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Abstract

A series of layered double hydroxides (LDHs) containing Mg2+ or Ni2+ as divalent and Al3+ or Ga3+ as trivalent cations
were used as catalysts in order to substitute NaOH in the selective condensation of acetone into diacetonealcohol. With this aim
the LDHs were totally exchanged with OH− anions and acquired the meixnerite-like structure, showing a high concentration
of active basic sites. These meixnerite-like structures were prepared by reconstruction under appropriate conditions of the
mixed oxides obtained by calcination. The complete reconstruction was easily achieved in water at ambient temperature
and pressure for Mg-containing samples, while more severe conditions were needed for the Ni-containing one, as shown by
XRD, TEM and UV–VIS DR spectroscopy. The reconstruction degree of Ni/Al mixed oxides was markedly improved by
hydrothermal treatments under ammonia. The nature of the cations influenced the acid–base properties of the mixed oxides,
as evidenced by NH3 and CO2 TPD experiments, and consequently their catalytic activities. The catalytic activities of the
meixnerite-like forms were related both to the basicity of the corresponding mixed oxide and to the reconstruction degree in
the lamellar form, thus to the density of the OH− sites. Indeed, the loss of the lamellar structure was the main cause of the
catalyst deactivation. ©2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aldol condensation of acetone using NaOH or
KOH as catalysts is the industrial route for the produc-
tion of diacetonealcohol [1]. This reaction is slightly
exothermic, therefore advantageously performed at
low temperature, the thermodynamic equilibrium
reaching 23% conversion at 273 K [2].
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The substitution of liquid bases with basic solid
catalysts is particularly suitable to reduce the environ-
mental impact of the process, avoiding for example
the use of consistent amounts of phosphoric acid
to neutralize the catalyst and the subsequent pro-
duction of salts. Layered double hydroxides (LDHs)
are a class of basic solids showing very attractive
properties, particularly for the condensation reactions
[3]. LDHs are represented by the general formula
[M1−x

2+ Mx
3+ (OH)2]x+ Ax/z

z−·mH2O(M2+ =
Mg2+, Ni2+, Zn2+, . . . ; M3+ = Al3+, Fe3+, Ga3+,

. . . ; Az− =CO3
2−, NO3

−, Cl−,. . . ). Their structure
consists of brucite-type layers, where the substitution
of M2+ with M3+ cations results into a net positive
charge, compensated by interlayer anions [4–6]. The
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meixnerite-like form of Mg/Al-LDHs, which corre-
sponds to the lamellar structure totally exchanged by
OH− anions [7–9], possesses high Brønsted basicity,
and therefore high activity in the aldol condensation
reactions, where OH− sites are required [9–11], as is
the case for the selective obtention of diacetonealco-
hol from acetone [12,13]. However, the direct anionic
exchange of the hydrotalcite by OH− anions is not
efficient due to the high affinity of these materials
for carbonate anions [14] or to the impossibility to
perform treatments with strong alkaline solutions
without inducing concurrent dissolution of the solids.
Another route, frequently used for the preparation of
the meixnerite [15] and extended to the intercalation
of aromatic molecular anions [16] or voluminous
organic species [17], consists to dehydroxylate the
layers and to eliminate the vaporizable anions by
thermal treatment of the LDHs which concurrently
moves to the mixed oxide structure. The latter is then
reconstructed into the LDH structure by rehydroxy-
lation in an aqueous solution containing the anionic
species to intercalate, using its so-called memory
effect [18]. Following this process, the catalytically
active meixnerite structure is achieved by thermal
decomposition of the precursor Mg/Al-LDH at a tem-
perature in the range of 673–873 K and subsequent
reconstruction in water of the lamellar structure with
the unique OH− compensating anions.

We have tried to extend this procedure to LDH struc-
tures containing other divalent and trivalent cations
than Mg2+ and Al3+, able to modify their catalytic
properties, and particularly to Ni/Al-LDH. These com-
pounds, corresponding to the natural mineral takovite
[4,14], are easily obtained in a well crystallized form in
laboratory. As previously reported [19], the Ni-based
layered structures have higher thermal and chemical
stabilities than the Mg-ones. This can be advanta-
geously used for regenerating the catalysts through
processes involving calcination steps. In contrast, the
Ni-containing mixed oxides present a lower ability
toward reconstruction into the LDH form than the
Mg-containing ones [20]. Our aim was, therefore, to
optimize the reconstruction of the Ni-LDHs in the
meixnerite-like form and to compare their catalytic
activity to that of the parent Mg/Al compounds.

Furthermore, well crystallized LDH structure con-
taining Ga3+ as trivalent cation have been claimed to
exist in a large range of Mg2+/Ga3+ ratios [21–23],

showing exceptional basic properties [22]. This was
an incitement to investigate the performances of
Ga-containing LDHs.

