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Abstract

Hydrotalcites have been synthesized by three different procedures: conventional precipitation-aging, aging under microwave irradiation,
and sonication during the coprecipitation step. The synthesis procedure has an effect on the crystal size and textural properties of the hy
drotalcite (HT) and the AlO3—MgO mixed oxides formed upon calcination. HT samples prepared under sonication at 298 K are formed by
dispersed and homogenous particles of 80-nm average particle size. They also produce upon calcinations the mixed oxides with the large
surface area~ 300 n¥ g~1). This method of preparation increases not only the surface area but also the number of defects in the solid,
leading to sites of higher basicity. This was determined by means of catalytic reactions such as Knoevenagel and aldol condensations whic
demand basic sites of different strengths.

Hydrotalcites were regenerated from mixed oxides by hydration while giving Bronsted basic sites. Samples originally prepared by sonica-
tion present smaller crydiie size and have a larger number of accessible active.ditith these samples acetone/citral condensations with
96 and 99% conversion and selectivity, respectively, are achieved in a 15-min reaction time.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction ring, followed by a long (about 1 day) ageing time and/or
hydrothermal treatment in ordey improve the crystallinity.
Hydrotalcite-like compounds belong to a class of an- The conditions of synthesis, i.e., temperature, pH, and metal
ionic clay minerals also known as layered double hydrox- composition, have been extensively studj&d5]. By con-
ides (LDHs). They have theegeral molecular formula trolled thermal decomposition, LDHs are converted into
M, 2 M, 3T (OH) o4 )Ay/n " - mH20, where M™ and  mixed oxides, which possess homogeneous interdispersion
M3t are a divalent and a trivalent metal ions, respectively, of the elements, high specific surface areas, and, the most
and A" is an intercalated anion. Structurally, they are important, strong basic properties. The chemical composi-
formed by brucite-like (Mg(OH) sheets where isomor-  tion of the hydrotalcites (the nature and amount of structural
phous substitution of Mg by a trivalent cation like AT cations and compensating anipissthe main parameter that
occurs. The positive charge die layer is compensated allows fine tuning of the basic strength. Nevertheless, for a
by anions, which occupy the interlayer space along with particular chemical composition, the method of synthesis,
water moleculeqd1]. The Al/Mg hydroxycarbonate LDH e  temperature, solution pH, and ageing time of the gels,
corresponds to the naturally occurring hydrotalcite min- has a strong influence on the final basicity of the mixed ox-
eral. Conventionally, these compounds are synthesized byjqeg[1,6,7].
coprecipitation, wherein metaiitrates and precipitants are Microwave irradiation has been applied for the rapid syn-
added slowly and simultaneously at a fixed pH under stir- agis of inorganic solids and organic synthetic reactighs
Pioneering work by Komarneni et gl9-11] showed that
~* Corresponding author, Fax: +34 96 387 7809 microwave irradiation undemydrothermal conditions leads
E-mail address: acorma@itg.upv.es (A. Corma). to very rapid synthesis of anhydrous ceramic oxides and
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hydroxylated phases including hydrotalcites. Other authors modifying the number of defects in the framework of the
have reported a crystallization rate enhancement of LDHs material, i.e., the number of oxygen atoms associated with
using microwave$12,13]. More specifically, in the case of Mg exhibiting a low coordination number. Although the base
Mg/Al LDHs, Fetter et al[14] have found that microwave strength of calcined hydrotalcites has been considered to be
irradiation of the coprecipitated gel allows well-crystallized close to superbasg21], in numerous applications where
and pure hydrotalcite-like phases to be obtained, and thewater is produced (for instance, condensation reactions), the
ageing time can be reduced from 18-24 h to 2-10 min. presence of water reduces the base strength to moderate lev-
Moreover, these authors have found that hydrotalcites ob-els.
tained by this method present smaller crystallite sizes and In this work, we have attempted the synthesis of/Mb
higher specific surface areas than conventional samples, synhydrotalcites, the corresponding amorphous mixed oxides,
thesized aging of the gels at 423 K for 24 h. Recently, Tichit and the rehydrated HT with higher surface areas and smaller
et al. [15] have studied the structural and acid—base prop- crystallite (particle) sizes than the conventional HT, with the
erties of Mg/Al and Mg/Ga LDH obtained by microwave aim of increasing both number and base strength of the ac-
irradiation of the coprecipitad gels, that were compared tive sites. In order to achieve this, we undertook the synthesis
with those conventionally aged by prolonged hydrothermal of three series of LDHSs. In two of them, the effect of the
treatment (18 h at room temperature). The authors foundtemperature during the coprecipitation step, with and with-
that the use of microwaves reduces significantly the dura- out simultaneous sonication, was studied. In the third series
tion of the synthesis, and similar crystallinities and chemical we investigated the influence of the temperature during the
composition were obtained whatever the synthesis methodageing step of the gels under simultaneous microwave irradi-
used. Interestingly, while thspecific surface areas of the ation. The effect of these different synthetic methodologies
mixed oxides obtained by calcinations at 723 K of the LDHs on the structural and textural properties of the materials and
conventionally prepared were higher than the microwave- theirimpact on their catalytiactivity for two base-catalyzed
irradiated ones, norocalorimetric and spectroscopic mea- organic reactions, i.e., Knoevenagel condensation and aldol
surements upon COand CHCN adsorption showed that condensation, are presented. We have shown that by “in situ”
in the case of M@AI mixed oxides, the amount of both  sonication during the synthesis, it is possible to produce
basic and acid sites increases when the LDHSs is synthe-samples that, to the best of our knowledge, give the high-
sized using microwave irradiation. They conclude that the est catalytic activity reported up to now.
microwave treatment probably induces higher amounts of
surface-defective sites.

