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ABSTRACT

Mg-Zn-Al hydrotalcites and derived mixed oxides with different Mg**-to-Zn*"
ratios were prepared by co-precipitation in super-saturated conditions, followed
by thermal decomposition at 500 °C. The synthesized materials were evaluated
as catalysts for the self-condensation of octanal in order to establish structure-to-
functionality properties of the prepared materials. The presence of zinc affects
the structural and textural properties of the as-synthesized hydrotalcites and
derived mixed oxides, and provokes a remarkable modification on the acidic—
basic properties of the materials as studied by CO, and NH3-TPD. The presence
of Zn** caused an increment in the concentration of surface acidic sites com-
pared to the binary Mg-Al system. The samples characterized by a Zn/Mg ratio
<1 showed the optimal ratio of acidic and basic sites and the best catalytic
performance for the production of the o,B-unsaturated aldehyde. The recon-
struction of the layered materials (starting from the mixed oxides) caused an
increment in the concentration of surface OH™ groups, further modifying the
selectivity of the reaction.
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sequential catalytic processes into one-pot synthetic
operation. These one-pot processes allow for different
reactions to be carried out in a single vessel without

Introduction

During the last decade, considerable effort has been

devoted to the study and the development of more
clean and efficient fine-chemical production routes.
In this sense, the design of multifunctional catalytic
systems has been presented as a feasible way to
reduce the number of synthetic steps by leading

purification between the steps, hence avoiding stop-
and-go syntheses and therefore producing an eco-
nomical and environmental benefit [1]. The imple-
mentation of these types of processes will preferably
require the preparation of solid heterogeneous
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catalysts with a precise control over the location of
different functionalities [2], for instance, acidic-basic
and redox sites. In this regard, promising and ver-
satile catalysts possessing simultaneously acidic,
basic and even metallic functions can be derived from
layered double hydroxides (LDHs) precursors. These
materials belong to the anionic clay family [3] and
have the general formula M7" M*(OH),(A""), .

mH,O, where M?>* and M>* cations are six-coordi-
nated to hydroxyl groups forming brucite-like sheets
which stack to create a layered structure. Counter-
anions A"” are intercalated in the interlayer space to
compensate the charge introduced by the M>* cations
replacing some M>" cations in the layers [3, 4]. In
LDHs, the brucite-like layers have an abundance of
basic sites allowing the material to be used as
heterogeneous solid base catalyst. In addition, the
two or more metal cations within the brucite-like
layers are uniformly distributed at the atomic level,
which will favor the catalytic activity and selectivity
of the catalytically active metal (ionic) species [5].

By virtue of the abundance of hydroxyl groups,
Mg-Al-based LDHs are considered as potential
heterogeneous solid base catalysts for a wide variety
of organic transformations. Furthermore, after calci-
nation at intermediate temperatures (450-600 °C),
these LDHs can be converted into well-dispersed
Mg-Al mixed oxides with large surface area and
numerous Lewis base sites (O*~ surface species)
[4-7]. Through subsequent rehydration in the
absence of CO,, the mixed oxides can reform the
layered structure with hydroxyl anions in the inter-
layer region producing activated Mg—Al LDHs with
abundant Brensted-type basic sites (“memory effect”
behavior) [6, 8-11]. For these reasons, activated Mg-—
Al LDHs and related mixed oxides are currently
attracting increasing attention to replace homoge-
neous base catalysts as environmentally benign and
recyclable catalysts for several types of important
organic reactions and reforming processes [5, 6]. The
catalytic performance of the binary Mg—Al LDHs and
the respective mixed oxides can be tailored by play-
ing with the Mg-to-Al ratio or by doing the incor-
poration of a third or even a fourth cation. Off course,
the selection of the modifying cations will depend on
the desired catalytic properties for the final material,
for a specific catalytic process.

Reactions involving C-C bond formation are of
utmost importance for obtaining many fine chemicals

of commercial interest. Aldol condensation, which
belongs to these types of processes, is an organic
reaction in which an enol or enolate ion reacts with a
carbonyl compound to form a -hydroxyaldehyde or
B-hydroxyketone, followed by a dehydration to give
the corresponding o,B-unsaturated carbonyl moiety.
This bifunctional moiety is present in various syn-
thetic intermediates and provides a useful function-
alized platform [12, 13]. Hydrotalcites and derived
mixed oxides have been widely reported as hetero-
geneous catalysts for aldol condensation reactions
due to the basic character of these types of materials
[6, 14-19]. Not only the nature of the basicity
(Brensted or Lewis type) but also the simultaneous
presence of acidic and basic sites has been reported as
crucial parameters in order to favor the kinetics and
selectivity of the reaction to the o,B-unsaturated
aldehyde [6]. In the case of Mg—Al-type hydrotalcites
and derived mixed oxides, the acidic-basic properties
can be tuned by playing with three main parameters:
(1) the thermal treatment of the samples; (2) Mg-to-Al
ratio; and (3) the insertion of different M?* and/or
M?®* cations in the LDH structure.

In this work, we decided to modify a Mg-Al
hydrotalcite by inserting Zn*" cations during the
synthesis process. Zn*" is a well-known Lewis-acid
catalyst for different types of organic reactions [20]
and its presence into the structure of the hydrotalcite
is expected to modify the balance between the acidic
and basic sites on the final catalysts. In addition, the
reconstruction-rehydration capacity of the prepared
mixed oxides (to generate “activated” hydrotalcites)
was analyzed.