One of the main goal was to define LDHs struc-
tures and activation procedures making catalysts able
to replace NaOH for clean processes.

2. Experimentals

2.1. Sample preparation

Samples were prepared by co-precipitation at con-
stant pH in the range 9–11 [4,6] of adequate amounts
of 0.9 M M2+ (Mg2+ or Ni2+) and 0.18–0.3 M M3+
(Al3+ or Ga3+) nitrate salt solutions with 1.5 M NaOH
or 1.5 M NaOH + 2× 10−2 M Na2CO3 solution. The
precipitated gels were then hydrothermally treated in
the mother liquor at 353 K for 17 h, repeatedly washed
into deionized water (Na< 100 ppm) and dried at
353 K (samples denominated as prepared, a.p.)

The samples will be hereafter referred to as
M2+ Mx

3+, where M2+ and M3+ are the divalent and
trivalent cations involved, respectively, andx is their
atomic ratio determined in the solid.

2.2. Catalyst activation and catalytic tests

The activation of the LDHs into the meixnerite-like
forms was performed in two steps, including calcina-
tion and rehydroxylation. The a.p. samples were cal-
cined at temperatures in the range 633–823 K into a
N2/O2 flow of about 100 ml min−1. The heating rate
was 1 K min−1 and the final temperature was main-
tained for 6 h. Different rehydroxylation procedures
were then adopted according to the M2+ involved: (i)
calcined Mg-LDH powders were dispersed under vig-
orous magnetic stirring during 1 h into decarbonated
water at 298 K and 1× 105 Pa; (ii) calcined Ni-LDH
powders were treated in decarbonated water into a
120 ml autoclave at temperatures ranging from 298 to
433 K, under autogene pressure (1× 105–6× 105 Pa)
during increasing times up to 120 h. Experiments were
also performed in the same temperature and pres-
sure conditions into NH4OH 1 wt.% aqueous solu-
tion. For sake of brevity, the most frequently used
rehydroxylation treatment during 120 h at 433 K and
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6× 105 Pa will be hereafter referred to as standard re-
hydroxylation treatment (s.r.t.). Remaining water after
the rehydroxylation step was eliminated by repeatedly
washing of the sample with acetone.

Aldol condensation of acetone was performed in
an ice bath at 273 K in a well agitated 100 ml round
bottom flask under N2 atmosphere. For catalytic tests,
1.5 g of solid were used, the catalyst on acetone ra-
tio being 4.7 wt.%. Acetone (from Aldrich, >99.9%)
was previously purified using a 3X molecular sieve,
activated at 523 K. The reaction mixture was ana-
lyzed by gas chromatography using an OV1 column.
Only diacetonealcohol (DAA) and mesityl oxide (MO)
were obtained as reaction products. DAA conversion
((mol DAA formed× 2/initial mol acetone)× 100) is
reported as a function of contact time.

2.3. Sample characterization

Chemical analyses of the solids were performed
at the Service Central d’Analyse du CNRS (Solaize,
France).

The XRD powder patterns were collected on a CGR
Theta 60 instrument using monochromatized Cu Ka1
radiation (λ = 1.542 Å, 40 kV and 50 mA). BET spe-
cific surface areas were determined by N2 adsorption
at 77 K on a Micromeritics ASAP 2100 on the calcined
samples, previously outgassed at 523 K (10−4 Pa).

Thermogravimetric analyses (TG) were carried out
on a Setaram TG 85 1000◦C microbalance operating
in a flow of dry nitrogen (110 ml min−1) at a heating
rate of 2 K min−1 from 298 to 1023 K on 20 mg of
sample.

Transmission electron microscopies and high reso-
lution transmission electron microscopies (TEM and
HRTEM) were performed with a Jeol Jem 2000 mi-
croscope, equipped with a top entry stage.

UV–VIS Diffuse Reflectance (UV–VIS DR) spec-
tra were recorded on a Perkin–Elmer Lambda 16
spectrometer, equipped with an integration sphere.
Data were displayed asF(R∞) vs. wavenum-
bers, being F(R∞) the Kubelka–Munk function:
F(R∞) = (R∞ − 1)2/2R∞, where R∞ is the diffuse
reflectance of the sample considered of infinite thick-
ness. Total basicity of the mixed oxides was measured
by thermal adsorption and desorption of CO2 with
a Setaram DSC-111 microcalorimeter. The samples

were previously outgassed at 723 K, cooled to 373 K
and contacted with flowing CO2. The thermal event
in the microcalorimetric cell was recorded. After
purging the physisorbed CO2 under He flow, the tem-
perature programmed desorption (TPD) of CO2 was
performed under He flow from 373 to 723 K (heating
rate 10 K min−1).

