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Hydrotalcites (HTs) of different, well-defined platelet sizes were
hydrothermally synthesized. Activation via calcination and rehy-
dration resulted in highly active catalysts. Their activities in the
self-condensation of acetone at 273 K showed a linear increase
with the amount of accessible Brønsted basic sites as determined
by CO2 adsorption. The number of accessible sites, based on the
CO2/Al ratio, was below 5%. Both results support our model in
which only basic sites near edges of HT platelets are partaking in
aldol condensations. Besides incorporation of interlayer OH− upon
rehydration, the hexagonal morphology changed as a result of ac-
tivation into a more irregular but still layered structure containing
mesopores (<10 nm). In contrast to this, HTs with interlayer OH−

prepared via ion exchange preserved their original hexagonal struc-
ture, but they lacked the high catalytic activity. The results show an
enhanced activity of interlayer OH− close to disordered edges, ob-
tained via rehydration, in contrast to interlayer OH− in a regular HT
structure. c© 2001 Academic Press

Key Words: hydrotalcite; layered double hydroxide; calcina-
tion/rehydration; aldol condensation; solid base catalysts.

giving rise to edge-shared layers of octahedra. In HT, part
INTRODUCTION

In recent years the fine-chemical industry has devel-
oped growing interest in the utilization of solid catalysts
in base-catalyzed reactions. Replacement of currently used
homogeneous alkaline bases by a solid catalyst can result in
catalyst reuse and waste stream reduction. Activated hydro-
talcites (HTs) are capable of catalyzing liquid-phase aldol
condensations at low temperatures. The benzaldehyde–
acetone condensation (1) and the condensation reactions of
citral with acetone (2) and MEK (3) are examples thereof.
An important feature of activated HTs is their high activ-
ity at ambient temperatures. Combined with the reported
selectivities, HTs are promising catalysts for commercial
applications.

The HT structure, Mg6Al2(OH)16CO3· 4H2O, closely re-
sembles that of brucite, Mg(OH)2. In brucite, magnesium
cations are octahedrally coordinated by hydroxyl ions,
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of the Mg2+ ions is replaced by Al3+ ions, resulting in posi-
tively charged cation layers. Charge-balancing anions (usu-
ally CO2−

3 ) and water molecules are situated in the interlay-
ers between the stacked brucite-like cation layers (4–6). The
as-synthesized HT structure displays no catalytic activity in
aldol condensations.

In general, the applied activation procedure of HT to
bring about the catalytic activity consists of two steps. First,
a controlled heat treatment to 723–773 K is executed which
leads to the formation of an Mg(Al)O mixed oxide phase
which is capable of catalyzing various gas-phase conden-
sation reactions (7–12). However, application of calcined
HTs in liquid-phase systems at low temperatures has not
been very successful (13). In the second activation step the
calcined sample is rehydrated at room temperature which
results in the restoration of the original layered structure,
in which the carbonate ions are replaced by OH− ions
(1–3, 14, 15).

The nature and number of active Brønsted basic sites and
the mechanism of the condensation reaction have not been
fully elucidated. As a result, the large differences in catalytic
activity due to subtle alterations of the activation cannot yet
be explained, although in this respect the discussion on the
reversibility of the Al coordination is interesting (3, 16–18).

The base-catalyzed self-condensation of acetone yield-
ing diacetone alcohol (DAA), shown in Fig. 1, has been
extensively studied by several authors (2, 3, 19–23) and the
activated HT catalyst has shown to be highly active and se-
lective at low temperatures. This makes this reaction useful
as a model system for fundamental studies on the nature of
active sites in HT catalysts.

To study the effects of the calcination/rehydration pro-
cedure on the HT structure and activity, HTs provided
with interlayer Brønsted sites were also prepared by a pro-
cedure which leaves the original layered structure intact.
During the past two decades many studies have been un-
dertaken to prepare HTs with a variety of interlayer (ex-
panding) anions. For reviews, see (24) and (25). It has
been found that the affinity of HTs for interlayer anions is
CO2−

3 À SO2−
4 À OH−>F−>Cl−>Br−>NO−3 (25, 26).
4
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FIG. 1. Base-catalyzed self-condensation of acetone to diacetone
alcohol (DAA) followed by dehydration toward mesityl oxide.