From a catalytic point of view, the synthesis of high sur- 2. Experimental
face area hydrotalcites, the derived mixed oxides, and their
corresponding regenerated hydrotalcites are matters of inter2.1. Preparation of catalysts
est, since this should have an impact on the total number as
well as the basic strength of the solid, and on its catalytic ~ An Mg—Al hydrotalcite with a MgAl ratio of 3 was
activity. Keeping this in mind, several studies show that son- prepared from gels produced by mixing two solutions: so-
ication enhances and/or alters the dissolution process andution A containing (3— x) mol of Mg(NOz3)2 andx mol of
nucleation and growth of precipitates in some inorganic syn- Al(NO3)3 in the Al + Mg concentration of 1.5 mgL for
thesig16—18] Kapustin[19] examined 30 different samples a ratiox/3 of 0.25, and another solution B of {6x) mol
and observed that insonating the solution during crystal- of NaOH and 2 mol of NgCOgz dissolved in the same vol-
lization alters the grain size of crystals and produces fine- ume of the solution A. Both solutions are coadded at a rate
structured crystals which have smaller grain sizes than theof 1 mL min~1 under vigorous mechanical stirring, at room
crystals prepared without insonation. Interestingly, we have temperature. The suspension was left for 18 h at 333 K. The
not found any report on the application of the ultrasound irra- hydrotalcite was filtered and washed until pH 7, and the solid
diation during the synthesis of hydrotalcites; however, Seida was dried at 333 K. The HT waactivated by calcining at
et al.[20] applied sonication after the synthesis of the hydro- 723 K in dry nitrogen for 6 h. This mixed oxide is called in
talcite. The authors found in this case that the LDHSs presentthe text the HTgy sample.
larger crystallites and BET surface areas than conventionally The first hydrotalcite series (H) was prepared by co-
prepared samples. precipitation at constant and controlled pH, by slow addition