Total acidity was measured by TPD of NH3 us-
ing a conductivity cell for the detection of the efflu-
ent gases. The samples were previously outgassed at
723 K, cooled to 373 K and contacted with NH3 vapor.
After purging, the temperature was increased up to
723 K (heating rate 10 K min−1) and evolved ammo-
nia was trapped in a HCl solution and finally titrated.

3. Results and discussion

3.1. Chemical and XRD characterizations

3.1.1. As prepared samples
The precipitation pH adopted for sample prepara-

tion (Table 1) was chosen in order to obtain a quanti-
tative precipitation yield of the LDHs. The M2+/M3+
ratios found in the solids were almost coincident
with those adopted in the solutions for Al-containing
samples. In contrast, in the case of Ga-LDHs, we
noted a marked increase of the M2+/M3+ ratio, when
passing from the solution to the solid, according to
the high solubility of gallium hydroxide into alkaline
media [21]. In agreement, the discrepancy between
the M2+/M3+ ratio in the solid and in the solution
was larger in MgGa4.53 than in MgGa3.61, the first
being prepared at higher pH. For all the a.p. sam-
ples, the XRD patterns were characteristics of well
crystallized LDH structures (Fig. 1). The nature of
the divalent cation had a negligible influence on the
crystallinity, as seen comparing the patterns of Mg-
and Ni-containing LDHs. In contrast, the substitution
of Al3+ with Ga3+ induced an increase of the crys-
tallinity, possibly due to an increase of the ordering in
the LDH structure. However, weak amounts of brucite
and probably of an amorphous Ga phase could be
detected on MgGa6.94 and MgGa3.61, respectively.
The higher M2+/M3+ ratios found on Mg/Ga LDHs
were normally indicative of a lower electropositive
layer charge than on Mg/Al ones, prepared in the
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Table 1
Synthesis parameters, chemical composition and morphologic features of LDH-samples

Sample pH M2+/M3+ solution M2+/M3+ solid Chemical compositiona d003 (Å)

MgAl2.69 9.0 3 2.69 Mg0.729 Al0.271 (OH)2 (CO3)0.024 (NO3)0.223·0.48 H2O 8.74
MgAl2.89 10.5 3 2.89 Mg0.743 Al0.257 (OH)2 (CO3)0.106 (NO3)0.207·0.46 H2O 8.47
MgGa3.61 9.0 3 3.61 Mg0.783 Ga0.217 (OH)2 (CO3)0.032 (NO3)0.176·0.58 H2O 8.07
MgGa4.53 10.5 3 4.53 Mg0.819 Ga0.181 (OH)2 (CO3)0.142 (NO3)0.021·0.52 H2O 8.04
MgGa6.94 11.0 5 6.94 Mg0.874 Ga0.126 (OH)2 (CO3)0.403 (NO3)0.010·0.64 H2O 8.05
NiAl2.98 9.0 3 2.98 Ni0.749 Al0.251 (OH)2 (CO3)0.093 (NO3)0.032·0.51 H2O 8.34

a Water content was determined from thermo-gravimetric analysis.

Fig. 1. XRD spectra of a.p. LDHs. MgAl2.89, (curve 1); NiAl2.98,
(curve 2); MgGa6.94, (curve 3); MgGa4.53, (curve 4); MgGa3.61,
(curve 5).

same conditions. Therefore, higher interlayer dis-
tances were expected on Ga-LDHs, since they are
determined by the electrostatic interaction between
the brucite-like layer and the anions. Furthermore,
Ga3+ ions are expected to have a lower polarizing
power, since their ionic radius (0.062 nm) is larger
than that of Al3+ (0.050 nm) [24]. In contrast, smaller
interlayer distances were obtained from the position
of the (0 0 3) reflections in the XRD patterns on all

Fig. 2. XRD spectra of LDHs calcined at 723 K. MgAl2.89,
(curve 1); NiAl2.98, (curve 2); MgGa3.61, (curve 3).

the Ga-containing samples (Table 1). This reinforced
the hypothesis of the presence of small amounts of
amorphous Ga-containing ones among the additional
phases detected by XRD, although pure LDH phases
are claimed to exist in a very wide Mg2+/Ga3+ range
[21,22].