Recently, Israëli et al. (27) showed that replacement of
Cl− by OH− is energetically favorable mainly because the
latter ion is very similar to interlayer water and forms the
best close-packed interlayer arrangement. Kaneyoshi and
Jones reported that interlayer terephthalate could be com-
pletely exchanged for CO2−

3 and SO2−
4 , but only partly in

the case of NO−3 and Cl− (28). We used a HT with the di-
carboxylic oxalate ion, prepared according to a procedure
reported by Titulaer (30), and replaced this ion by the de-
sired OH− via ion exchange.

Recently, we reported that only a small number of the
OH− ions in the activated HT are active as Brønsted basic
sites in liquid-phase aldol condensations (2). We explained
this by assuming that only hydroxyl ions at or near the edges
of HT platelets are exposed to the reactants. To test this hy-
pothesis we prepared a series of HTs with different platelet
sizes that expose, after activation, different numbers of
basic sites per gram. Reichle et al. demonstrated that HT
platelet sizes can be affected considerably by variation of
the aging temperature during synthesis (29). For instance,
they obtained crystallites after aging at 473 K in the range
of 0.4µm , whereas aging at 338 K resulted in crystallites
smaller than 0.1µm . We synthesized HTs with different
platelet sizes and, after activation and extensive character-
ization, determined their catalytic performance. We also
measured the activity of a HT catalyst prepared via ion ex-
change. In this paper, we present our results from these
experiments, which not only support the above-mentioned
model, but also give fundamental insight into the transfor-
mation of the HT structure during activation.

EXPERIMENTAL

HT Preparation

An aqueous solution (45 ml) of 0.1 mol of Mg(NO3)2 ·
6H2O and 0.05 mol of Al(NO3)3 · 9H2O was added all at
once to a second solution (70 ml) containing 0.35 mol of
NaOH and 0.09 mol of Na2CO3 at 333 K. The mixture was
kept at this temperature for 1 h under stirring, after which
the white precipitate was poured into a Teflon holder and
placed into a stainless-steel rotating autoclave. After a 24-h
crystallization and aging period (at 373, 423, and 473 K, re-
spectively), the white precipitate was filtered and washed
several times. The HT was dried for 24 h at 393 K. This

resulted in the as-synthesized samples, designated as, e.g.,
HT423as. All other samples have been denoted with the syn-
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thesis temperature and stage of activation, e.g., HT423calc

and HT423rehydr.
After drying, the HT was heated in a nitrogen flow up

to 723 K with a heating rate of 10 K/min and kept at that
temperature for 8 h. Samples (typically 0.5 g) were rehy-
drated at 313 K by use of a decarbonated water-saturated
nitrogen flow (0.1 v/v) of 100 ml/min for 24 h. The rehydra-
tion procedure has been slightly modified from that of Rao
et al. (1).

The HT with oxalate as compensating anion (denoted
HTox) was synthesized using the procedure of Titulaer (30).
An aqueous solution (25 ml) of 0.04 mol of MgCl2 · 6H2O
and 0.02 mol of AlCl3 · 6H2O was added all at once to a sec-
ond solution (66 ml) containing 6.3 mmol of C2H2O4 · 2H2O
and 0.13 mol of KOH under nitrogen atmosphere. All so-
lutions were previously boiled and outgassed to remove
carbon dioxide from the solution. The mixture was stirred
at 293 K for 90 min, after which a third solution (66 ml) con-
taining 0.02 mol of C2H2O4 · 2H2O and 0.04 mol of KOH
was added. The resulting solution was stirred at 367 K
for 20 h. The resulting white precipitate was filtered and
washed several times. The HTox was dried for 24 h at 333 K
under nitrogen atmosphere.

Ion exchange of the HTox was achieved by addition of
1.0 g of HTox to a decarbonated 0.5 M KOH solution and
stirring at reflux temperature under nitrogen atmosphere
for at least 20 h. After washing and filtration, the ion-
exchanged HT (HTex) was dried and stored under nitrogen.