Calcined and calcined rehydrated Mg—Al hydrotalcites in a single container of two diluted solutions (A and B).
have found numerous applications as basic catalysts in or-Solution A contains Mg(N@)2 and Al(NGz)3, of 1.5 M in
ganic reactions such as Knoevenagel, Claisen—Schmidt, andAl + Mg with Al /(Al + Mg) molar ratio equal to 0.25, and
aldol condensations, Michaeflditions, phenol alkylations,  solution B prepared by dissolving Bl@Os and NaOH in wa-
or epoxidation of olefinf21]. Thus, for a calcined hydrotal-  ter in such way that the ratio G& /(Al + Mg) is equal
cite with a given chemical composition, the number of basic to 0.66. The solutions were mixed at a 60 miltaddition
sites can be controlled by modifying the specific surface arearate, for 4 h, with vigorous stirring. The final pH was 12-13.
of the solid, whereas the basic strength can be controlled byThe coaddition process was carried out at different tempera-
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tures (298, 313, 333, 353, and 373 K). Finally, the precipitate 2.2.2. Aldol condensation of citral with acetone
was filtered, washed to eliminate the alkali metals and the ni-  Typically, a mixture of citral (6.5 mmol), acetone (18.2
trate ions until the pH of the washing water was 7, and then mmol), and catalyst (414 mg, 16.6% (tmit)) were added
dried at 333 K for 12 h. The samples were not aged and arein a three-necked bottom flask equipped with a condenser
called HTrogg, HTt313 HT1333 HT1353 and HTr373. system. The resultant suspension was heated up to 333 K
The second and third series were prepared by adding theunder vigorous stirring in an oil bath equipped with an au-
solution containing the Mg and APt ions (solution A) tomatic temperature control system. Samples were taken at
into one containing NeCOz or NaOH (solution B). regular time periods and analyzed by gas chromatography
For the second series the ge|s obtained were aged |nto(GC) with a flame ionization detector and a Tracer wax cap-
a stainless-steel autoclave placed into a microwave ovenillary column (15 mx 0.32 mmx 0.25 pm). At the end of
(MARS, microwave accelerated reaction system), at differ- the reaction, after cooling, the reaction mixture was filtered
ent temperatures (313, 353, 393, 433, 473, and 513 K) for {0 remove the catalyst and analyzed by GC.
1 h. After the precipitate was filtered and washed until pH 7,
the solid was dried at 333 K for 12 h. The samples were la- 2.2.3. Knoevenagel condensation between benzaldehyde
beled as HTaw3z13, HTmwass, HTwmwases, etc. and malononitrile
The preparation of the third series was carried out as de- A mixture of benzaldehyde (10 mmol) and malononi-
scribed above, but adding an aqueous solution (A) contain-tfile (10 mmol) at 298 K, under an inert atmosphereXN
ing the metal cations (Mg and AP+) onto a solution con- ~ Was magnetically stirred, and calcined hydrota}lcne (2.7%
taining the base (B) with simultaneous ultrasound irradiation (wt/wt)) was added. Samples were taken periodically during

of the mixture (SIC Vibracell VCX400). This procedure was tbhe feact.i?]n, \qithin atime perigd of0.1to dz h, and anall)l/lzed
carried out at atmospheric pressure and at different temper- y|GC Wgoa a(r)n§2|on|zat|8r;5etector and a HP-5 capillary
atures: 273, 283, 298, and 323 K. The gels obtained wereS01UMn (30 Mx 0.32 mmx 0.25 um).

not aged. These samples were labeled agd373 HTus2s3 )

etc. Finally, the precipitate was filtered, washed to eliminate 2.2.4. Knoevenagel condensation between benzal dehyde

the alkali metals and the nitrate ions until the pH 7, and then and ethyl Cyanoacetate
dried at 333 K for 12 h. A mixture of benzaldehyde (10 mmol) and ethyl cyanoac-

etate (10 mmol) under an inert atmospherg)(Nas placed
in a flask which was immersed in a thermostat silicone oil
bath at 333 K and magnetically stirred. Then, the calcined
hydrotalcite (5.5% (wtwt)) was added. Samples of the re-
action mixture were periodically taken with a time period
of 0.1 to 2 h and analyzed by GC with a flame ionization
detector and a HP-5 capillary column (30>00.32 mmx
0.25 pm).

In all experiments, nitrobenzene was used as internal

The hydrotalcites were calcined at 723 K for 6 h in a
nitrogen flow, in order to obtain Mg—Al mixed oxide base
catalysts. Samples of the mixed oxides were rehydrated at
room temperature by direct decarbonated water (MilliQ) ad-
dition just before their use as catalysts.

Specific surface areas of the different hydrotalcites were
obtained with an ASAP 2000 (Micromeritics) using the
BET methodology. The samples were pretreated at 673 K

prior to N adsorption. The solids were characterized by ganqgard. At the end of the reaction, after cooling, the re-
X-ray diffraction (XRD) with a Phillips PW diffractome-  5¢tion mixture was filtered to remove the catalyst and an-
ter using Cu-K radiation. Sonic energy was provided by  5iy7ed. Each reaction product was identified by GC-MS
an ultrasonicator (SIC Vibracell VCX400) which generates (Hewlett-Packard 5988 A) and byH NMR spectroscopy
20 kHz 4+ 50 Hz ultrasound waves. Microwave irradiation (Varian VXR-400S, 400 MHz).

was performed in a conventional oven (300 W). It was found that for particle sizes below 0.3 mm diame-