3.1.2. Calcined samples
The calcination at 633–823 K of the different a.p.

samples, performed in order to decompose the inter-
layer anions, led to the complete disappearance of
the XRD patterns of the LDH structure and to the
appearance of the characteristic patterns of mixed ox-
ides of MgO [11,20] or NiO type [20,25–27]. Fig. 2
shows the XRD patterns after calcination at 723 K of
MgAl2.89, MgGa3.61 and NiAl2.98 with rather simi-
lar M2+/M3+ ratios. As expected, the crystallographic
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parameters of the Mg(Al)O mixed oxide obtained
from MgAl2.89 were slightly lower than in pure MgO
(periclase, JCPDS file n. 43-1022), due to the smaller
ionic radius of Al3+ than Mg2+ [24]. According
to the literature [20], an additional weak reflection
at d= 0.25 nm is assigned either to a magnesium
aluminate-type phase or to the location of Mg2+ or
M3+ cations on tetrahedral interstitial sites in the
MgO lattice. The non-horizontal baseline observed
in the XRD pattern of the Mg(Ga)O mixed oxide
obtained from MgGa3.61 could account for the pres-
ence of an amorphous Ga2O3 phase. No reflections
due to a spinel-like phase were detected, although its
formation on Mg/Ga-LDHs had been revealed after
calcination at quite low temperature (773 K) [20].

Analogously to Mg-containing samples, the crystal-
lographic parameters of the Ni(Al)O mixed oxide ob-
tained from NiAl2.98 were shifted toward lower values
in comparison to pure NiO with rhombohedric struc-
ture (JCPDS file n. 22-1189). A model accounting for
the decomposition of Ni/Al-LDHs has been proposed
[26,27]. The presence of three different phases, in rel-
ative amounts depending on the calcination tempera-
ture, was suggested: (i) a NiO phase, containing small
amounts of Al3+ ions; (ii) an alumina-type phase,
doped with small amounts of Ni2+ ions which for ex-
ample can be selectively removed by NaOH leach-
ings; (iii) a spinel-type phase, on samples calcined at
T> 1000 K. From the XRD pattern of NiAl2.98 cal-
cined at 723 K, the alumina phase was not revealed, al-
though the presence of a poorly crystallized Al-phase,
not XRD detectable, could not be ruled out.

3.1.3. Mg-containing rehydroxylated samples
The mixed oxides obtained by calcination of both

Mg/Al and Mg/Ga LDHs could be easily rehydroxy-
lated performing treatments during 1 h at RT into de-
carbonated water. Indeed the complete reconstruction
under the OH− meixnerite-like form is obtained, ben-
efiting of the so-called memory effect [18] (Fig. 3).

A marked increase of the crystallinity could be ob-
served comparing the XRD patterns of the a.p. and of
the rehydroxylated samples. Furthermore, we noted a
decrease of the interlayer distances, related to the dif-
ferent nature of the compensating anions, since nitrates
were present in the a.p. samples, while carbonates pre-
vailed on the rehydroxylated ones. The OH− anions

Fig. 3. XRD spectra of MgAl2.89 (Section a) and MgGa3.61
(Section b). A.p. samples, (curves 1); after calcination at 723 K
and subsequent rehydroxylation at RT, (curves 2); after 5 catalytic
runs, (curve 3).

of the meixnerite-like form are indeed readily ex-
changed with CO32− when the samples are contacted
with the ambient atmosphere, during the XRD experi-
ment. This drawback is generally avoided keeping the
samples under inert atmosphere.

3.1.4. Ni-containing rehydroxylated samples
Several attempts were made in order to restore un-

der the meixnerite-like form the Ni-containing mixed
oxides, since, differently from the Mg-ones, their re-
hydroxylation into the lamellar structure hardly oc-
curs [20,28]. On NiAl2.98 sample calcined at 723 K,
XRD analysis showed that rehydroxylation in water
at 298–373 K under atmospheric pressure did not lead
to the reconstruction (Table 2). The phenomenon is
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Table 2
Rehydroxylation conditions of LDH samples

Sample CalcinationT (K) Rehydroxylation condition Reconstruction degree (%)a Conversion (%)b

medium T (K) t (h) p (Pa)

MgAl2.69 723 H2O 298 1 105 100 19.0
MgAl2.89 723 H2O 298 1 105 100 13.8
MgGa3.61 723 H2O 298 1 105 100 16.5
MgGa4.53 723 H2O 298 1 105 100 18.8
MgGa4.53 823 H2O 298 1 105 100 19.7
MgGa6.94 723 H2O 298 1 105 100 15.1
NiAl2.98 723 H2O 298 or 373 72 105 0 0.1
NiAl2.98 723 H2O 388 72 2× 105 15 0.5
NiAl2.98 723 H2O 433 120 6× 105 23 0.8
NiAl2.98 723 NH4OHc 433 120 6× 105 25 7.7
NiAl2.98 633 H2O 433 120 6× 105 80 2.5
NiAl2.98 633 NH4OHc 433 120 6× 105 >80 6.5
NiAl2.98 673 H2O 433 120 6× 105 60 9
NiAl2.98 673 NH4OHc 433 120 6× 105 70 15

a Evaluated on the basis of the integrated intensity of the (0 0 3) reflection in the XRD patterns.
b After 4 h of reaction at 273 K.
c Aqueous solution NH3/H2O 0.3 wt.%.

not kinetically limited since no change occurred after
72 h of treatment. Therefore, hydrothermal treatments
were performed, at higher temperature and pressure. A
reconstruction degree of 23% in comparison with the
a.p. sample was indeed reached for NiAl2.98 perform-
ing the s.r.t. under water (Fig. 4). The reconstruction
degree was calculated on the basis of the integrated
areas of the (0 0 3) XRD reflections of the LDHs.