Characterization

Powder X-ray diffaction (XRD) patterns were obtained
by using an Enraf Nonius FR 590 with CoKα radiation. A
Micromeritics ASAP 2400 analyzer was used for N2 phy-
sisorption to determine surface areas and pore volumes.
When micropores were present, the surface area ST cal-
culated with the t-method (surface area in pores > 2 nm)
is reported instead of the BET surface area (31 and refer-
ences therein). Volumetric CO2 adsorption measurements
in the pressure range 0–1 mbar were performed at 273 K
using a Micromeritics ASAP 2000. Calcined and rehydrated
calcined samples were stored under nitrogen to avoid CO2

uptake from the atmosphere. Before characterization mea-
surements were performed, the samples were outgassed
under vacuum at 393 K. TEM images were obtained with a
Philips CM-10 transmission electron microscope. A Philips
XL-30 field emission gun (FEG) scanning electron micro-
scope was used to obtain SEM images. ICP analysis was
performed using a Perkin Elmer ICP-OES Optima 3000.

Reaction Procedures

The self-condensation reaction of acetone was per-

formed in a stirred double-walled thermostatically cooled
glass reactor, equipped with baffles. Typically, 116 g (2 mol)
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of acetone was cooled to 273 K, and 0.3 g of freshly
activated catalyst was added under a flow of nitrogen to
exclude atmospheric carbon dioxide. Aliquots of 1 ml
were taken from the reaction mixture during the 24-h
reaction period and analyzed using a Chrompack CP 9001
GC provided with a Chrompack CP 9050 autosampler.
Iso-octane (Merck) was used as an internal standard to
calculate the amount of DAA formed.

RESULTS

The Mg/Al ratios from ICP analyses were close to
the calculated synthesis values (Table 1), although with
increasing synthesis temperature a slight increase toward
the natural 3/1 distribution is observed as earlier reported
by Vucelic et al. (33). Moreover, EDAX line scans showed
a homogeneous distribution of Mg and Al in a ratio of
2 across the platelets. The XRD patterns as shown in
Fig. 2 of HT423 after the different stages of activation are
representative of the obtained results with all samples.
The HT423as compound exhibits the typical features of a
highly crystalline hydrotalcite material (4). We observed an
increase in crystallinity with higher synthesis temperatures.
The BET surface areas as well as the total pore volumes
of the HT compounds show a decrease with increasing
aging temperature. This is indicative of larger platelet sizes,
since the total pore volume depends on surface area and
pore diameter and the latter remained constant for the three
hydrothermally synthesized samples (Table 1). In none of
the samples were micropores present. The XRD patterns of
the HTox and the HTex samples are also depicted in Fig. 2.
The presence of oxalate in the interlayer gives rise to a 003
reflection at 9.8 Å (22= 10.6), which is in close agreement
with values reported in literature (30, 32). The peak at 4.6 Å
(22= 22.7, denoted with ∗ in Fig. 2) cannot be assigned
straightforwardly on the basis of the HT structure. Vucelic
et al. reported the same reflection in a HT (Mg/Al= 2)
with interlayer benzoate (33). Similar observations were

FIG. 2. XRD patterns of hydrotalcite with interlayer carbonate syn-
thesized at 423 K (HT423as); after calcination at 723 K (HT423calc); after
calcination/rehydration (HT423rehydr); hydrotalcite with interlayer oxalate

(HTox) and HTox after ion exchange with KOH (HTex). ∗ indicates super-
lattice reflection.
S ET AL.

TABLE 1

Results from Physisorption and Characterization Measurements:
Samples as Synthesized

Micropore Total pore Platelet Pore
SBET volume volume size diameter

Mg/Ala (m2/g) (ml/g) (ml/g) (nm)b (nm)c

HT 373as 2.2 67 0.00 0.49 50 29
HT 423as 2.3 35 0.00 0.26 150 30
HT 473as 2.5 17 0.00 0.11 430 26
HTox 2.2 56 0.00 0.53 110 38

a ICP analysis.
b Lateral dimension, determined using TEM.
c Cylindrical pore diameter (PD); PD= 4000× pore volume/SBET.

made by Gastuche et al. (4, 34) and Serna et al. (35), which
they ascribed to a superlattice in the ab-plane of the HT,
indicating a high degree of cation ordening. Bookin et al.
demonstrated that only a single superlattice reflection from
interlayer ordering can be expected (36). The XRD pat-
terns of HTox and HTex in Fig. 2 demonstrate that the
exchange of oxalate with OH− had been successful. The 003
reflection shifted from 9.8 Å to 7.7 Å (22= 13.9), with no
003 reflection of HTox remaining. SEM images of HT423as