A scanning electron microscope (JEOL6300) equipped ter, the reaction is not controlled by diffusion.
with a microanalysis system by disperse energy (Oxford In-

struments Link-1SIS) wassed to obtain SEM images.
3. Resultsand discussion

2.2. Catalytic activit
4 Y 3.1. Characterization of materials

2.2.1. Reaction procedure The results of the XRD measurements obtained for
A commercial citral sample formed by a mixture @ the three series HT HTuw, and HTys are presented in
andtrans isomers (geranial and neral) with a proportion of Figs. 1, 2, and 3respectively. The XRD patterns of the pre-
25 and 75% (wtwt), respectively, was used without fur- pared LDH present sharp and symmetric peaks for (003),
ther purification. Acetone, malononitrile, benzaldehyde, and (006), (110), and (113) planes, as well as broad symmetric
ethyl cyanoacetate were purchased from Aldrich and usedpeaks for the (009), (015), and (016) planes. These peaks
directly. are characteristics of clay mirads having layered structures
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Fig. 1. HTy series. Effect of the temperature during the coprecipitation step Fig. 3. HTyg series effect of the temperature during the ageing step on the
on the intensities XRD reflections. intensities XRD reflections.
Table 1
Crystallite size of the samples measured from XRD using the Debye—
Sherrer equation
Sample Crystal size, A Crystal size, A Crystal size, A
Plane (003) Plane (110) Plane (113)
HTcy 200 310 235
HT208 80 127 103
. f;: HTT1313 79 138 108
g Aﬁﬁ HTT333 93 165 119
} ———/\——.35“ HTT353 120 214 159
£ L HT 1373 120 246 213
s HTmw313 85 131 120
£ HTMmwas3 152 255 209
H HTmw3o3 395 497 415
513K HTMmwa33 403 510 592
473K HTmwa73 414 423 310
433K HTmws13 431 338 235
393K HTys273 163 115 103
353K HTus283 179 122 120
313K HTys298 166 162 155
HTus323 390 314 282

Crystal sizes of the different synthesized hydrotalcites.

20

Fig. 2. HTmw series. Effect of the temperature during the ageing step on lite size of the samples was measured from the X-ray line
the intensities XRD reflections. broadening, considering the basal reflections (003), (110),
and (113), and using the Debye—Sherrer equation. The re-

[22,23] and they show that in all cases, well-crystallized sults are summarized ifable 1 As can be seen there, an
hydrotalcites are formed. increase of the crystal size occurs when increasing the tem-

FromFigs. 1, 2, and 3ve can see that the intensity of the perature, regardless of the synthesis method. This indicates
peaks increases when increasthe synthesis temperature, thatincreasing the temperature during the coprecipitation or
which can be correlated with an increase of the crystallinity during the ageing step, causes the rate of nucleation to be
of the samples. To corroborate this observation, the crystal-lower than the rate of crystal growth.
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Fig. 5. SEM images of the samples B (a); HTt353 (b); HTys298(C).-

In order to determine the morphology and particle size are presented and compared with the samplex{HSynthe-
distribution of the LDH of theseeries, we have selected dif- sized following the conventional procedure. The micropho-
ferent representative samples which where studied by scantographs show that Hrgsz and HTcy present similar mor-
ning electron microscopy (SEM). IRig. 4, the SEM mi- phologies, with an average particle sizes in the range of 100—
crographs of three samples pertaining to the seriegiT 120 nm, which are similar to those displayed by the sample
which where aged at different temperatures in a microwave HTwwss3 (Fig. 49. However, the sample prepared under
oven, are displayed. ABig. 4 shows, the particle size in- sonication at 298 KKig. 59, presents an extremely homo-
creases when increasing the teargture, with average sizes geneous morphology and highly dispersed particles with an
of 120, 320, and 540 nm for samples t¥353, HTmwa3s average size of 80 nm.
and HTuws13, respectively. The three LDHSs series were calcined at 723 K in order to

In Fig. 5the SEM images for samples of the seriesfHT  obtain the corresponding Mg—Al mixed oxides. The specific
and HTys, which were not submitted to the ageing process, surface areas of the calcined samples (HTc) were measured
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Table 2

Surface properties of HTcseries

Sample SBET Smic? Pore volume Micropore volumé Pore diameter
(m?g™") (m?g™") cm*g™) cmPg™) A

HTccy 245 20 062 0062 947

HTcro0s 264 127 040 0017 729

HTcra13 272 46 091 0021 1336

HTcrass 268 83 077 0038 1160

HTcras3 265 77 082 0038 1280

HTcrs73 264 161 059 0074 059

Results of adsorption/desorption of nitrogen fedent calcined hydrotalcites samples (HTseries).
@ Microporous area calculated from thelot, using as referenae between 5.5 and 8.5.