Since the reconstruction degree remained low, it
was tried to lower the precalcination temperature, in
order to obtain more reversible mixed oxide struc-
tures. Indeed, 80% reconstruction was reached per-
forming the s.r.t. under water on samples precalcined
at 633 K (Fig. 4 curve 4). However TG analysis evi-
denced that consistent amounts of CO3

2− in the range
of 0.5–1 wt.%, still remained in the structure, which
are able to poison the stronger basic sites. It must
be recalled that the main goal of these experiments
was to obtain the meixnerite-like form. This implies
not only to restore the lamellar structure, but also
to totally exchange the NO3− and CO3

2− anions by
OH−, which are the active species for the targeted
catalytic application. Anyway, one of the main diffi-
culty arises from the higher affinity of these structures
toward the CO32− compensating anions [14]. There-
fore, the calcination temperature of the LDH, leading
to the mixed oxide, appears as a key parameter able

Fig. 4. XRD spectra of NiAl2.98 at different rehydroxylation
degrees. A.p. samples, (curve 1); calcined at 723 K and submitted
to the s.r.t. under H2O, (curve 2); or under NH4OH, (curve 3);
calcined at 633 K and submitted to the s.r.t. under H2O, (curve
4); or under NH4OH, (curve 5).
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Fig. 5. UV–VIS DRS spectra of NiAl2.98. A.p. samples, (curve 1); calcined at 633 K, (curve 2); or at 723 K, (curve 3); calcined at 723 K
and submitted to the s.r.t. under H2O, (curve 4); or under NH4OH, (curve 5); calcined at 633 K and submitted to the s.r.t. under NH4OH,
(curve 6).

to determine a good compromise between the recon-
struction degree of the mixed oxides and the anionic
content of the meixnerite-like compounds. According
to these requirements, a different route was explored
in order to increase the reconstruction degree while
maintaining the calcination temperature above 633 K.
The s.r.t. were then performed in an aqueous solution
containing 0.5–1 wt.% of NH4OH. An improvement
of the reconstruction degree was observed, whatever
the precalcination temperature (Fig. 4 curves 3, 5). In
the alkaline medium, higher amounts of OH− species
were thus available for the regeneration of the Ni(Al)O
mixed oxide into the meixnerite-like form as required
from the lower electropositivity of Ni2+ than Mg2+.
It is remarkable that reconstruction reached 70% on
NiAl2.98 precalcined at 673 K, i.e. at a temperature
ensuring an extensive decomposition of interlayer an-
ions, and submitted to the s.r.t.

3.2. UV–VIS DRS characterization

NiAl2.98 was characterized by means of UV–VIS
DR spectroscopy in order to acquire further infor-
mation on the Ni2+ environment. The a.p. LDH
compound, of green color, showed weak bands at
15 500 and 26 200 cm−1, with shoulders at 24 100 and
13 700 cm−1, respectively, assigned to d–d transitions

of Ni2+ ions with a distorted octahedral configura-
tion, while the intense absorption atv̄ > 42 000 cm−1

was due to charge-transfer transitions (Fig. 5 curve
1). After calcination at temperatures in the range
633–823 K, an intense and broad absorption in the UV
region, with maxima at about 40 000 and 33 000 cm−1,
was related to the formation of a NiO-type phase
[29–31] (Fig. 5 curves 2, 3). In addition, a broad and
intense absorption extending up to 10 000 cm−1 was
observed, whose intensity markedly decreased when
the calcination temperature was increased (Fig. 5
curves 2, 3). This absorption was assigned to elec-
tronic transitions from the valence band to acceptor
levels in the band gap, due to the presence of Ni3+
ions, as in non-stoichiometric nickel oxides [29,32].
This was confirmed by the black color of the sample
[33]. The formation of Ni3+ ions was likely induced
by an excess of oxygen in the external layers of NiO
particles [34–36], due to the presence of trivalent
Al3+ ions in the NiO lattice. Accordingly, this ab-
sorption showed higher intensity after calcination at
633 K, where the Al-doped NiO phase was more ho-
mogeneous, whereas it decreased after calcination at
723 K. This suggested the migration of a part of Al3+
ions outside the NiO lattice, therefore the formation
of a more stoichiometric NiO phase.