(Fig. 3a) and HT473as (Fig. 3b) emphasize the difference
in lateral platelet sizes due to the synthesis temperatures.
TEM micrographs show regular hexagonally shaped struc-
tures. Figure 4a depicts HT423as crystallites with top and
side views from which the HT crystallite stack thickness can
be derived. The determined lateral platelet sizes in Table 1
are in close agreement with those reported by Reichle
et al. (29).

Calcination of the HT materials up to 723 K resulted in
the disappearance of the layered structure as can be con-
cluded from the absence of the 00l signals in the XRD pat-
tern of HT423calc shown in Fig. 2. Due to dehydroxylation
and interlayer carbonate decomposition, water and carbon
dioxide are released, giving rise to an increased mesopore
volume (compared to that of the as-synthesized samples)
and formation of micropores (29), which results in high
BET values. When micropores are present, it is more appro-
priate to use the external surface areas calculated from the
t-plot (31 and references therein). These values are given
for the three calcined samples in Table 2. The crystallite
size difference due to the aging temperature is preserved
after calcination, since the decrease in total pore volume
as well as (t-plot) surface area occurs also with these sam-
ples. Indeed, the TEM image of HT423calc in Fig. 4b shows
that the morphology of the crystallites had largely been
retained. The corresponding XRD pattern of HT423calc in
Fig. 2 shows broad signals, which can be attributed to MgO.
The larger the crystallites before calcination, the higher the
micropore volume after calcination due to increased water
and CO2 evolution.
Rehydration of the samples calcined at 723 K resulted in
the reconstruction of the layered structure, due to the HT
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FIG. 3. SEM images of (a, top) hydrotalcite synthesized at 423 K
(HT423as); (b, bottom) hydrotalcite synthesized at 473 K (HT473as).

“memory effect,” the characteristic feature of this mixed
oxide to be transformed back to the HT structure
(HT423rehydr in Fig. 2), although peak broadening as com-
pared with the non-calcined samples and loss of crystallinity
are apparent (4, 37). Earlier XANES results showed that
the rehydration treatment as executed here entirely re-
stored the original Al3+ and Mg2+ coordinations up to a dis-
tance of 15 Å, the maximum distance at which XAFS spec-
troscopy is sensitive (18). This observation deviates from
that of other studies (38, 39), in which it was concluded that
part of the Al3+ ions remains tetrahedrally coordinated af-
ter rehydration. Possible explanations for these different
results might be an incomplete reconstruction upon rehy-
dration due to the lower water vapor pressure used in these
studies or the different duration of the rehydration periods.
Nevertheless, if sufficient time is taken and the calcination
temperature has not exceeded 723 K, a complete repair of
the original Al3+ coordination can be achieved. 27Al-MAS-
NMR data from Rey et al. show results similar to ours (40).
The mesopores created by calcination retained after re-

hydration, whereas the micropores disappeared (Table 2).
The pore volume of the HT373rehydr was somewhat lower
AS SOLID BASE CATALYSTS 187

than expected in view of the crystallite size difference as
observed for the as-synthesized and the calcined samples.
However, clear differences can be observed in the meso-
pore size distributions of samples before and after calci-
nation/rehydration (Fig. 5). The activation resulted in the
formation of smaller mesopores (∼8 nm). The TEM images
of HT423rehydr and HT473rehydr (Figs. 6a and 6b) show the
effect of rehydration: a morphology completely different
from that of the original HT structure. The regular stacks of
hexagonal platelets still present after calcination have been
transformed into an irregular but layered HT structure,
giving the XRD pattern shown in Fig. 2. The smaller meso-
pores probably originate from spaces within the crystallite
agglomerates created by calcination/rehydration. In most
studies catalysts have been synthesized at a temperature
below 373 K (1–3, 13, 23) in order to obtain small crystal-
lites and then these differences in morphology are not easily
recognized.

The pore size distribution of HTex differs from that of
HTox (Fig. 7), as the average pore diameter was lowered.