Table 3
Surface properties of Hfgy series
Sample SBET Smic? Pore volume Micropore volumé Pore diameter
(m?g™1) () cm*g™t) cmg™h A
HTccy 245 20 062 0062 947
HTcvwa13 270 45 027 0023 8560
HTcpmwass 277 56 061 0024 8976
HTcpmw393 251 170 o9 0.080 8223
HTcpmwass 246 176 o1 0085 6874
HTcpmwa73 246 175 039 0087 6654
HTcpmws13 237 162 0363 Q082 6331

Results of adsorption and desorption of nitrogenifietent calcined hydrotalcites samples (HAg series).
@ Microporous area calculated from th@lot, using as referenag between 5.5 and 8.5.

by N2 adsorption at 77 K. The results are summarized in we can conclude that the ageing treatment under microwave
Table 2for the HTer series, and they are compared with irradiation at temperatures lower than 393 K allows mixed
those of a sample synthesized by a conventional procedureoxides with higher specific surface areas to be produced.
(HTccv). As we can observe, all samples of the HBeries The results presented aboveTiable 2 showed that dur-
exhibit very similar specific surface areas, indicating that in ing the coprecipitation step, the temperature has no influence
the range studied, the variation of temperature during the co-on the final specific surface areas of the mixed oxides pro-
precipitation step has no inBmce on the BET surface area duced by calcination (HRcseries). However, different re-
of the mixed oxide, despite the fact that the crystal size of the sults were obtained for the cihed samples when the gels
LDH precursor increases withcreasing synthesis temper- were submitted during precipitation to ultrasounds irradia-
ature Fig. 1andTable ). However, when these results are tion (Table 4. Although the results oTable 4do no show
compared with the mixed oxide from a sample obtained by a clear tendency for the variation of the BET area with tem-
the conventional method (HEg), we can observe that the perature, it is clear that the sample which is synthesized at
HTccy sample has a lower specific surface area and lower298 K (HTays299 under sonication presents a surface area
porosity than the samples of the HTseries. It should be  20% larger than that of the conventionally synthesized sam-
taken into account that, the HEg¢ sample was submitted, ple and any of the series Hf@and HTgaw . It is known that
after coprecipitation, to an ageing time of 18 h at 333 K, when a liquid—solid interface is submitted to ultrasounds,
which favors the crystallization process and produces a de-acoustic cavitationf24] near the surface induce markedly
crease of the surface area of the mixed oxide obtained byasymmetric bubble collapse, which generates a high-speed
calcination. jet of liquid directed at the surfag@5]. The collision of this

In Table 3the results of the BET surface areas for the jet and related shock waves can create a localized erosion
mixed oxides produced by calcination of samples of the on the surface (which can produce defective sites), improve
HTmw series are presented. In this series, the gels were agednass transport, and can cause particle fragmentation (which
in a microwave oven at different temperatures for 1 h, and can increase the surface ar§2§]. Taking into account that
one can observe that an increase of the temperature producethe crystallization process starts since the beginning of the
a decrease in the BET area, along with an increase of the mi-coprecipitation step, these results suggest that ultrasounds,
croporosity. This result can be attributed to the crystallinity not only accelerate the crystal formation, as it has been pre-
increase of the LDHs precursor with temperatufeg( 2), viously observed?0], but they can also cause the dispersion
that is accompanied by an increase of the crystal size. Whenof small groups of layers of the LDH as well as reduc-
these results are compared with those obtained for the seriesng agglomeration during the nucleation and crystal growing
HTcy (Table 2 and with the conventional sample (H3\9, process, giving rise to particles with small crystal sizes. Such
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Table 4

Surface properties of HTg; series

Sample SBET Smic? Pore volume Micropore volumé Pore diameter
(m*g~h) (m*g~1) cm*g™) (G| A

HTccy 245 20 062 0062 947

HTcys273 275 77 0715 032 10377

HTcys2s3 263 88 0629 004 9536

HTcys2os 284 138 0607 Q04 9675

HTcys323 254 62 0624 Q01 9820

Results of adsorption and desorption of nitrogenifiecent calcined hydrotalcites samples (Hjkcseries).
@ Microporous area calculated from thelot, using as referenae between 5.5 and 8.5.