The spectra of precalcined NiAl2.98 sample, sub-
mitted to rehydroxylation under different hydrothermal



110 F. Prinetto et al. / Catalysis Today 55 (2000) 103–116

Fig. 6. TEM images of NiAl2.98 a.p. (Section a) and calcined at 673 K (Section b).

conditions, were characterized by a marked decrease
of the bands at about 40 000 and 33 000 cm−1, whose
extent depended on the reconstruction degree of the
layer structure, and by the disappearance of the broad
absorption assigned to Ni3+ (Fig. 5 curves 4–6).
Comparing the spectra of NiAl2.98 precalcined at the
same temperature and submitted to the s.r.t. under
water or ammonia, one can note that the decrease of
NiO features was more pronounced on the latter. This
finding pointed to a higher reconstruction of the LDH

structure, according to the XRD results (Fig. 5 curves
4, 5). As expected, higher reconstruction degrees were
obtained for NiAl2.98 calcined at lower tempera-
ture (633 K), particularly if they were rehydroxylated
following the s.r.t. under ammonia (Fig. 5 curve 6).

3.3. TEM and HRTEM characterization

The morphology of NiAl2.98 sample was investi-
gated by TEM (Fig. 6). On the a.p. sample aggregates
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Fig. 7. TEM images of NiAl2.98 calcined at 723 K and submitted to the s.r.t. under H2O (Sections a and b).
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Fig. 8. TEM and HRTEM images of NiAl2.98 calcined at 633 K and submitted to the s.r.t. under H2O (Sections a, b and c) or under
NH4OH (Section d).

of fibrous particles, characteristic of takovite com-
pounds [25], were present (Fig. 6a). After calci-
nation at temperatures in the range of 633–723 K
(Fig. 6b), aggregates of very small crystallites were
observed, anyway the general morphology of the
sample was almost retained, the thermal decomposi-
tion of Ni/Al-LDHs proceeding topotactically [25],
as already reported for the Mg/Al ones [28,37].

The electron micrographies of NiAl2.98 precal-
cined at 723 K and rehydrated in water by the s.r.t.
(Fig. 7a and b) evidenced three well-distinct mor-
phologies: (i) well crystallized particles of hexagonal
shape, with regular contours and very large sizes

(100–500 nm), showing no diffraction fringes, as-
signed to NiO, possibly Al-doped; (ii) rare aggregates
of fibrous LDH particles; (iii) rounded particles of
small sizes (10–20 nm). Comparatively, on this sam-
ple precalcined at 633 K and rehydroxylated under
the same conditions (Fig. 8a, b and c) one can note
that: (i) aggregates of NiO particles with more ir-
regular shape and very small sizes (<20 nm) were
present; (ii) the relative amount of aggregates of
LDH particles was considerably higher, in agreement
with the improvement of the reconstruction degree
evidenced by XRD analysis; (iii) rounded particles
were present in very low relative amounts. On these
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Fig. 9. Catalytic activity of Mg/Al (Section a), Mg/Ga (Section b) and Ni/Al (Section c) samples in the aldol condensation of acetone: DAA
conversion as a function of reaction time. Section a: MgAl2.89 calcined at 723 K, (r); MgAl2.89, (s); MgAl2.69, (4) calcined at 723 K
and rehydroxylated at RT; NaOH, (*). Section b: MgGa6.94, (4); MgGa4.53, (d); MgGa3.61, (h) calcined at 723 K and rehydroxylated
at RT; MgGa4.53 (s) calcined at 823 K and rehydroxylated at RT. Section c: NiAl2.98 calcined at 723 K and submitted to the s.r.t. under
H2O, (�); or under NH4OH (4); calcined at 633 K and submitted to the s.r.t. under H2O, (d); or under NH4OH, (s); calcined at 673 K
and submitted to the s.r.t. under NH4OH, (h).

latter, the distances of 0.431 and 0.320 nm between
diffraction fringes allowed to identify the (1 1 0) and
(1 1 1) planes, respectively, of aluminium hydroxide
(JCPDS file n. 20-11) (Fig. 8b). Al(OH)3 arose from
the rehydroxylation of an alumina phase, possibly
Ni-doped, formed during calcination, although on
the calcined material it was not evidenced by TEM.
The segregation of aluminum-rich phases justifies the
scarce reversibility toward the lamellar structure of
the Ni-based mixed oxides formed upon calcination
[25–27].