The aldol condensation reaction of octanal (an ali-
phatic aldehyde obtained by dehydrogenation of
renewable 1-octanol) was selected as a model reac-
tion in order to establish structure-to-functionality
properties of the synthesized materials on the pro-
duction of the respective o,B-unsaturated aldehyde
(2-hexyl-2-decenal).

Materials and methods

General
Mg(NO3)26H20 (99 %), ZH(N03)26H2O (98 %),
AI(NO3)39H20 (298 %), N32CO3 (anhydrous),

NaOH (=99 %) were purchased from Carl Roth;
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octanal (99 %) from Sigma Aldrich; and hexadecane
(99 %) from Acros Organics.

Materials synthesis

The Zn-, Mg- and, Al-containing hydrotalcites were
prepared by co-precipitation method under high
super-saturation conditions, maintaining a 1Y /
M3+ = 3 molar ratio [21]. The Zn?*/ Mg2+ molar ratio
was changed in order to assess the effect of this
variable on the properties of the hydrotalcites and
their respective mixed oxides (calcination products).

In a typical synthesis two solutions, A and B, were
prepared. The A solution contained Mg(NO3),-6H,0,
Zn(NO3),-6H,0O and AI(NO3)3-9H,0 dissolved toge-
ther in distilled water. The amounts of nitrates were
selected to obtain the total cation concentration of
1.0 M. The solution B contained 2.2 M of NaOH and
0.15 M of Na,COs;. Solution A was added dropwise
to solution B while keeping the last one in ultrasonic
bath, at room temperature. The obtained solids were
washed by centrifugation (until nitrates and sodium
were totally absent in the washing liquids), and
dried in an air oven at 100 °C for at least 12 h. All
materials were calcined at 500 °C (with a heating
rate of 2 °C/min) for 4 h in air, in order to obtain the
respective mixed oxides. The obtained samples
were named as follows, depending on the used Mg/
Zn/ Al metal molar ratio: Mg(6)Al(2); Mg(5.2)Zn(0.8)
Al(2); Mg(3)Zn(3)Al(2); Mg(0.8)Zn(5.2)Al(2); and
Zn(6)Al(2).

Reconstruction of the hydrotalcite structure
(activation)

The reconstruction of the LDH structure was per-
formed by rehydration of the mixed oxides in
aqueous phase, under mechanical stirring and
ultrasound post-treatment [11]. Typically, 1 g of the
mixed oxide was suspended in 100 mL of decar-
bonated water under high mechanical stirring
(600 rpm) during 4 h, at room temperature. Then,
the suspension was sonicated in ultrasonic bath
during 15 min, at room temperature. The solid was
recovered from the aqueous phase by centrifugation,
washed twice with ethanol and then, dried at 50 °C
under vacuum conditions. The reconstructed mate-
rials were kept under inert atmosphere for further
use.

@ Springer

Physicochemical characterization

Elemental analyses of the samples were done by
X-ray florescence (XRF) on a NEX CG (Rigaku)
device, using Mo and RX9 X-ray source. The textural
properties of the mixed oxides were analyzed by
nitrogen adsorption at 77 K on a Micromeritics Tris-
tar 2030. The surface areas were determined by the
Brunauer-Emmett-Teller (BET) method. X-ray pow-
der diffraction patterns (XRD analysis) were mea-
sured on a ARL X'TRA X-ray diffractometer with Cu
Ko radiation of 0.15418 nm wavelength and a solid
state detector.

Surface concentrations of the acidic and basic sites
were determined by temperature-programmed des-
orption of ammonia (NH3-TPD) and carbon dioxide
(CO,-TPD) respectively, using an Autosorb iQ TPX
device, from Quantachrome. In a typical experiment,
about 100 mg of catalysts was placed in a quartz
reactor bed and pretreated at 500 °C for 2 h, under
He flow (30 mL/min). Subsequently, the sample was
cooled down to 80 °C and saturated in a flow of gas
mixture containing 5 vol% of NHj in He or alterna-
tively 5 vol% CO; in He, during 30 min (in both cases
the flow rate was 30 mL/min). The weakly adsorbed
CO, must be removed by flushing the sample with
He (30 mL/min) at the adsorption temperature
(80 °C), during 30 min. Desorption was carried out
with a linear heating rate (10 °C/min) in a flow of He
(30 mL/min). The composition of the effluent gases
was measured using a TCD detector.

Catalytic activity: aldol condensation
of octanal

The aldol condensation of octanal was performed in a
batch reaction system, under vigorous magnetic
stirring and nitrogen atmosphere. In a typical
experiment, a 100-ml five-necked flask equipped with
a Dean-Stark azeotrope trap, reflux condenser and
temperature probe, was filled with 40 g of octanal,
2.0 g of hexadecane (internal standard), and 0.4 g
catalyst (1 wt% with respect to the aldehyde). Then,
after fixing a flow of N, passing through the head-
space of the reaction system (50-60 mL/min) and
setting a constant and vigorous stirring rate, the
reaction mixture was heated up to the reflux tem-
perature. The maximum temperature allowed to be
reached by the heating system was 200 °C. The pro-
gress of the reaction was monitored by taking
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samples from the reaction media (10 mg approx.) as a
function of time. The reactions were performed dur-
ing at least 2 h. The withdrawn samples were diluted
in heptane and analyzed by GC-FID in a Ther-
moFinnigan Trace GC provided by an ultrafast-col-
umn module. The obtained products were first
detected and characterized by using GC-MS.

