degradation of LDHs occur in
the temperature range 7233773 K [7].

The aforesaid suggests that the Mg3Al and Zn3Al
LDHs calcined atT > 923 K are predominantly the
double oxides Mg(O)Al or Zn(O)Al. The most es-
sential disordering of the LDH crystalline structure is
observed at 7233773 K. For this reason, materials
calcined at 773 K were used to study the structural
reconstruction .

Hydration is the driving force of the structural re-
construction of calcined LDHs [5]. This process was
studied by the method of adsorption3desorption of
water vapor. As expected, it is fundamentally different
from physical adsorption. Water absorption is ob-
served even at moderate humidity (less than 40%)
(Fig. 4). In the Mg3Al LDHs, the amount of sorbed
water grows with increasing M2+/Al3+ atomic ratio,
whereas for Zn-containing materials, the opposite ten-
dency is observed. The sample mass does not recover
to the initial value upon water desorption (Fig. 4),
i.e., the hydration is irreversible. The data obtained
are consistent with the results of thermogravimetric
analysis [5, 18] and show that the amount of water
bound with calcined LDHs depends on the origin and
concentration of a doubly charged cation. The Zn3Al
samples possess lower hydrophilicity.

According to X-ray diffraction analysis, the basal
reflections, typical of hydrotalcite, recover after rehy-
dration of these materials (Fig. 5). Except in the case
of the Mg5Al(R) sample, the obtained reflections are
stronger and narrower than those for unheated LDHs.
This result, also obtained by Prinettoet al. [4], can be
accounted for by the increased crystallinity and (or)
a more ordered orientation of LDH(R) crystallites.
In the case of Mg5Al(R), in which the Mg2+ con-
centration is the highest, the lower reflection inten-
sities indicate a lower degree of crystallinity and,
probably, the presence of the oxide phase, which
could not be transformed into LDH completely.

For Mg3Al(R) samples, the structural parametera
increases only slightly, compared with uncalcined
LDHs (Table 2). In this case, the relation between the
parametera and the Mg2+/Al3+ ratio is virtually sim-
ilar to that for the starting materials. For Zn3Al(R)
LDHs, the effect of the Zn2+/Al3+ ratio on a is less
pronounced. This may indicate that part of Zn2+ cat-
ions are not incorporated in brucite-like layers in re-
construction. For Zn3Al(R), the ratio Zn2+/Al3+ ap-
proaches two, irrespective of the Zn2+ content in the
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starting LDHs [12]. The validity of this conclusion can
be confirmed by the similarity of the averagea val-
ues for Zn3Al(R) and Zn2Al samples (Table 2). The
increase in the Zn2+/Al3+ ratio differently affects the
size of LDH(R) crystallites along thea axis. It de-
creases for Mgn3Al(R) and grows somewhat for Zn3
Al(R) (Table 2). This indicates that the morphologies
of the reconstructed and starting LDHs are different
and are affected by the type of a doublycharged cation.

The 27Al NMR spectra of the reconstructed Mg3Al
and Zn3Al LDHs show only a single resonance at
7.838.0 ppm, attributable to octahedrally coordinated
Al3+. The parameters of this resonance,W and W0.1
(FWHM and width at one tenth of maximum, respec-
tively), are virtually similar tothose of unheated LDHs.
For Zn3Al(R) LDHs, the Al3+(oct) resonance is nar-
rower and stronger than that for uncalcined materials.
Apparently, in this case, reconstruction facilitates the
ordering of the octahedral environment of Al3+ cat-
ions. It is not improbable that this results from the for-
mation of the Al(OH)3 phase characterized by the
most ordered environment of Al3+ cations.

As in the case of unheated LDHs, the IR spectra of
reconstructed materials contain a strong absorption
band at 365033500 cm31, related to OH vibrations of
the brucite-like layer [15, 18, 19]. As also in the case
of the starting LDHs, the band peak shifts with grow-
ing M2+/Al3+ ratio.