The electron micrographies of precalcined NiAl2.98,
rehydroxylated under ammonia atmosphere, were
next examined. Al(OH)3 particles were no more
present on the sample precalcined at 633 K (Fig. 8d)
due to their easy dissolution in alkaline solutions. Ag-
gregates of very irregular NiO particles, with highly
eroded contours were found resulting from the very
high solubility of NiO and Ni(OH)2 in ammonia
solutions [33] in contrast with their negligible sol-
ubility in other alkaline solutions. Therefore, both
Al3+ from Al(OH)3 and Ni2+ from NiO dissolutions
became available in the alkaline solution during the
hydrothermal treatment. This could account for the
precipitation of a new Ni/Al LDH phase, appearing
on TEM images as small dark plots of 1–2 nm in size,
completely covering the surface of the NiO particles
(Fig. 8d).

3.4. Catalytic activity

All the a.p. samples, tested without pretreatment,
were inactive in the acetone condensation reaction.
Therefore, the layered structures containing nitrates
or carbonates as compensating anions are poorly ef-
fective basic catalysts. In contrast, a catalytic activity
reaching 5% conversion into DAA after 4 h of reaction
was observed for the mixed oxides obtained after calci-
nation at 723 K of the Mg-containing LDHs (Fig. 9a).
However, the activities were very low in comparison to
that of the same samples calcined at 723 K and totally
rehydroxylated. These meixnerite-like structures were
able indeed to reach a conversion into DAA compara-
ble to that of NaOH in homogeneous phase, for exam-
ple, as shown for MgAl2.69 (Fig. 9a). The amount of
NaOH was chosen in order to have theoretically the
same number of OH− than in the totally exchanged
LDH compound. As reported in Section 2.2, the water
used for the rehydroxylation of the calcined LDHs in
the activation procedure was removed by washing in
acetone. It has been checked that some acetone conver-
sion occurred only during the last washing step, any-
way not exceeding 6%, due to the short contact time.

Comparing the activities of MgAl2.89 and
MgAl2.69 meixnerite-like catalysts one can note that
conversion steps of 13 and 18% into DAA were
reached, respectively, after 4 h of reaction. Therefore,
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Table 3
Acid–base characterization of the LDH samples calcined at 723 K

Sample SS (m2 g−1) 1H CO2 (KJ mol−1) (Nb)a TmaxdesNH3 (K) (Na)b Nb/Na

meq g−1 meq m−2 × 103 meq g−1 meq m2 × 103

MgAl2.89 219 88 0.85 3.88 523 0.23 1.05 3.7
NiAl2.98 210 69 0.49 2.33 529 0.33 1.57 1.5
MgGa3.61 160 72 0.66 4.12 503 0.07 0.44 9.4
MgGa4.53 197 72 0.74 3.75 503 0.12 0.61 6.1

a Nb = number of basic sites.
b Na = number of acid sites.

an enhancement of about 50% of the activity results
from the decrease of the Mg2+/Al3+ ratio from 2.89
to 2.69. In contrast, previous studies [11] reported that
the activity of the Mg(Al)O mixed oxides increased
with the Mg2+/Al3+ ratio for the same reaction.
These behaviors could account for the different na-
ture of the active sites involved in these two types of
structures. Indeed, the number of compensating OH−
sites increases at the reverse of the Mg2+/Al3+ ratio
in the meixnerite-like form, while the basicity of the
acid–base pair sites goes through a maximum with
this ratio in the mixed oxides [38].

High conversion steps in the range of 16–19%
into DAA were also reached after 4 h of reaction for
Mg/Ga samples in the meixnerite-like form (Fig. 9b).
This shows that the substitution of Al3+ with Ga3+
slightly increased the catalytic activity. As expected
from the previous results, their activities also de-
pended on the Mg2+/Ga3+ ratio, but in a different
way than for the Mg/Al samples. This could ac-
count for the different nature of the crystallographic
phases in the samples reported earlier, which become
here the main parameter. Indeed, the highest initial
reaction rate and conversion level were shown by
MgGa4.53, while MgGa3.61 and MgGa6.94, contain-
ing exceeding phases, were less active. It is worthy
to note that MgGa4.53 showed the highest reaction
rate among the Mg-containing samples, in spite of
its high Mg2+/Ga3+ ratio. Similar conversion levels
were reached using the meixnerite-like form of this
sample precalcined at 723 or 823 K whose lamellar
structure were totally restored (Table 2). This showed
that similar activities resulted from samples precal-
cined in a large range of temperature, provided that
the OH− exchanged lamellar structure was achieved.

The Ni-containing mixed oxides obtained by calci-
nation of NiAl2.98 were quite inactive, the conversion

steps hardly reaching 0.1%. These activities by far
lower than those of the Mg-containing mixed oxides,
exhibiting specific surface areas in the same range, ac-
counted for differences of the acid–base properties of
these catalysts. This was clearly evidenced perform-
ing TPD experiments with CO2 and NH3 as probe
molecules (Table 3). Indeed one can note that:
1. The density ratio of acid and basic sites evidenced

a large excess of the latter in the Mg-containing
samples, while rather similar amounts of both sites
are found in the Ni-containing one.