Results and discussion
X-ray diffraction analysis

The layered structure of the as-synthesized hydro-
talcites (HTs) and the crystallographic phases present
on the calcined materials were analyzed by X-ray
diffraction. Figure 1 depicts the XRD patterns
obtained for the LDH structures (materials dried at
100 °C).

All the synthesized materials were characterized
by sharp, intense and symmetric diffraction patterns
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Figure 1 XRD patterns obtained for the as-synthesized hydro-
talcites: a Mg(6)AIQ2)HT; b Mg(5.2)Zn(0.8)A1(2)HT; ¢ Mg(3)
Zn(3)AI(2)HT; d Mg(0.8)Zn(5.2)AI2)HT and e Zn(6)Al(2)HT.
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in the 10° to 25° 20 range and broad asymmetric
patterns between 30° and 50° 20, typical of well-
crystallized hydrotalcite structures (hexagonal lattice
with R3m rhombohedral symmetry) [4]. The values
for the respective crystallographic parameters ¢ and
a are given in Table 1, together with the crystallite
sizes calculated from (00!) and (hk0) reflections by the
Scherrer equation. According to a 3R stacking of the
sheets, the value of ¢ is calculated as 3 times the
spacing of the diffraction pattern corresponding to
planes (003), while the value of a corresponds to the
average metal-metal distance in the layers and is
calculated as 2 times the spacing for planes (110)
[4, 22].

As observed in Fig. 1, the ternary systems Mg—Zn—
Al are characterized by broader reflections compared
with the binary ones (Mg(6)Al(2)HT and Zn(6)Al(2)
HT), indicating a less crystalline structure. In addi-
tion, replacing Mg®* by Zn®" in the materials struc-
ture caused the apparition of additional diffraction
patterns related to the segregation of ZnO phase
(Zincite ICDD: 89-0510). Only the ternary system
having the lowest content of Zn®" kept the single-
parental structure of the Mg—Al hydrotalcite (Fig. 1).
Alvarez et al. [10] reported the synthesis and recon-
struction of Zn-Mg—-Al hydrotalcites applying ultra-
sound during the re-hydration of the mixed oxides.
Those authors found that the application of ultra-
sound favors the crystallization of ZnO during the
reconstruction of the layered phase. Thus, as ultra-
sound treatment was used during the synthesis of
materials analyzed in this work (see experimental
part), an increment in the Zn*" content in the cationic
solution (A solution) could be accompanied by a
faster crystallization and segregation of the ZnO
phase, besides the formation of the hydrotalcite
structure. Another possible explanation for the seg-
regation of ZnO during the synthesis of these mate-
rials could be related to the effect of the pH of the
solution on the solubility of the hydrotalcite and ZnO

Table 1 Crystallographic

parameters calculated for the Sample deosy mm)  digy (xm) a (nm) ¢ (nm)  Crystallite size (nm)

as-synthesized hydrotalcites (003) (110)
Mg(6)AI2)HT 0.782 0.153 0.306 2.346 26 32
Mg(5.2)Zn(0.8)A1(2)HT  0.773 0.153 0.306 2.319 9 20
Mg(3)Zn(3)A1(2)HT 0.765 0.153 0.306 2.295 11 24
Mg(0.8)Zn(5.2)A1(2)HT  0.762 0.153 0.306 2.286 20 34
Zn(6)A1(2HT 0.756 0.153 0.306 2.268 60 31
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phases. In this regard, during the synthesis of Zn—-Al
hydrotalcites, Kloprogge et al. [23] reported that, at
pH higher than 14, zinc hydroxy complexes became
more soluble and ZnO became the predominant
precipitated phase. Although the pH was not con-
trolled during the synthesis methodology used in this
work, the high supersaturation conditions used could
provoke a pH of the solution sufficiently high to
favor the partial re-dissolution of the hydrotalcite
phase and the precipitation of ZnO.

On the other hand, comparing Mg(6)AI(2)HT and
Zn(6)AlI2)HT solids, it is clear that characteristic
hydrotalcite XRD patterns of the materials based on
Zn are more intense and sharper than the ones
observed in the Mg—Al material. This feature indi-
cates a higher crystallinity of the Zn—Al hydrotalcite,
as previously reported for these types of materials
[24, 25].

Regarding to the crystallographic parameters cal-
culated for the as-synthesized materials, different
trends can be observed in the a4 and ¢ values. Thus,
while the a value remains constant no matter the
composition of the materials, the parameter ¢ dimin-
ishes gradually upon zinc addition. As was men-
tioned before, the value of a corresponds to the
average metal-metal distance in the layers of the
hydrotalcite structure. Therefore, since the ionic
radius of Mg®* and Zn®" in octahedral coordination
are very similar to each other (Mg = 0.72 A and
Zn = 0.74 A, both in VI-fold coordination) [26], a
negligible influence from their partial replacement on
the a parameter can be expected. On the other hand,
the modification of the c parameter is directly related
with the diminishing of the interlayer distances
(Table 1). Valente et al. [27] explained this phe-
nomenon as a consequence of an increase in layer
charge density due to the larger electronegativity of
Zn compared to that of Mg (1.66 and 1.29, respec-
tively). This situation also affects the crystal domain
size calculated on the as-synthesized LDHs in direc-
tion ¢, due to the stacking of the layer flakes.

