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Activated layered double hydroxides (LDHs) with high crystallinity, obtained by
calcination/rehydration of LDH precursors synthesized by urea decomposition, have
higher catalytic activity in acetone self-condensation and Knoevenagel reactions than
less crystalline materials obtained from LDH precursors synthesized by titration co-
precipitation. The activated LDHs possess both basic and acidic sites. High resolution
transmission electron microscopy (HRTEM) confirms that the highly crystalline acti-
vated LDHs retain the lattice structure of the LDH precursors with lattice parameters
a ¼ b ¼ 0.31 6 0.01 nm and a ¼ 60 6 28. An acid-base catalytic mechanism has
been proposed to interpret the catalytic behavior based on the fact that acid-base
hydroxyl group pairs on the activated LDH surface have a separation of 0.31 nm. It is
proposed that the active sites are mainly located on the ordered array of hydroxyl sites
on the basal surfaces rather than on the edges, as has been previously suggested.
� 2007 American Institute of Chemical Engineers AIChE J, 53: 932–940, 2007
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Introduction

Although a great many very efficacious heterogeneous cat-
alysts have been prepared,1 identification of the actual active
sites in any given catalyst presents a considerable challenge.2

Advances in high-resolution microscopy3 and in situ spec-
troscopy,4 along with theoretical studies,5 have led to consid-
erable progress in our understanding, although many issues
remain unresolved.6 Catalytic activity is often ascribed to the
presence of defect surface sites with unusually low coordina-
tion number, or ensembles of contiguous surface sites.5,7 For
example, in the case of a layered material such as MoS2
which has platelet-like crystals, cleavage parallel to the basal
planes produces a highly inert surface with coordinatively

saturated Mo atoms, whilst cleavage perpendicular to the ba-
sal planes generates edge surfaces with coordinatively unsat-
urated Mo sites which have high activity as hydrodesulfuriza-
tion catalysts.7,8 In the case of catalysis by solid acids and
bases, Iglesia et al.9 have postulated that bifunctional path-
ways, which require that different sites co-exist within mo-
lecular distances, are often involved and Climent et al.10

have proposed a bifunctional acid-base mechanism for the
condensation of heptanal with benzaldehyde over amorphous
aluminophosphate. Here, we describe the catalytic activity of
layered double hydroxide (LDH) materials in acetone self-
condensation and the Knoevenagel reaction and propose that
the active sites are located on the ordered array of hydroxyl
sites on the basal surfaces rather than on defect sites associ-
ated with the edges, as has been previously suggested.

Layered double hydroxides (LDHs), also known as hy-
drotalcite-like materials or synthetic anionic clays, have a
brucite-like structure and the formula [MII

1�xM
III
x(OH)2]

xþ
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(An�)x/n • yH2O. Isomorphous replacement of some of the MII

cations by MIII produces layers with a positive charge which
is compensated by anions located, along with water mole-
cules, in the interlayer galleries.11 LDHs have attracted
increasing attention in recent years owing to their potential
applications as adsorbents, ionic conductors, and catalysts.11

On thermal decomposition of LDHs at about 750 K, a mixed
oxide phase is obtained which has high base catalytic activ-
ity. This material may be rehydrated, resulting in regenera-
tion of the layered structure with the original interlayer
anions being replaced by OH� ions. The resulting so-called
activated LDHs are known to be effective solid catalysts for
the Claisen-Schmidt12 and Knoevenagel13 condensations, and
the Wittig14 and Henry15 reactions. The aldol codensation of
acetone to afford diacetone alcohol (DAA) has been widely
used16–23 to study the catalytic activity of activated LDHs,
but conclusive relationships between the preparation proce-
dure, surface area, number, and nature of active OH groups
and activity have not been derived.22 Very recently, Kaneda
and coworkers.24 have suggested that activated LDHs provide
a unique acid-base bifunctional surface capable of promoting
the Knoevenagel and Michael reactions of nitriles with car-
bonyl compounds. In the studies reported to date,16–23 the
LDH precursors were obtained by traditional co-precipitation
methods. Poorly crystalline samples with particle sizes below
0.5 mm are generally obtained by this procedure, unless the
materials are aged under hydrothermal conditions. LDHs
with higher crystallinity can be prepared, however, by pre-
cipitation from homogeneous solution using the temperature-
controlled hydrolysis of urea, which gives the required
gradual increase in both pH and concentration of carbonate
ions.25–28