2. Higher heat of CO2 adsorption, in the range of
70–90 kJ/mol, therefore high basic strength, are
found in the Mg-containing samples. In contrast,
in the Ni-containing one, the heat of CO2 ad-
sorption did not exceed 70 kJ mol−1, while the
temperature of maximum NH3 desorption shifted
30 K higher, showing an enhancement of the acid
strength.

3. The substitution of Al3+ with Ga3+ slightly
increased the density of the basic sites in the
Mg-containing mixed oxides.

From these results, it is reasonable to think that the
higher catalytic activity of the Mg-containing mixed
oxides for the condensation reaction of acetone ac-
counted for their higher density of basic sites, which
are probably O2− surface species.

Concerning now the catalytic activity of the
Ni-containing samples in the meixnerite-like form
obtained following the different treatments previously
described (Fig. 9c), it is worthy to note that:
1. The conversion remained still low (0.8%) when a

reconstruction degree of 23% was reached, per-
forming the s.r.t. under water.

2. The conversion reached only 2.5%, even when a
reconstruction degree of 80% was obtained, if the
sample was previously calcined at temperatures
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below 640 K, i.e. when carbonate species are
not totally decomposed. In contrast, the conver-
sion is nearly two times higher (9%), in spite
of a lower reconstruction degree (60%), when
the sample was precalcined at 673 K, i.e. totally
decarbonated.

3. Whatever the precalcination temperature, the hy-
drothermal treatment of NiAl2.98 under NH4OH
increased the reconstruction degree and therefore
the catalytic activity.

These results confirm that in order to obtain an ac-
tive catalyst, the calcination temperature must be care-
fully chosen to assure a good compromise between a
complete decomposition of the interlayer anions and
a high reconstruction degree of the structure. Indeed,
on one hand OH− are the active sites for this reac-
tion, whereas the presence of CO3

2− in the structure
blocks the stronger basic sites. On the other hand,
a low reconstruction degree means a low density of
available OH− sites, decreasing the catalytic activity.
These results also explain why similar activities lev-
els were found for Mg- and Ni-containing samples
with comparable M2+/M3+ ratios and degrees of re-
construction into the meixnerite-like form, due to their
similar densities of sites. In contrast, dramatic differ-
ences occurred between the activities of their mixed
oxides, where acid–base pair sites are involved.

In line with these results we observed a net decrease
of conversion, from 13 to 7% when the MgAl2.89
meixnerite-like catalyst was contacted successively
five times with a fresh charge of acetone during
2 h. Indeed, the XRD patterns of the used sample
showed that catalyst deactivation came from a loss of
the lamellar structure, therefore from the correlated
decrease of the OH− sites. However, after several
catalytic runs the catalysts acquired a pale yellow
color accounting for the presence of polycondensa-
tion products. Anyway, this effect seems to be less
detrimental for the catalytic activity than the partial
amorphization of the lamellar structure.

4. Conclusions

Meixnerite-like structures have shown to be basic
solid catalysts as efficient as NaOH for the selective
condensation reaction of acetone into DAA. This was
due to the high density of OH− active sites in the

interlayer region, acting as an aqueous solution of
NaOH. A main result of this study was to evidence
that the existence of a well-defined layered structure
and of an interlayer domain, where NO3

− and CO3
2−

were completely replaced by OH− anions were de-
terminant for the catalytic activity. At comparable
reconstruction degree of the meixnerite-like structure,
the nature of the divalent and trivalent cations in-
volved in the brucite-like layers of the LDH was a less
stringent parameter. The active meixnerite-like forms
were obtained following a procedure involving firstly
a calcination step of the starting LDH, thus moving to
a mixed oxide, and secondly a reconstruction in water
of this mixed oxide into the lamellar structure, using
the so-called memory effect. This route is preferable
to the direct exchange, which could hardly provide a
high exchange level, particularly for CO3

2−, whose
selectivity is very high. In this frame one can under-
stand why the calcination temperature becomes a key
parameter of the procedure which must be carefully
chosen in order, on the one hand, to decompose the
anions and on the other hand, to prevent the formation
of a poorly reconstructible mixed oxide. Indeed, the
memory effect of the mixed oxides is lost as the cal-
cination temperature increases due to an evolution to-
ward a spinel-like structure. In addition Ni-containing
mixed oxides were intrinsically more stable than
Mg-containing ones. This drawback has been greatly
reduced in this work performing hydrothermal treat-
ments in alkaline media, leading to a partial dissolu-
tion of Ni(Al)O and of the segregated alumina, which
re-precipitate to give LDH. This implies obviously
that for the different types of LDHs, depending on the
nature of the involved cations, dedicated treatments
of reconstruction should be performed.
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