In addition, from the crystal domain sizes reported
in Table 1, it is clear that the ternary systems are
characterized by smaller crystallite sizes compared to
the binary ones. It is also worth to note that, although
Mg(6)Al(2)HT and Zn(6)Al(2)HT materials have a
very similar crystallite size in the a direction (32 and
31 nm, respectively), the total replacement of Mg*"
by Zn®" has a strong influence on the crystallite size
in the ¢ direction (going from 26 to 60 nm,

@ Springer

respectively). These results confirm the stacking
effect of the LDHs layers as a consequence of the
difference in electronegativity between the Zn and
Mg, and the low strain induced in lattice parameter
a because the similarity in the ionic radii of those
cations.

After calcination of the as-synthesized HTs
(500 °C/4 h), the layered structure was destroyed
and the corresponding mixed oxides were formed
(Fig. 2).

In the case of Mg(6)Al(2) and Mg(5.2)Zn(0.8)Al(2)
materials, the distinctive periclase-crystal structure of
the magnesium oxide (JCPD 45-946) was formed,
with maxima at 20 equal to ca. 35°, 43°, and 62° from
the (111), (200), and (220) planes, respectively. No
diffraction patterns related to other crystallographic
phases were observed in these materials. Thus, either
in the hydrotalcite or the mixed oxide, it seems that
the replacement of 13.3 % of Mg*" cations by Zn**
does not affect the parental crystal structure of the
material. This fact suggests the total incorporation of
Zn** in the structure of the hydrotalcite and the
corresponding mixed oxide and/or the formation of
highly dispersed ZnO species on the surface of the
periclase-type phase.

The substitution of half of magnesium by zinc
caused the crystallization of the sample Mg(3)Zn(3)
Al(2) mainly in the form of zincite-ZnO (20 = 31.8°,
34.4°, 36.2°, 47.5°, 56.6°, and 62.9° corresponding to
the (100), (002), (101), (102), (110), and (103) planes,

8 ZnO
% Periclase - MgO

Intensity (a.u.)

2 theta angle (°)

Figure 2 XRD patterns obtained for the calcined materials:
A Mg(6)Al2); B Mg(5.2)Zn(0.8)Al(2); C Mg(3)Zn(3)Al(2);
D Mg(0.8)Zn(5.2)Al(2) and E Zn(6)Al(2).
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respectively), although the periclase phase can be
also slightly distinguished from the elevation of the
XRD base-line around 35° and 43° 20. In
Mg(0.8)Zn(5.2)Al(2) and Zn(6)Al(2) samples only the
zincite phase was detected, being the last one a more
crystalline material.

In this manner, in Mg@B)Zn(3)Al2) and
Mg(0.8)Zn(5.2) Al(2) materials, the Mg>* cations will
be preferably stabilized in the zincite structure and/
or forming highly dispersed MgQO species.

Textural properties

The textural properties of the samples were mea-
sured after calcination of the as-synthesized hydro-
talcites at 500 °C, during 4 h (formation of the mixed
oxides). Table 2 summarizes the main textural prop-
erties of the analyzed materials. It is important to
mention that the surface area of the as-synthesized
hydrotalcites (dried at 100 °C) is quite low indepen-
dently of the composition (below 20 m?/g). This is
due to the inaccessibility to the “internal” surface of
the materials as a consequence of the relatively high
charge density of the layers, resulting in a closely
packed layered structure [28], and the presence of
CO;” species in the interlayer gallery-space.

As can be observed in Table 2, there is a clear trend
in the modification of the surface area of the calcined
materials as a function of the content of zinc. Thus,
while Mg(6)Al(2) presented the highest surface area
between the analyzed materials, Zn(6)Al(2) showed a
Sger five times lower. A similar trend was observed
in the pore volume, whereas for the average pore
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size, a maximum value was obtained for
Mg(3)Zn(3)Al(2). The materials rich in zinc are
clearly the ones with the lowest surface area and
porous properties. This trend can be related to the
crystallinity of the calcined materials discussed
before by XRD analysis (Fig. 2), where the material
with the most crystalline structure, i.e.,, Zn(6)Al(2),
characterized by sharp and intense diffraction pat-
terns, corresponds to material with the lowest surface
area.

Chemical composition: X-ray fluorescence
analysis (XRF)

The chemical composition of the calcined materials
was analyzed by XRF technique. The obtained results
are presented in Table 3 as molar ratios. The value in
brackets corresponds to the nominal ratio.