In this article, the structural, textural, and basic properties
of samples of MgAl-OH LDH materials obtained by calcina-
tion/rehydration of MgAl-CO3 LDH precursors with high
crystallinity are described. For comparison, MgAl-CO3-LDHs
were also prepared by the traditional titration co-precipitation
method and the corresponding activated samples obtained by
the same calcination/rehydration procedure. The catalytic
properties of the two rehydrated samples were evaluated
using the self-condensation of acetone at 273 and 293 K and
the Knoevenagel reaction of malononitrile with benzalde-
hyde. A base-acid catalytic mechanism is proposed to inter-
pret the catalytic behavior.

Experimental

Catalyst preparation

The urea decomposition method was used to prepare
MgAl-CO3 LDHs with Mg2þ/Al3þ molar ratio of 2.
Mg(NO3)2�6H2O and Al(NO3)3�9H2O were dissolved in
deionized water (75 mL) to give solutions with a total con-
centration of metal cations of 0.3 M which were placed in
polytetrafluoroethylene vessels. Urea ([urea]/[NO3

�] ¼ 4) was
dissolved in the above solution. The containers were sealed
and placed in an oven and maintained at 363 K for either 3
or 10 d. The solutions were allowed to cool, the solid was
collected by filtration and washed with deionized water and
subsequently dried at 373 K for 24 h (denoted as U-LDH(3)
and U-LDH(10), respectively). The resulting MgAl-CO3-

LDHs were heated in an N2 flow to 773 K with a heating
rate of 10 K/min and kept at that temperature for 8 h. The
resulting solids (denoted U-LDO(3) and U-LDO(10), respec-
tively) were then dispersed in decarbonated water for 5 h
under N2. Excess water was removed by decantation and the
sample dried under vacuum. The activated MgAl-OH-LDHs
prepared by this method are denoted as U-RLDH(3) and
U-RLDH(10), respectively.

For comparison purposes, an MgAl-CO3 LDH with Mg2þ/
Al3þ molar ratio of 2 was synthesized by a conventional
titration co-precipitation method. Mg(NO3)2 � 6H2O and
Al(NO3)3�9H2O were dissolved in deionized water (100 mL)
to give a solution with a total concentration of metal cations
of 0.6 M. The metal salt solution was titrated into 100 mL of
a solution containing 1.2 M NaOH and 0.1 M Na2CO3 at
313 K with vigorous stirring. When the addition was com-
plete, the mixture was aged at 363 K for 24 h. The resulting
MgAl-CO3-LDH is designated as T-LDH. Calcination and
rehydration were carried out using the same procedures as
that for the sample synthesized by urea decomposition
method to give materials denoted as T-LDO and T-RLDH,
respectively.

Characterization

Powder X-ray diffraction (XRD) patterns were obtained in
the 2y range 3–708 using a Shimadzu XRD-6000 instrument
with Cu Ka source (l ¼ 0.15406 nm). Scanning electron
micrographs (SEM) were recorded on a Hitachi S-3500N
SEM instrument. All SEM samples were sputtered with gold.
Transmission electron microscopy (TEM) images and high
resolution transmission electron microscopy (HRTEM)
images were obtained using a JEOL JEM-2100 transmission
electron microscope. The particle size distribution was deter-
mined using a Malvern Mastersizer 2000 laser particle size
analyzer. Doubly deionized water was used as dispersion me-
dium and the mixture treated ultrasonically. Elemental analy-
ses for Mg and Al were performed with a Shimadzu ICPS-
7500 inductively coupled plasma spectroscopy (ICP) instru-
ment on solutions prepared by dissolving the samples in
dilute HNO3 (1:1). The carbon content was determined using
a Vario EL III elemental analyzer (EA). The low-temperature
N2 adsorption-desorption experiments were carried out using
a Quantachrome Autosorb-1 system. Samples were outgassed
at 353 K for 8 h. The pore size distributions were calculated
from desorption isotherms by the Barrett-Joyner-Hallender
(BJH) method, and the specific surface areas were calculated
using the Brunauer-Emmett-Teller (BET) method based on
the N2 adsorption isotherms. Simultaneous thermogravimetric
and differential thermal analysis (TG-DTA) were carried out
in air on a PCT-1A thermal analysis system produced
locally. Samples of 9.0–10.0 mg were heated at 10 K/min up
to 873 K.