CHO CN E\C/CN the methylenic groups give us values of 0.34 and 0.32 for
©/ . < Base Catalyst O/ | + HO0 malononitrile and ethyl cyanoaege, respectively, indicat-
z z ing that the order of acidity is MN- ECA.
7=-CN, -COOEt The selected calcined HTc samples (K33, HT cmwass,
HTcys273 and HTgs299 were tested for the Knoevenagel

condensation between benzaldehyde and MN, (molar ratio

. . . 1:1) using a 2.7% (wiwt) of catalyst with respect to the to-
effects will not only increase the surface area of the mixed ta| amount of reagents, at 298 K and without solvent. The
oxide derivative, but it will also increase the structural de- results of initial activity (initial reaction rate, determined

fects of the solid. This pOSS|b|I|ty will be tested below by at a low level of Conversion' i_ex; < 10%) as well as the

Scheme 1.

catalytic activity measurements. yield to the Knoevenagel adduct)(are presented iffa-
. o ble 5 There, they are compared with the results obtained
3.2. Catalytic activity with a mixed Mg—Al oxide synthesized by the conventional

methodology. In all cases, the selectivity to the Knoevenagel
In order to check the influence of the preparation method condensation compound was of 100%, and no product com-
of the layered material on ¢hcatalytic activity of the  ing from Michael addition of the MN to the Knoevenagel
mixed oxides obtained by calcination, we selected differ- adduct was observed. As it is displayedTiable 5the or-
ent samples of HTc pertaining to the three different series: der of activity was: HTgs298 > HTCys273 > HTCr3s3 >
HTcrsss, HTemwaza, HTcys27z and HTgs29g These ma- HTcmwaszs > HTcey. In Fig. 6 the activity of the catalysts

terials were tested as basic catalysts for the Knoevenagebper unit surface area is plotted versus the BET surface area
condensation and aldol condensation between citral and aceof the samples.

tone. For the condensation of benzaldehyde and ECA, the re-
actions were carried out using a 5.5% (wt) of catalysts
3.2.1. Knoevenagel condensation at 333 K. In this case the selectivity for the Knoevenagel

Knoevenagel condensati¢a?7] of carbonyl compounds  product @) was also 100%, and the same order of activity
with reactants containing aactive methylenic group is one  (Table § and activity per unit surface aregig. 6) were ob-
of the most important methods for preparating substituted served.

alkene derivatives3cheme L These compounds are of in- The results show that the egific catalyst activity in-
terest as end products and intermediates in the productioncreases when increasing the surface area of the mixed ox-
of fine chemicals and commodities such as perfuf28ég ides, and it is maximum for the mixed oxide produced from

pharmaceuticalf29], and polymerg30]. Besides the im-  the hydrotalcite obtained by in situ sonication during pre-
portance of the Knoevenagel condensation as a syntheticcipitation (Tables 5 and 6 These results clearly show that,
organic method, mother relevant characteristic of this reac- as can be expected, the total number of basic sites increases
tion is its ability to measure the total number of basic sites when increasing the surfaceearof the solid. However, re-
and the relative strength of different base catalysts, by react-sults fromFig. 6 also show that the activity increase with
ing a series of methylenic compounds with differerk surface area is not lineal but exponential. This indicates that
values[31]. Then, the different mixed oxides were tested by increasing the surface area, i.e., decreasing the “crystal
for the Knoevenagel condensations between benzaldehydesize” of the mixed oxide, active sites with different strengths
and malononitrile (MN)(pK 2 = 11) or ethyl cyanoacetate  should be produced.

(ECA) (pKa=9) (Scheme 1 It should be pointed out, that In the case of Mg—Al mixed oxides formed by the con-
according to the f4's reported in the literature and which trolled calcinations of hydrotalcites, the active basic sites are
were determined in aqueous solutions, the decreasing ordeassociated to hydroxide groups and different oReVig?*

of acidity of the reactants is ECA MN. However, calcu- acid—base pair$4]. The basicity of the Lewis sites asso-
lations of the positive charge density of the hydrogen at ciated to O anions depends on their coordination. Those
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Table 5

Results of the Knoevenagel condensatietween benzaldehyde and malononitrile

Sample SBET ro x103 ro/S x108 Yield 1, 15 min Yield 1, 240 min
(m? g~1 (molg~tmin—1) (%) (%)

HTccy 245 1950 80 23 95

HTcr3s3 265 2437 a2 38 96

HTcpmwa3s 246 2083 84 32 82

HTcyus273 275 3413 124 44 83

HTcys29s 284 3812 134 50 91

Condensation of benzaldehyde with malononitrile ia ginesence of different calcined hydrotalcites.