The samples rich in Mg>" or the ones having an
equimolar Mg”":Zn*" ratio were characterized by
molar ratios very close to the nominal one. Never-
theless, the materials rich in Zn** showed a big
deviation in the molar ratios, where the incorporation
of A" was clearly affected by the presence of zinc
(see Table 3, Zn?* /A>T molar ratio). Similar results
were observed by Sanchez-Cantu et al. [29] during
the synthesis of Mg-Zn—Al hydrotalcites. According
to these authors, an increment in the concentration of
Zn** in the aqueous phase caused the modification of
the pH of the synthesis media, which provoked a
lower preference of the aluminum cations to be
incorporated into the crystalline products than in the
coexisting solution. This observation is in a good

Table 2 Textural properties of

the mixed oxides (calcined Sample Sget (M?/g) Pore vol. (cm®/g) Av. pore size (nm)
LDHs) Mg(6)Al(2) 150 0.63 13
Mg(5.2)Zn(0.8)Al(2) 121 0.52 17
Mg(3)Zn(3)Al(2) 114 0.65 21
Mg(0.8)Zn(5.2)Al(2) 58 0.20 10
Zn(6)Al(2) 38 0.06 6.7
Table 3 XRF results obtained 5 . 2 . 2 5 2 .
on the synthesized mixed Sample Mg*t/APT Zn* /AP Zn*T/(Mg>t+Zn* T AP
oxides Mg(6)Al(2) 3.1 (3.0) - -
Mg(5.2)Zn(0.8)Al(2) 2.6 (2.6) 0.5 (0.4) 0.12 (0.10)
Mg(3)Zn(3)Al(2) 1.5 (1.5) 1.9 (1.5) 0.43 (0.38)
Mg(0.8)Zn(5.2)Al(2) 0.4 (0.4) 3.4 (2.6) 0.71 (0.65)
Zn(6)Al(2) - 4.5 (3.0) 0.82 (0.75)
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agreement with the preferential crystallization of
ZnO phase discussed before from the XRD results.

Reconstructed hydrotalcites

The effect of the reconstruction-activation of the
hydrotalcite structures by rehydration of the respec-
tive mixed oxides in aqueous phase was analyzed as
a function of the modifications induced in the struc-
tural and textural properties of the rehydrated
materials and compared to the as-synthesized LDHs.
Figure 3 depicts the XRD patterns obtained for the
reconstructed hydrotalcites, after drying at 50 °C,
under low-pressure conditions.

All the analyzed materials were characterized by
the reconstruction of the layered structure typical of
the LDHs. Nevertheless, the presence of the zincite
phase persists in the materials with the higher con-
tent of zinc. On the other hand, between the materials
with the higher content of magnesium, only
Mg(5.2)Zn(0.8)Al(2)_r showed a weak diffraction

o Hydrotalcite
8 ZnO
* MgO

Intensity (a.u.)

— T —— ———
5 10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta angle (°)

Figure 3 XRD patterns obtained for the reconstructed hydrotal-
cites: 1 Mg(6)Al(2) r; 2 Mg(5.2)Zn(0.8)Al(2) r; 3 Mg(3)Zn(3)
Al(2)_r; 4 Mg(0.8)Zn(5.2)Al(2)_r and 5 Zn(6)Al(2) r.

pattern at 43.1° 20 related to the presence of the
periclase phase.

As the ZnO phase was present in both the as-syn-
thesized LDHs and the reconstructed materials, the
intensity ratio of the reflections (006) and (110),
coming from the hydrotalcite and zincite phases,
respectively, was analyzed as a way to characterize
the reconstruction degree of the zinc-rich mixed
oxides. The results are presented in Table 4.

It can be seen that the intensity ratio of this two
diffraction patterns follows a similar trend in both
families of LDHs structures, being the material with a
Mg:Zn molar ratio of 0.8:5.2 the one with the highest
intensity of the HT peak respect to the ZnO. On the
other hand, also in both groups of hydrotalcites, the
LioosyHT /1110)ZnO ratio of the materials with a Mg:Zn
molar ratio of 3:3 and 0:6 (i.e., the Zn—Al hydrotalcite)
is practically the same (2.8 and 2.6 in the as-synthe-
sized LHDs vs 0.6 and 0.7 in the reconstructed ones,
respectively). In such a way, one can say that, under
synthesis conditions used in this work, the highest
incorporation of Zn into the structure of the Mg-Al
hydrotalcite was already overpassed on the
Mg(3)Zn(3)Al(2)HT material.

The interlayer space of the reconstructed hydro-
talcites was also calculated from the (003) reflection
located around 11.5° 20. The calculated crystallo-
graphic parameters obtained for the reconstructed
LDHs are presented in Table 5.

As was discussed before for the as-synthesized
materials, the interlayer space doy also decreases in
the reconstructed hydrotalcites by increasing the
content of Zn in the structure, confirming the effect of
the electronegativity of zinc in the stacking of the
layered structure. In addition, the dggs values calcu-
lated for the as-synthesized LDHs (Table 1) are very
similar to the dgyz observed for the reconstructed
ones. Although different compensation anions are
expected in the interlayer space of these materials,
i.e., CO5”" in the as-synthesized LDHs vs OH™ in the

Table 4 Intensity of the (006)

and (110) XRD patterns Sample l0oeHT la10) ZnO L0oeHT/L(110)ZnO % Loos) HT

coming from the hydrotaleite (o 37 3 A2yt 1018.6 370.4 28 73

and ZnO phases Mg(0.8)Zn(5.2)Al(2)HT 17172 299.4 5.7 85
Zn(6)AIQ)HT 2566.8 994.7 2.6 72
Mg(3)Zn(3)Al(2) r 175.2 270.9 0.6 39
Mg(0.8)Zn(5.2)Al(2)_r 363.7 205.1 1.8 64
Zn(6)AIQ2) 636.6 871.5 0.7 42
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Table 5 Crystallographic

parameters calculated for the Sample dozy mm)  digy (nm)  a (nm) ¢ (nm)  Crystallite size (nm)

reconstructed hydrotalcites (003) (110)
Mg(6)Al(2) r 0.799 0.153 0.306 2.397 9 19
Mg(5.2)Zn(0.8)Al(2) r  0.772 0.152 0.304 2316 4 21
Mg(3)Zn(3)Al(2) r 0.763 0.153 0.306 2.289 8 30
Mg(0.8)Zn(5.2)Al2) r  0.762 0.153 0.306 2.286 9 33
Zn(6)Al(2) r 0.754 0.153 0.306 2.262 36 34