Determination of acidic and basic properties

The adsorption isotherms at 298 K of phenol dissolved in
cyclohexane were used to estimate the surface base proper-
ties of the RLDH catalysts. The amount of phenol adsorbed
by the catalysts was measured by UV spectroscopy (lmax ¼
271.6 nm) on a Shimadzu UV-2501PC UV-Visible recording
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spectrophotometer. The ratio of cyclohexane solution/catalyst
was 50 mL/0.1 g.

The surface acidity of RLDHs was investigated by adsorp-
tion of pyridine on self-supporting wafers (10 mg/cm2).
Fourier transform infrared (FTIR) spectra of adsorbed sam-
ples were recorded in the range 1700–1400 cm�1 with
2 cm�1 resolution on a Bruker Vector-22 spectrometer. The
self-supporting wafer was placed between two CaF2 win-
dows. The wafers were degassed at 373 K for 2 h at 10�4 N/m2,
prior to the adsorption of pyridine. The pyridine was
adsorbed on the surface of the samples at room temperature
for 30 min, which were then outgassed at 373 K for 2 h at
10�4 N/m2. The FTIR measurements were performed at
room temperature.

Catalytic testing

The self-condensation of acetone was performed at 273 K
(maintained by use of an ice bath) and at room temperature
(293 K) under an N2 atmosphere in lightly agitated 250 mL
three-necked flasks. A given amount of acetone and 0.3 g of
freshly activated catalyst were added under a flow of N2 to
exclude atmospheric carbon dioxide (CO2). The mixture of
products was analyzed by a gas chromatograph-mass spec-
trometer (GCMS-QP2010, Shimadzu). Iso-octane was used
as an internal standard to calculate the amount of DAA
formed.

The Knoevenagel reaction of malononitrile with benzalde-
hyde was performed at 333 K. To the reaction vessel con-
taining the RLDHs (0.3 g) was added DMF (4 mL), malono-
nitrile (20 mmol), and benzaldehyde (20 mmol). After the
reaction mixture was stirred for a given time, the RLDHs
was separated by filtration. The mixture of products was ana-
lyzed by GCMS using n-decane as internal standard to calcu-
late the yield of benzylidenemalononitrile.

Results and Discussion

Structure of catalysts and their precursors

The XRD patterns of the samples obtained by urea decom-
position (U-LDH) and titration co-precipitation (T-LDH) are
shown in Figures 1A, B, respectively, and are consistent with
those reported in the literature.25,27 The greater intensities
and narrower line-widths of the peaks for U-LDH indicate
that, as previously reported,27 the material is much more
crystalline than T-LDH. After calcination at 773 K, the two
LDO samples exhibit the characteristic peaks of poorly crys-
talline MgO structure (Figures 1C, D) in accordance with
reports in the literature.16–18 When the calcined samples are
rehydrated in decarbonated water, the XRD patterns (Figures
1E, F) of the resulting RLDHs reveal that the LDH structure
has been regenerated. Rehydration of the calcined samples
resulting in the reconstruction of the layered structure is
often described as a ‘‘memory effect.’’16–18 In the powder
XRD patterns, the basal reflections (003) and (006) of the U-
RLDH(3) are stronger and sharper than those of T-RLDH
(See Table 1), indicating that the crystallinity of the latter is
lower.

SEM and TEM images (shown in Figure 2) were recorded
to investigate the morphology of the samples. The micro-
graph of U-LDH(3) prepared by the urea method (Figure 2A)
shows well-developed hexagonal plates with fairly large par-
ticle sizes (2–4 mm). Such a finding can be rationalized by
considering the slow rate of hydrolysis of urea.27,28 The mor-
phology and particle size of the calcined material LDO(3)
(Figure 2B) and the corresponding rehydrated U-RLDH(3)
(Figure 2C) are similar to those of the U-LDH(3) precursor.
Figure 2D shows the TEM image of T-RLDH from which it
is clear that, compared with U-RLDH, T-RLDH has much
smaller particle size and irregular platelet morphology.