FIG. 4. TEM images of (a, top) hydrotalcite synthesized at 423 K

(HT423as); (b, bottom) hydrotalcite synthesized at 423 K after calcination
(HT423calc).
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TABLE 2

Results from Physisorption and Characterization Measurements

Surface Micropore Total pore CO2 uptake
area volume volume (ml STP CO2/Al

(m2/g)a (ml/g) (ml/g) CO2/g) (mol%)b

HT373calc 120∗ 0.03 0.66 n.d. n.d.
HT423calc 80∗ 0.04 0.42 n.d. n.d.
HT473calc 40∗ 0.07 0.20 n.d. n.d.
HT373rehydr 79 0.00 0.27 3.0 3.7
HT423rehydr 67 0.00 0.39 1.6 1.9
HT473rehydr 37 0.00 0.27 1.2 1.5
HTex 64 0.00 0.47 7.5 9.3

a BET surface area or, when marked with ∗, surface area calculated with
t-method.

b Moles of adsorbed CO2 per moles of Al present in HT, calculated from
ICP analysis.

This is probably due to a slightly different intercrystal-
lite packing brought about by the ion exchange procedure.
More importantly, the ion exchange did not result in the
formation of mesopores of about 8 nm as with the calcina-
tion/rehydration procedure. Furthermore, a TEM image of
HTex shows that ion exchange did not alter the hexagonal
structure either (Fig. 8).

CO2 adsorption at low pressures has been used to deter-
mine the amount of accessible basic sites (2, 41). From the
results in Table 2 it appears that CO2 adsorpion under the
prevailing conditions is restricted to a minor part (1–4%) of
the Al3+–OH− sites. Since every interlayer OH− inevitably
coincides with an Al3+ ion in the rehydrated HT structure,
this is remarkable. We have previously proposed a model
in which the CO2 uptake is limited to OH− ions present at
or near edges of the platelets (2). The CO2 uptake shows an
increase with decreasing aging temperature, indicating that

FIG. 5. Pore size distributions of hydrotalcite synthesized at 373 K

(HT373as); after calcination at 723 K (HT373calc); after calcination/
rehydration (HT373rehydr).
ET AL.

FIG. 6. TEM images of (a, top) hydrotalcite synthesized at 473 K
after calcination/rehydration (HT473rehydr); (b, bottom) hydrotalcite syn-
thesized at 423 K after calcination/rehydration (HT423rehydr).

the difference in the original platelet sizes has an impact on
the activated samples.

Figure 9 depicts the catalytic performances in the self-
condensation of acetone of the activated HTs with different
platelet sizes and of HTex. Clearly, the larger the original
FIG. 7. Pore size distributions of hydrotalcite with interlayer oxalate
(HTox) and HTox after ion exchange with KOH (HTex).
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FIG. 8. TEM image of hydrotalcite after ion exchange with KOH
(HTex).

platelet size, the lower the obtained activity. Dehydration
of DAA to mesityl oxide (MO) was not observed at 273 K.
The catalytic activity of HTex is low but significant. Its initial
activity was 0.6 gDAA g−1

cat h−1, which is 20 times lower than
the initial activity of HT373rehydr. Figure 10 shows the initial
activities of the samples versus the number of sites as mea-
sured by CO2 adsorption. A linear correlation of the initial
activity of activated HTs with different platelet sizes and
the adsorption of CO2 was observed. Surprisingly, the CO2

adsorption of HTex (and with this the number of accessible
sites) is very high when compared with those of HT373rehydr,
HT423rehydr, and HT473rehydr. A calculation based on the
hexagonal geometry indicates that the amount of adsorbed
CO2 with HTex correlates well with the exposed edge area
on the stacked platelets.

FIG. 9. DAA production at 273 K of via calcination/rehydration
activated hydrotalcites synthesized at 373 K (HT373rehydr (m)), 423 K

(HT423rehydr (r)), 473 K (HT473rehydr (d)), and activated via ion exchange
with KOH (HTex (j)).
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DISCUSSION

In general the activation of HTs via thermal treatment
and rehydration is considered to involve the replacement
of interlayer carbonate by hydroxyl ions without a drastic
effect on the original ordered stacked structure of the ag-
gregates. Earlier work from our group (2) resulted in the
proposed model as shown in Fig. 11. Of the introduced
and required OH− anions in the interlayer via calcina-
tion/rehydration, only a minor part partakes in the base-
catalyzed aldol condensation. From Table 2 (last column)
it is clear that the participating number of basic sites (of
calcined/rehydrated samples) does not exceed 5%.