The FWHM, I1/2, of the band in question yields
information about the uniformity of the cation dis-
tribution in the brucite-like layer of LDHs [18, 19].
The additional absorption bands at around 3700 cm31

indicate the presence of an oxide (hydroxide) impurity.
A comparison of the starting and reconstructed LDHs
shows that for Mg3Al(R) the I1/2 parameter decreases
considerably with increasing Mg2+/Al3+ atomic ratio
(Fig. 6a). Hence follows that reconstruction leads to
a more uniform distribution of Mg2+ and Al3+ ions
inside the brucite-like layer. At the same time, the
IR spectra of these samples contain a shoulder at
3700 cm31, whose intensity grows with increasing
Mg2+ content. Consequently, a part of these cations
are not incorporated into brucite-like layers in the
course of reconstruction, but form the Mg(OH)2 phase
instead. For this reason, Mg3Al(R) LDHs can be re-
garded as hydrotalcite-like materials with highly or-
dered structure containing an admixture of brucite.

For Zn3Al(R) samples, raising the Zn2+/Al3+ ratio
leads to a pronounced increase in theI1/2 parameter
(Fig. 6b). This indicates the less ordered distribution
of Zn2+ and Al3+ structural cations in the brucite-
like layer of reconstructed materials. We cannot ex-

Table 2. Structural parametera and crystallite sizee of
reconstructed LDHs
ÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Sample
³ a ³ e

ÃÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ
³ nm

ÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ
Mg2Al(R) ³ 0.3046 ³ 34.6
Mg3Al(R) ³ 0.3063 ³ 22.7
Mg5Al(R) ³ 0.3088 ³ 18.4
Zn2Al(R) ³ 0.3069 ³ 21.6
Zn3Al(R) ³ 0.3072 ³ 28.9
Zn5Al(R) ³ 0.3075 ³ 29.7

ÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄ

clude that part of them form single phases [Zn(OH)2,
Al(OH)3, or oxides], as also indicated by the NMR
data.

In the wave number range 14003200 cm31, the
LDHs(R) IR spectra contain a strong absorption band
near 1360 cm31, which can be attributed to bending
vibrations of interlayer OH3 ions. Weakly resolved
shoulders due ton1 andn2 vibrations of CO3

23 are ab-
sent or shifted owing to the replacement of this ion by
the hydroxide ion. For the Zn3Al (R) LDHs, the shift
to higher wave numbers was observed for the 7653

760 cm31 absorption bands (Zn3Al3O vibrations). This
can be accounted for by a change in the Zn2+/Al3+

ratio in the brucite-like layer. Owing to the exchange

Fig. 6. The FWHM I1/2 of the IR band related to OH
vibrations (365033500 cm31) in a brucite-like layer
for starting and reconstructed LDHs. (a) (1) Mg2Al,
(2) Mg2Al(R), (3) Mg3Al; (4) Mg3Al(R), (5) Mg5Al, and
(6) Mg5Al(R). (b) (1) Zn2Al, (2) Zn2Al(R), (3) Zn3Al,
(4) Zn3Al(R), (5) Zn5Al, and (6) Zn5Al(R).
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of CO3
23 ions for OH3 ions, the intensities of the

6883620 cm31 bands also change as compared with
the starting LDHs. The IR spectra of LDH(R) show
absorption bands characteristic of brucite layer vib-
rations at 5803560 cm31 (M3O and M3O3M bonds),
which indicates at least a partial reconstruction of
the starting hydrotalcite structure.

CONCLUSIONS

(1) Reconstruction of calcined double layered hy-
droxides by hydration is a complex process resulting
in a significant transformation of their structural prop-
erties, compared with the starting materials.

(2) The type of doubly charged cation and the
M2+/Al3+ atomic ratio exert the strongest influence
on the extent of reconstruction of layered double hy-
droxides. The Mg3Al materials possess higher struc-
tural reversibility than their Zn3Al analogues.

(3) Full reconstruction of layered microstructure of
the Mg3Al and Zn3Al double hydroxides is possible
at calcination temperatures not exceeding 723 and
5733623 K, respectively.

(4) An analysis of the IR spectra of layered double
hydroxides in the region of OH vibrations of the
brucite-like layer (360033500 cm31) yields the most
comprehensive information about the uniformity of
distribution of the structural cations.
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