Figures 3A, B show the HRTEM images of the LDH pre-
cursor U-LDH (3) synthesized using the urea method. The
periodicity of bright spots confirms the presence of a two-
dimensional lattice with a ¼ b ¼ 0.31 6 0.01 nm and a ¼
60 6 28. The bright spots correspond to the hydroxyl groups
or external oxygen atoms of the LDH. Yao et al. have
obtained similar results by AFM and STM.29,30 Figures 3C,
D that show the HRTEM images of U-RLDH(3) have the
same periodicity of bright spots as the as-synthesized LDH
precursor. This indicates that U-RLDH retains the lattice
structure of the LDH precursor. These data confirm that the

Figure 1. XRD patterns of different samples: (A) U-LDH
(3), (B) T-LDH, (C) U-LDO(3), (D) T-LDO, (E) U-
RLDH(3), and (F) T-RLDH.

Table 1. Peakwidths (Full Width at Half-Maximum, FWHM) for Different Diffraction Peaks of U-RLDH(3) and T-RLDH

FWHM for (003) FWHM for (006) FWHM for (012) FWHM for (015) FWHM for (018)

U-RLDH(3) 0.781 0.822 0.800 1.010 1.312
T-RLDH 0.953 0.975 1.113 1.767 2.300
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distances between adjacent hydroxyl pairs are 0.31 nm. The
lattice structure of T-RLDH cannot be seen clearly using the
same HRTEM instrument because of its poor crystallinity
(See Figure 4).

The particle size distribution curves for the two rehydrated
samples U-RLDH(3) and T-RLDH are illustrated in Figure 5.
The average particle sizes of U-RLDH(3) and T-RLDH are
3.5 and 0.25 mm, respectively, which is in agreement with
the results of SEM and TEM.

The low temperature N2 adsorption-desorption isotherms
and BJH desorption pore diameter distributions of the two
rehydrated samples U-RLDH(3) and T-RLDH are shown in
Figure 6. The isotherms of both samples (Figures 6A, C)
show similar features characteristic of type IV with a broad

H3 type hysteresis loop according to the BDDT (Brunauer,
Deming, Deming, and Teller) classification,31 which is gener-
ally observed for plate-like particles with slit-shaped pores.
Figures 6B, D show that the pore diameter distributions of
U-RLDH(3) and T-RLDH are both relatively narrow. The
BET surface area of U-RLDH(3) (~141 m2 g�1) is lower
than T-RLDH (;185 m2 g�1), consistent with the higher
crystallinity and larger particle size of the former material.

The TG-DTA data for U-RLDH(3) and T-RLDH are illus-
trated in Figure 7. U-RLDH(3) undergoes a weight loss of
15.8% from 303 to 513 K (Figure 7A) accompanied by an
endothermic peak in the DTA observed at 510 K (Figure
7C). A second weight loss of 25.1% occurs between 513 K
and 773 K with a weak endothermic peak at 690 K. For T-
RLDH (Figure 7B), two weight loss peaks are also observed.
The first one from 303 to 513 K corresponds to a 14.9%
weight loss and the second one, from 513 to 773 K, to
25.7%. The first endothermic peak in the DTA (Figure 7D)
is found at 504 K and the second endothermic is very weak
at about 674 K. A two-step weight loss is generally observed
for LDHs.32 The first one is ascribed to removal of water
physisorbed on the external surface of the crystallites as well
as water intercalated in the interlayer galleries and the sec-
ond weight loss to dehydroxylation of the layers and loss of

Figure 2. SEM images of U-LDH(3) (A), U-LDO(3) (B), U-
RLDH (3) (C), and TEM image of T-RLDH (D).

Figure 3. HRTEM images of U-LDH(3) (A, B) and corre-
sponding U-RLDH (3) (C, D).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4. HRTEM images of T-RLDH.

Figure 5. Particle sizes of RLDH samples.
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volatile species arising from decomposition of interlayer
anions.

Basic and acid properties

The acid-base properties of catalysts derived from LDHs
have been studied by a number of workers.33 The results of