The synthesis of HTs with different platelet sizes by vari-
ation of the aging temperature was successful. Platelet sizes
varying in the range of 50–430 nm were obtained. After acti-
vation, the sequence in the original platelet sizes is retained
in the samples, as can be concluded from the increase of the
number of basic sites with decreasing synthesis temperature
(Table 2). Furthermore, a decrease in initial activity can be
seen with increasing platelet size and decreasing BET sur-
face area. This is in itself remarkable in view of the total
lattice disintegration upon calcination. The initial activities
in the self-condensation of acetone corresponded well with
the measured number of sites of the calcined/rehydrated
samples (Fig. 10). Both results support the model in which
the condensation reaction proceeds at Brønsted basic sites
near the edges of HT platelets, as depicted in Fig. 11.

Our results show that activation implies more than solely
the introduction of the required basic OH− sites. Although
the presence of these hydroxyl ions is a prerequisite, high
activities are obtained only after calcination/rehydration,
i.e., after disordering of the original structure. The effects
of our two distinct activation procedures are schematically
drawn in Fig. 12. In the case of ion exchange, the original HT

FIG. 10. Relation between initial activity and CO2 adsorption of
via calcination/rehydration activated hydrotalcites synthesized at 373 K

(HT373rehydr), 423 K (HT423rehydr), 473 K (HT473rehydr), and activated via
ion exchange with KOH (HTex).
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FIG. 11. Proposed catalytic mechanism of aldol condensation for
the self-condensation of acetone at basic sites between edges of HT
platelets (2).

structure is largely retained, whereas calcination/rehydra-
tion results in transformation of the ordered HT structure
into an irregular one (Figs. 6 and 8) and formation of meso-
pores of about 8 nm (Fig. 5). These mesopores probably
originate from spaces within the aggregates. Presumably,
calcination/rehydration results in platelets that are ran-
domly aggregated [similar to the morphology of smectites
(42)] as shown in Fig. 12.

That the morphology is an important factor affecting the
catalytic activity is demonstrated by the striking difference
in catalytic performance as well as in CO2 adsorption of
the thermally activated samples and the sample activated
by ion exchange (Fig. 9 and Table 2, respectively). If only
the amount of basic sites determined the activity, an ini-
tial activity about 50 times higher should have been mea-
sured with the ion-exchanged sample. More precisely, from
the extrapolated correlation between the initial activities
of the thermally activated samples (Fig. 10) we would have
expected an initial activity of 29 gDAA g−1

cat h−1
ini with the ex-

changed sample. We measured an initial activity as low as
0.6 gDAA g−1

cat h−1. Expressed in TOFs: 5 h−1
ini for HTex and

around 200 h −1
ini for the calcined/rehydrated samples. This

difference can only be explained by a significant difference
in basic strength of the OH− ions, those in the exchanged
HT being weaker than those in the thermally activated

FIG. 12. Effect of activation treatment on HT structure: (a) HT as

synthesized; (b) HT after ion exchange; (c) HT structure after calcina-
tion/rehydration.
S ET AL.

HTs. Apparently, the less regular structure brings along an
increase in basic strength and, due to this, an enhanced
catalytic activity. Future work is advocated involving direct
measurement of basic strength in these catalysts.

Many authors used the thermal route to replace carbon-
ate for other ions, e.g., organic anions (43) and polyoxomet-
alates (POMs) (24) in the HT. Our results demonstrate that
phenomena ascribed to these interlayer anions probably
are also connected with the change in structure of the HT.

CONCLUSION

Besides incorporation of OH− as an interlayer anion,
thermal activation and rehydration of the precursor HT-
CO3 gives rise to the formation of irregular aggregates con-
taining mesopores of around 8 nm. These changes result in
a higher basicity of OH− near the edges of HT platelets,
which is essential to obtain a highly active HT catalyst for
liquid-phase aldol condensation reactions.
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