635

Table 6 Textural properties of

the mixed oxides (calcined Sample

SgeT (mz/ 2)

Pore vol. (cm®/g) Av. pore size (nm)

LDHs) Mg(6)Al(2)_r

Mg(5.2)Zn(0.8)A1(2) r
Mg(3)Zn(3)Al(2) r
Mg(0.8)Zn(5.2)A1(2) r
Zn(6)AlQ2) r

11
80
95
60
21

0.03 12
0.28 7.3
0.37 15
0.25 14
0.05 8.4

reconstructed ones, it has been reported that the
interlayer spaces generated by these types of anions
are very close to each other [4] and are difficult to be
distinguished. In the case of the lattice parameter a,
which is related to the metal-metal distance in the
LDH structure, it remains the same no matter neither
the composition of the materials nor the reconstruc-
tion process performed.

In addition, the reconstructed materials showed a
smaller crystal domain size in the ¢ direction of the
crystal structure [calculated from the (003) plane]
compared to the as-synthesized hydrotalcites
(Table 1). This trend can be related to the exfoliation
of the meixnerite crystals during the reconstruction
process as a consequence of the mechanical stirring,
which cause the vertical breaking of the layered
structure (i.e., in the ¢ direction of the crystal struc-
ture) [9, 30].

Despite the observed decrease in the crystal
domain size, the surface area of the reconstructed

ALDOL CONDENSATION

O OH O
2 /\/\/\)L H EEE—— H
Octanal

2-hexyl-3-hydroxy-decanal

Scheme 1 Self-condensation reaction of octanal.

materials is still smaller than that of the mixed oxides
(see Table 6) and only the ternary hydrotalcites pre-
sented a Sggr higher than that observed on the as-
synthesized LDHs (below 20 m?/g).

Catalytic activity

The solvent-free self-condensation reaction of octanal
was performed in order to find structure-sensitive
correlations between the acidic-basic properties of
the prepared materials and their catalytic properties
on a base (or acidic-basic) catalyzed reaction (see
scheme 1). Figure 4 shows the kinetic curves
obtained for the octanal conversion and yield to
2-hexyl-2-decenal depending on the composition of
the evaluated catalysts.

All the prepared materials were active for the self-
condensation of octanal; nevertheless, some relevant
differences in octanal conversion and yield to
2-hexyl-2-decenal can be seen as a function of the

O
/\/\/?H

2-hexyl-2-decenal

DEHYDRATION

-H,0
EE——
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100 4 (a)
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Figure 4 Effect of the catalysts composition on the aldol self-condensation of octanal as a function of time. a Octanal conversion and

b Yield to 2-hexyl-2-decenal.

catalysts composition. In the case of the binary mixed
oxides, i.e., Mg(6)Al(2) and Zn(6)Al(2) catalysts, the
kinetics in the conversion of octanal was notably
favored by the presence of Mg>" in the structure of
the mixed oxide. However, the biggest difference was
observed in their selectivity towards the a,pB-unsatu-
rated aldehyde (2-hexyl-2-decenal). Mg(6)Al(2) cata-
lyst achieved 70 % yield after 2 h reaction, whereas
Zn(6)Al(2) only reached 51 % yield during the same
period of time (Fig. 4b). When Mg®* was partially
replaced by Zn*" in the structure of the mixed oxides,
i.e, in Mg(5.2)Zn(0.8)Al(2) and Mg(3)Zn(3)Al(2) cat-
alysts, a strong increment in the kinetics of the reac-
tion was observed. These two catalysts were able to
achieve more than 90 % conversion of octanal after
30 min reaction, while reaching at the same time the
highest yield to 2-hexyl-2-decenal (around 67 %). It is
also important to remark that these two catalysts
displayed already a 15 % yield to the a,f-unsaturated
aldehyde when the reaction mixture achieved the
boiling point (zero-time reaction), which was not
observed in any of the studied binary catalysts. In the
case of the Mg(0.8)Zn(5.2)A1(2) catalyst (where Zn**
is partially substituted by Mg®"), an improved cat-
alytic efficiency was observed compared to the
Zn(6)Al(2) material. Nevertheless, its catalytic per-
formance was not as good as observed for the others
Mg-Zn—Al mixed oxides.

In order to better understand the influence of the
materials composition on their catalytic performance
in the aldolization reaction of octanal, the acidic—ba-
sic properties of three catalysts with different

@ Springer
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Figure 5 CO,-TPD profiles of the mixed oxide catalysts.

compositions were examined by temperature-pro-
grammed desorption of NHj; and CO,. Thus,
Mg(6)Al(2), Zn(6)Al(2), and Mg(3)Zn(3)Al(2) mixed
oxides were selected as representative compositions
from the studied materials, but also because the dif-
ferences observed in their catalytic activity.