CO2 and NH3 TPD experiments and FTIR spectroscopy,
using CO2 and NH3 as probe molecules have been
reported,34,35 and the surface basicity and acidity of as-pre-
pared and calcined LDHs has also previously been investi-
gated by means of adsorption isotherms of phenol from
cyclohexane solution,36,37 and adsorption of pyridine moni-
tored using IR spectroscopy,38,39 respectively. The basic
properties of U-RLDHs and T-RLDH were investigated by
studying the adsorption isotherms for phenol from cyclohex-
ane solution at 298 K following the procedure reported in
the literature.36,37 The adsorption isotherms are shown in Fig-
ure 8. LDHs are characterized by a Brønsted basicity associ-
ated with the OH� anions and by a very weak Lewis acidity
because of their hydration.33 Figure 8 indicates that, although
the surface area of U-RLDH(3) is lower than that of T-
RLDH, the overall number of basic sites on the U-RLDH(3)
exceeds that in T-RLDH. This presumably reflects the or-
dered array and consequent high density of basic hydroxyl
sites on the basal surfaces of U-RLDH(3) shown by HRTEM
(Figure 3). We also studied the surface acidity of RLDHs by

Figure 6. N2 adsorption-desorption isotherms and pore
diameter distributions of U-RLDH (3) (A, B)
and T-RLDH (C, D).

Figure 7. TG-DTA curves for U-RLDH (3) (A, C) and T-
RLDH (B, D).

Figure 8. Adsorption isotherms for phenol from cyclo-
hexane solution on catalysts.

Figure 9. FTIR spectra recorded after adsorption of
pyridine on U-RLDH (3) (A) and T-RLDH (B).
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the adsorption of pyridine monitored using IR spectroscopy.
Samples were degassed at 373 K for 2 h at 10�4 N/m2, prior
to the adsorption of pyridine. To confirm that this pretreat-
ment did not affect the structure of the RLDHs, the XRD
patterns were recorded after a sample was treated under the

same conditions. In each case the XRD patterns were
unchanged. In the IR spectra (Figure 9) of U-RLDH(3) and
T-RLDH, bands recorded at about 1600, 1490, and
1450 cm�1, can be attributed to the 8a, 19a, and 19b modes
of pyridine molecules coordinated to surface Lewis acid
sites. The splitting observed for the 8a band (1612, 1602,
and 1596 cm�1) has been ascribed to the presence of differ-
ent types of Lewis acid sites; the band at 1596 cm�1 has
also been ascribed to hydrogen-bonded pyridine mole-
cules.38,39 These results indicate that both basic and acidic
hydroxyl groups are present in the RLDHs.

Catalytic activity

The catalytic activity of U-RLDHs and T-RLDH were
tested in the self-condensation of acetone using different cat-
alyst loadings and at different temperatures. Figure 10 shows
a comparison of the catalytic performance of U-RLDH(3)
and T-RLDH. It can be seen in Figure 10A, for U-RLDH(3)
with acetone/catalyst ¼ 2 mol/0.3 g, the conversion of ace-
tone to DAA increases with reaction time and after 560 min
reaches 22.8% at 273 K, which is very close to the thermo-
dynamic equilibrium conversion (23.1%).40 No detectable
amounts of other possible condensation products were pres-
ent. However, under the same reaction conditions, the con-
version of acetone to DAA with T-RLDH reaches 20.4% af-
ter 1440 min at 273 K, which is close to that reported in the
literature for catalysts synthesized by titration co-precipi-
tation.17,20 With a higher loading of catalyst (acetone/catalyst
¼ 0.075 mol/0.3 g) at the same temperature, the conversion
of acetone with U-RLDH(3) reaches the thermodynamic
equilibrium after only 44 min, whilst 210 min is required to
reach equilibrium with T-RLDH as the catalyst (Figure 10B).
At 293 K with acetone/catalyst ¼ 2 mol/0.3 g (Figure 10C),
the conversion of acetone with U-RLDH(3) reaches the ther-
modynamic equilibrium conversion (12.1%)40 after 180 min
whilst with T-RLDH equilibrium is attained after 320 min.
The above results show that activated MgAl-LDH synthe-
sized by urea decomposition, U-RLDH(3), has higher cata-
lytic activity than the catalyst prepared by titration co-precip-

Figure 10. Conversion of acetone to DAA with different
catalysts: (A) reaction at 273 K with acetone/
catalyst = 2 mol/0.3 g; (B) reaction at 273 K
with acetone/catalyst = 0.075 mol/0.3 g;
(C) reaction at 293 K with acetone/catalyst =
2 mol/0.3 g.