Table 6

Results of the Knoevenagel condensatiomieein benzaldehyde and ethyl cyanoacetate

Sample SBET ro x103 ro/S x10° Yield 2, 5 min Yield 2, 240 min
(m?2 g1 (molg~tmin—1 (%) (%)

HTcoy 245 4457 182 31 88

HTcrass 265 5986 226 42 91

HTcpmwa33 246 4343 177 30 91

HTcyso73 275 6943 252 49 93

HTcys29s 284 8514 300 60 96

Results of the Knoevenagel condensation betwsizaldehyde and ethyl cyanoacetate in thegmes of different calcined hydrotalcites.

AN o AN o AN
Il Base I -H,O H [e)
CHO + CH;-C-CHj —_ ClH_CHZ'C'CHS _ C§CH—ECH3
| OH

Citral Pseudoionone

Scheme 2.
0.03 - HTcuszsa. . . . .
’ the fraction of the stronger ones which is maximum for sam-

ples synthesized by the sonication treatment.
0,026

HTCT353 HTC us2rs

2

3.2.2. Citral—acetone condensation
In order to check our hypothesis we selected a more de-
manding reaction from the point of view of basic strength:

0,022 4

0,018
HTcmwass

HTcuszes

ro10%/molmin'm

0,014 HTcuszrs
m}

0,01 -

O

the aldol condensation between citral and acetScbaéme 2

In fact, for carbonylic compounds, th&p associated with
the hydrogen at the methyl and methylene groups in the al-
pha position to the carbonyl group is in the range of 25.

Particularly for the acetone, the positive charge density of
the hydrogen at the methyl group wa€.12, which is a
value considerably lower than that of the methylene-active
compounds tested previously in the Knoevenagel condensa-
tion (+0.34 and+0.32). Moreover, this reaction has indus-
trial interest because it produces ionones (cyclic terpenoids),
which are used for enhancing the organoleptic properties of

oxygen atoms located in corners of the crystal should have aconsumables such as medicinal products and fragrances and
stronger basicity than oxygen atoms located either on edges?s intermediates in vitamin A synthesis.

or on crystal face§32]. Then, we have to expect that sam- Although this condensation reaction can be catalyzed by
ples with lower “crystal size” possess higher concentrations €ither acid or bases, numerous commercial methods make
of Lewis sites of low coordination number, and therefore the use of conventional homogeneous bases as catalysts (i.e.,
basicity should be higher. Since in our samples, the specificaqueous alkali metal hydroxide solutions, alcoholates in al-
activity increases when increéag the surface area, we have cohol, or benzene solvents) which lead to waste streams.
to conclude that an increase of surface area not only leads taHowever, owing to the industrial importance of the process,
an increase of the number of active sites, but also increasesolid catalysts such as basic alumina, alkali oxides, MgO,

HT,
HTcev T
0,006 T T T T T T T J
245 250 255 260 265 270 275 280 285

Area BET/m%g™"

Fig. 6. Influence of the area BET on the initial formation ratelof)
and2 (@).
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Table 7

Results of the aldol condensation of citral with acetone

Sample SBET ro x103 ro/S x108 Yield 32 Selectivity 32
m? g (molg L min—1 (%) (%)

HTccy 245 Q42 17 68 82

HTcrsss 265 058 22 81 83

HTCcymwa33 246 Q39 16 64 86

HTcuws13 237 038 16 61 87

HTcys273 275 Q58 21 78 88

HTcys29s 284 Q74 26 93 95

Results of the aldol condensation between citral ancdbaeetising different synthesgd calcined hydrotalcites.
& At 1 h reaction time.

and calcined hydrotalcites may have an opportunity as po- HTcusase
tential industrial catalysts. 0,0026 - °
In previous worK33], we have studied the aldol conden-
sation between citral and acetone in the presence of Mg—Al
calcined hydrotalcites at 333 K, and we have found that
it is possible to obtain excellent conversions and selectivi-
ties to pseudoionones working with relatively low acetone
to citral molar ratios. Thus, when the aldolic condensation
between citral an acetone was carried out in the presence2
of the calcined hydrotalcites described in this work (16.6% =
(wt/wt)), at 333 K using a molar ratio acetone/citral of 2.8,
the main products obtained were a mixturecisfandtrans
pseudoionones3] (6,10-dimethyl-3,5,9undecatrien-2-one)
(Scheme 2 Besides, the pseudoionones, other condensa-
tion products coming from the Kecondensation of acetone,
self-condensation of citral, and oligomers derived from citral
were detected in the reaction mixture. Idehydroxyl ke-
tones derived from acetone pseudoionones were detected Fig. 7. influence of the area BET of diffent calcined hydrotalcite samples

3 . -1
/molmin”"'m

(=]

o

o

N

N

N

0,0018

HTcmwass
HTCMW51 3

0,0014 T T T T 1
235 245 255 265 275 285

Area BET/m’g™

under these experiméal conditions. on the initial rate of formation of pseudoionorigs
In Table 7yields and selectities to pseudoionones ob-
tained with the selected calcined HTc samples (tt§g condensations showed that hydrotalcite was not regenerated

HTcmwass, HTomwsas, HTCus27s and HTws299 and mixed  during the reaction.