The CO,-TPD profiles of the calcined materials are
presented in Fig. 5. The peaks observed in the TPD
profiles can be assigned based on the temperature at
which they appear. As reported in the literature, Mg-
Al mixed oxides derived from LDHs structures are
characterized by the presence of three CO, desorp-
tion peaks in the temperature range of 100-500 °C
[31-35]. According to Di Cosimo et al. [33, 35], the
nature of these three CO, desorption peaks can be
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defined as follows: the first desorption peak observed
as a shoulder at 100-155 °C is attributed to the des-
orption of CO, from weak Brensted OH™ groups
(weak-strength basic sites); the second peak with a
maximum observed at 190-250 °C is assigned to the
formation of bidentate carbonates on both Mg —0*~
and AI’*—O®" pairs (moderate-strength basic sites);
and finally, the presence of the strongest basic sites
can be related to the desorption of CO, bounded with
low coordination O*~ anions at a temperature higher
than 280 °C. The two studied magnesium-containing
catalysts were characterized by a high amount of
moderate-strength basic sites, whereas Zn(6)Al(2)
catalyst mainly showed the presence of weak-
strength basic places.

In order to do a quantitative comparison between
the three different catalysts, the total amount of CO,
desorbed was calculated and normalized as a func-
tion of the surface area of the materials. The obtained
results are presented in Table 7. It is clear that the
Mg(6)Al(2) catalyst is the one with the highest con-
centration of basic sites (expressed as pmol CO,/m?)
between the analyzed materials. In addition, the
introduction of Zn>* in the materials structure caused
a clear decrease in the concentration of basic sites,
being Zn(6)Al(2) catalyst the one with the lowest CO,
uptake.

The acidic properties of the selected catalysts were
also probed by NH;-TPD measurements. Figure 6
depicts the ammonia desorption curves obtained for
the analyzed mixed oxides. The desorption of
ammonia begins at a temperature below 100 °C,
reaching a first maximum between 148 and 172 °C
depending on the catalysts composition. Further, a
second ammonia release takes place at a temperature
around 220 °C for all the studied materials. Previous
works have shown that the first ammonia desorption
peak can be assigned to the presence of Brensted acid
sites on the catalysts surface, generated by the
occurrence of OH™ groups. Then, at temperatures
higher than 200 °C, the stronger bonded ammonia
species can be desorbed from the Lewis acid sites
attributed to the AI’*-O*"-Mg”" species present in

the structure of the mixed oxides and containing the
APP* cations predominantly in octahedral sites
[35, 36].

Observing the NH;-TPD profiles presented in
Fig. 6, it seems that the introduction of Zn*" in the
materials structure decreases the amount of acidic
sites on these catalysts. Nonetheless, when the
ammonia uptake is normalized as a function of the
surface area of the mixed oxides, there is a clear trend
to augment the total acidity of the catalysts by the
presence of Zn”". Several authors have reported that
the substitution of Mg>" by Zn** in the hydrotalcite
structure enhances the acidity of the obtained catalyst
since the difference in the electronegativity of Mg and
Zn results in more acidic Zn**-O*" pairs compared
to (less acidic) Mg>"—O*" pairs [29, 37, 38]. This trend
is in a good agreement with the observations
described before from the CO,-TPD analysis, where it
was concluded that the introduction of Zn*" in the
structure of the mixed oxides also diminishes the
basicity of the studied Mg-Zn—Al mixed oxides.

Thus, between the analyzed materials, Mg(6)Al(2)
catalyst showed the highest basicity per unit of sur-
face area, whereas Zn(6)Al(2) catalyst was charac-
terized by the highest acidity. On the other hand,
Mg((3)Zn(3)Al(2) material (having an equimolar

50
—— Mg(6)AlQ2)
—— Mg(3)Zn(3)Al(2)

40 172 221 —— Zn(6)Al(2)

Intensity (a.u.)
(%)
(=]
1

[3%]
(=1
|

oM
100 150 200 250 300 350 400 450 500

Temperature (°C)

Figure 6 NH;-TPD profiles of the mixed oxide catalysts.

Table 7 Acidity and basicity

Acidity (pmol NHsy/m?)

Basicity (umol CO,/m?) Acidity/basicity

calculated from the TPD Sample
}C)arl(t)ﬁlesstsof the analyzed Me(6)AI2) o
g Mg(3)Zn(3)Al(2) 1.72
Zn(6)Al(2) 3.26

2.12 0.77
1.99 0.86
1.79 1.82
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Mg**:Zn** ratio) showed a good compromise
between the concentration of basic and acidic sites
(reported as 1.99 umol CO,/ m? and 1.72 pmol NH;/
m?, respectively) with respect to the binary catalysts.