Figure 11. The yield of benzylidenemalononitrile in the
Knoevenagel reaction with different cata-
lysts: (A) U-RLDH (3); (B) T-RLDH.
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itation, T-RLDH. It should be noted that during the process
of drafting this manuscript, Greenwell et al. have also
reported the same experimental result.41 The activation of
LDHs via calcination and rehydration is considered to
involve the replacement of interlayer and surface carbonate
by OH� anions. In our experiments, it was found that U-
LDHs, T-LDH, U-LDOs, and T-LDO have no significant cat-
alytic activity in the self-condensation of acetone, the main
reason being that there are few OH� anions on the surface of
these samples.

For the Knoevenagel reaction of malononitrile with benz-
aldehyde to afford benzylidenemalonoritrile, the same trend
was found as for the self-condensation of acetone. As shown
in Figure 11, the catalytic activity of U-RLDH(3) is signifi-
cantly higher than that of T-RLDH.

Acid-base bifunctional catalysis mechanism

The physicochemical properties and catalytic data for U-
RLDH(3), U-RLDH(10), and T-RLDH are shown in Table 2.
Elemental analysis indicates that the compositions of the
three samples are very similar. LDHs are invariably contami-
nated by carbonate anions, even where preparation is carried
out under nitrogen, but elemental analysis shows that the
amount of carbonate incorporated in the sample is low, indi-
cating that hydroxide ions comprise the majority of the inter-
layer anions. Furthermore, the Mg/Al ratios are close to 2 in
each case; this implies that the layer charge density and
hence loading of hydroxide anions are comparable in the
three samples. Thus, the variation in catalytic performance of
the materials is not a result of different anion content. Pow-
der XRD (Figure 1), electron microscopy (Figure 2), laser
particle size analysis (Figure 5), and BET surface area mea-
surements (Table 2) are consistent in indicating that the crys-
tallinity of the U-RLDHs is higher than that of T-RLDH.
The catalytic activities of the three activated LDHs were
tested in acetone condensation. In each case, overall conver-

sions to DAA close to the thermodynamic equilibrium value
were obtained. The rate of conversion of acetone to DAA
decreases in the order of U-RLDH(10) > U-RLDH(3) � T-
RLDH (see Table 2).

These results are in marked contrast to most of those in
the literature. It has been reported22 that the activity of acti-
vated LDHs in aldol reactions shows a correlation with over-
all surface area (in the range 200–400 m2 g�1). Other stud-
ies17,21 have indicated that the catalytic activity increases
with decreasing lateral size of the LDH particles (in the
range 20–430 nm). Since reducing the lateral dimensions of
the crystallites leads an increase in exposed edge area and
number of edge sites, it has been suggested that only the ba-
sic sites on the edges of LDH-platelets at the entrance to the
interlayer galleries (;5% of the total basic sites) are accessi-
ble to the substrate. In our case, the U-RLDH materials,
which have a large lateral size (;4000 nm) and relatively
low surface area (;140 m2 g�1), have a much higher activity
than T-RLDH, despite the much smaller lateral size and
higher surface area of the latter (see Table 2). Assuming a
hexagonal geometry, the proportion of the surface area con-
tributed by the hexagonal (ab) surfaces and edge surfaces
can be correlated17 with the aspect ratio (see Table 2). The
edge surface area of T-RLDH is much larger than that of the
U-RLDHs, suggesting that the activities of our materials are
not related to the areas of the exposed edge surfaces, and an
alternative explanation is required.

Roeffaers et al. have adapted real time monitoring of the
chemical transformation of individual organic molecules by
fluorescence microscopy to monitor reactions catalysed by a
crystal of an LDH with the formula [LiAl2(OH)6]

þ(OH)��
nH2O.

42 They found the activity of base catalysis by LDH is
not always associated with the same type of hydroxyl groups
and that transesterification occurs mainly at the {0001}
plane. When OH� anions were introduced in the interlayer
via calcination/rehydration, the CO3

2� and other anions on
the surface were also replaced by OH� anions. Furthermore,

Table 2. Physicochemical Properties and Catalytic Data of Activated LDH Samples

Catalyst T-RLDH U-RLDH(3) U-RLDH(10)