Mg—Al oxide synthesized by the conventional methodology

(HTccy) after a 1 h reaction time are summarized. Results 3.3, Hydrotalcites regenerated by rehydration
from Table 7 clearly indicate that the HT@29s gives a

larger catalytic activity than HTs, or any other of the cal- Recently, it has been presented that a calcined hydrotal-
cined hydrotalcites, with the order of activity HJ€»98 > cite can be activated by rehydration at room temperature by
HTcys273= HTCr3s3 > HTCwmwass > HTccy > HTemwsas. contacting with a stream of nitrogen saturated with water va-

When the specific activity for pseudoionone formation por, during long periods of time or by directly adding water
was plotted versus the specific surface area of differentto the calcined soli34,35]
mixed oxides Fig. 7) it was possible to see that, as it was It is a general belief that the basic sites produced by
observed previously for Knoevenagel condensation, an in- calcination are oxygen anions of low coordination, which
crease of the surface area of the calcined hydrotalcites doegorrespond to Lewis basic sites. However when the calcined
not only increase the number of basic sites, but also the frac-hydrotalcite is rehydrated, basic Lewis sites are converted
tion of the stronger ones. Furthermore it appears that theto basic hydroxyl Brgnsted sites, which become the com-
mixed oxide obtained from the hydrotalcite synthesized by pensating interlayer anions. On the other hand, it has been
applying ultrasounds is almost twice more active than the presented in the literature that rehydrated mixed oxides were
hydrotalcite prepared by a conventional procedure. Indeed,very active for aldol condensan reactions such as the self-
it was possible with the HT@s29scatalyst to obtain after 1 h  condensation of acetoifi@g], condensation of benzaldehyde
reaction time a yield of pseudoionones of 93%, with a selec- with acetone[37], condensation of citral, with acetone or
tivity of 95%. On the other hand in the presence of dfc  methyl ethyl ketone, and the Claisen—Schmidt condensa-
only a yield of 68% with selectivity of 82% was found. tion [38].

It must be noted that XRD of the mixed oxides performed It is known that the aldol condensation is a reversible re-
after their use as catalysts for the Knoevenagel and aldolaction when water is one of the products, and an excess of
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Table 8 surface area, not only changes the total number of the basic
Results of aldol condensation between citral and acetone in the presence okjtes exposed to reactants, bugaincreases the fraction of
hydrotalcite sample (HTigs299 using different percentages of water added the stronger ones. These correspond %0 @cated in cor-

Water added g x10° Yield 3, 15 min  Selectivity3 ners of the crystals. Then, the smaller the crystal size the
(%) (molg~tmin~) (%) (%) larger the fraction of the above sites, and the larger the to-
0 071 69 88 tal number of the exposed sites. This agrees very well with
20 087 83 97 the fact the regenerated hydrotalcites show a larger amount

36 100 926 99 ; o . \
6 088 84 98 of accessible Brgnsted basic sites for samples with a higher

, — , surface area. Using this rehydrated material it is possible
Reaction conditions: acetone (18.2 mmol), citral (6.5 mmol), 414 mg of . . . 0 . 0
catalyst, at 333 K. to obtain yields of pseudoionones of 96% with 99% of se-
lectivity, in 15 min of reaction time working at a very low
acetone/citral molar ratio. This result is superior to any re-

water on hydrotalcite should shift the reaction equilibrium . L
toward the formation of the reatts. According to this, the ported up to now for this condensation in homogeneous and
. ’ heterogeneous phases.

condensation reaction between citral and acetone was per-
formed adding on the calcined hydrotalcite (HjEggg at
different percentages of watefith respect to the solid cata-
lyst (20, 36, and 46% (wtvt)). In Table 8it can be seen that
the calcined hydrotalcite was less active than the rehydrated
samples and a maximum of activity was found when the con-
densation was carried out using freshly calcined hydrotalcite
with 36% (wt/wt) of water added of. It is very interesting to
note, that the optimized rehyabed sample reached yields of
pseudoionones of 96% with 99% of selectivity in 15 min of
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