Mg/Al molar ratio 2.05 1.97 1.92
%C 0.867 1.224 –
Lattice parameter a/nm 0.301 0.303 0.305
Lattice parameter c/nm 2.294 2.247 2.313
Crystallite size in a direction/nm (A)* 180 3900 4200
Crystallite size in c direction/nm (C)† 66.4 84.9 85.4
Aspect ratio A/C 2.71 45.9 49.2
Most probable particle size{/nm 250 3460 3970
Specific surface area/m2/g 185 141 143
Surface area of planes perpendicular to ab§/m2/g 14.53 0.71 0.67
Surface area of planes parallel to ab§/m2/g 170.47 140.29 142.33
Acetone conversion to DAA after 60 min/%} 3.0 8.3 9.2
Acetone conversion to DAA after 180 min/%} 10.2 15.8 16.6
Acetone conversion to DAA after 300 min/%} 14.4 19.6 20.2
Time to reach equilibrium/min} 1730 560 480

*Measured from SEM and TEM micrographs.
†Calculated from the values of the full width at half-maximum (FWHM) of the (003) diffraction peaks by means of the Scherrer formula: C ¼ 0.89l/bcosy,
where b is the FWHM of the X-ray line, y is the Bragg diffraction angle of the peak, l is the wavelength of X rays (0.15406 nm).

{Measured by laser light scattering.
§Surface area of planes parallel to ab (SA)/Surface area of planes perpendicular to ab (SC) ¼ (30.5/4)A/C ¼ 0.433A/C; SA þ SC ¼ Specific surface area.
}The conversion of acetone to DAA over different catalysts at 273 K with acetone/catalyst ¼ 2 mol/0.3 g.

938 DOI 10.1002/aic Published on behalf of the AIChE April 2007 Vol. 53, No. 4 AIChE Journal



other experiments demonstrate that the hydroxyl groups are
arranged in an ordered manner on the LDH surface. For
example, it has been shown that the LDH surface can act as
a macroligand providing an ordered array of OH and O�

groups which facilitates the assembly of trimeric RuIV

MnIVMnIV units in situ on the surface.43 The resulting mate-
rial is an active catalyst for the liquid-phase oxidation of
alcohols. Our results from adsorption experiments with phe-
nol and pyridine as well as HRTEM (see Figure 3) indicate
that there are both acidic and basic hydroxyl groups on the
surface of LDHs that can form acid-base pairs with a separa-
tion of 0.31 nm. Very recently, Kaneda and coworkers24

have also suggested that RLDHs possesses a highly effective
acid-base bifunctional surface capable of mediating the
Knoevenagel and Michael reactions. Therefore, we propose
the following acid-base mechanism for the aldol reaction on
activated RLDHs to interpret their catalytic behavior. As
shown in Scheme 1, a weak acid site can interact with the
carbonyl group of acetone polarizing the C¼¼O bond and
increasing the density of positive charge on the carbon of the
carbonyl group. This makes the carbon more susceptible to
attack by the enolate anion of acetone formed by interaction
with an adjacent basic site on the surface of the LDH. One
C��C bond, a C��O bond, and an O��H bond in DAA are
formed between an acid-base pair. The lengths of these
bonds are about 0.15, 0.14, and 0.10 nm, respectively. Tak-
ing into account the bond angles, the effective length of the
three bonds is closely matched with the distance between
two OH groups. There are only relatively few active acid-
base hydroxyl pairs with an OH��OH distance of 0.31 nm
on the surface of T-RLDH because of its poor crystallinity.
In contrast, the high crystallinity and large particle size of U-
RLDHs results in a regular arrangement of hydroxyl groups
on the surface and a high density of appropriately separated
acid-base pairs. The proposed acid-base catalytic mechanism
explains the higher activity of the U-RLDHs compared with
T-RLDH. This mechanism also accounts for the high selec-
tivity of acetone condensation on activated LDH catalysts. A
similar mechanism can be envisaged for the Knoevenagel
reaction of malononitrile with benzaldehyde to afford benzy-
lidenemalonoritrile, to account for the higher activity of U-
RLDH as a catalyst for this reaction.

Conclusions

Activated MgAl-LDHs synthesized by urea hydrolysis
have a much higher activity in aldol and Knoevenagel reac-
tions than the corresponding material synthesized by the co-
precipitation method. We suggest that catalysis of the reac-
tions by LDHs requires the presence of acid-base hydroxyl
pairs and that catalytic activity is maximized for highly crys-
talline structures with an ordered array of surface hydroxyl
groups. The proposed acid-base catalytic mechanism explains
the higher activity of the activated LDHs with high crystallin-
ity. This demonstration of the ability of regular lattice posi-
tions, rather than defect sites, to act as catalytic active sites,
should stimulate the development of new types of catalysts.
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