These results provide evidence of the positive
effect of the acidic-basic properties achieved on the
Mg-Zn—-Al mixed oxides on the aldol condensation of
octanal. Despite Mg(6)Al(2) catalyst showed also a
good balance between acidic and basic places and
consequently, a good catalytic activity, the difference
in the concentration of those types of sites is smaller
on Mg(5.2)Zn(0.8)Al(2) mixed oxide (see Table 6,
acidity-to-basicity ratio), which caused a remarkable
enhancement in the kinetics of the reaction. The
cooperative effect between acidic and basic sites in
aldol condensations on solid catalysts has been
reported previously [17, 39-41]. For example, Yadav
et al. [17] reported a synergistic cooperation of weak
acidic sites with the basic sites, adjacent to one
another, during the aldol condensation of benzalde-
hyde with heptanal using Mg-Al mixed oxides as
catalysts. According to these authors, the reaction
mechanism proceeds as follows: initially, heptanal is
solely activated by deprotonation of the a-C atom by
the basic site on the surface of the catalyst to produce
the respective carbanion (formation of an enolate). At
the same time, the Lewis acid sites of the catalyst
interact with the C=0O group of the benzaldehyde
favoring its polarization and increasing the positive
charge on the carbon atom of that carbonyl group.
This modification in the density charge drives the
attack by the enolate anion of heptanal to produce the

J Mater Sci (2017) 52:628-642

intermediate alkoxide. Finally, after elimination of
water, the aldol product is formed.

The self-condensation of octanal studied in this
work can follow a very similar reaction mechanism,
where an homogeneous distribution of acidic and
basic sites on the surface of the catalyst would favor
the activation of two adjacent molecules of octanal to
produce the respective carbanion, that consecutively
attacks the charge depleted carbonyl group of the
contiguously adsorbed octanal molecule (see
scheme 2).

As the aldol condensation (first reaction step
described in scheme 1) can be considered the rate
determining step during the self-condensation reac-
tion, an homogeneous distribution of the acidic and
basic sites participation in the activation of the
starting aldehyde can strongly promote the kinetics
of the process.

On the other hand, it was not possible to establish a
relationship between the acidity and the dehydration
capacity of the catalysts (second reaction step
described in scheme 1), as the aldol product (2-hexyl-
3-hydroxy-decanal) was not detected at any reaction
time. Considering that the reaction was performed at
a relatively high temperature (up to 200 °C), the
elimination of water was thermodynamically favored
and then, the role of the acidic and basic sites on the
catalysts will be mostly related to the fast activation-
condensation of the adjacent molecules of octanal.

The influence of the nature of the basicity (mainly
Lewis vs mainly Brensted) was analyzed on the cat-
alyst that depicted the highest catalytic performance,

Scheme 2 Possible reaction ST
mechanism of the self- I
condensation reaction of & a
. 5C NI
octanal on Mg-Zn—Al mixed YQS, o T
oxides, adapted from Yadav H %\CH H | CI)
et al. [17]. The activation of al N H,C—¢CH, )5—?\“|
H,C—€CH, »—C ZCHO 5 Ne
the carbonyl group can occur 3 ' //,.C g OHC O/,‘y \H
either on A’ or Zn** cations H ) -0 H Her 7y
(Lewis-acid site). Mg O Al 0 Zn?: Mg O AP 0?72
H3C—6CH2)5—C|H2 o H3C—6CH295—(|2H2
- H,
HyC—CH, >S—C|4CH €—  HC—CH, 35—(|?H/(|:H
OH
¢ .
Y c
o” \H o” \H
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ie, Mg(5.2)Zn(0.8)Al(2). As was described in the
experimental part, the reconstruction of the layered
structure of the hydrotalcite in aqueous phase caused
an increment in the concentration of surface OH™
groups, enhancing then the number of Brensted basic
places of the material. The catalytic results obtained
from the utilization of these materials are presented
in Fig. 7 as a function of time (up to 6 h). The two
catalysts performed very similar up to 1 h reaction;
nonetheless, in a longer term reaction process, the
selectivity to the 2-hexy-2-decenal started to decrease
faster on the rehydrated material (i.e., Mg(5.2)Zn
(0.8)Al(2)_r catalyst). After 6-h reaction, the yield to
2-hexyl-2-decenal was 60 and 53 % for the mixed
oxide and the reconstructed catalyst, respectively.
No matter which catalyst was used, the side
products generated during the self-condensation of
octanal were related to the formation of unsaturated
aliphatic trimers coming from a second aldol addi-
tion of an octanal molecule with the 2-hexyl-2-dece-
nal (MW = 348) and even the production of aromatic
trimers, such as 1,3,5-trihexyl-benzene (MW = 330).
Besides, it was also possible to identify the accumu-
lation of a different C16 addition compound as the
major side product generated during the course of
the reaction. According to the GC-MS analysis per-
formed on the final reaction mixtures, such C16-
product fits with the presence of 2-hexyl-2-decen-1-ol
(MW = 240), which is the hydrogenation product of
the carbonyl group of the 2-hexy-2-decenal. Actually,
the differences in selectivity observed after 1-hour
reaction using the calcined mixed oxide and the
respective reconstructed hydrotalcite were mostly
related to the preferred formation of this

100 - 100
— S
S 8047 Lso =
= g
.8 S
§ 60 o/ F60 3
g ' o
54 ! >
= 40} F40 5
g <
8 IS
8 —e— Mg(5.2)Zn(0.8)A1(2) =

20 —+— Mg(5.2)Zn(0.8)Al(2) r [ 20 E

o+——r—r———r——r—+—r+—1r——1+—-0
0 40 80 120 160 200 240 280 320 360

Time (min)

Figure 7 Mixed oxide vs. reconstructed catalysts (Lewis vs.
Brensted basicity).

hydrogenation product on the material rich in
Brensted basic sites, ie., Mg(5.2)Zn(0.8)Al(2)_r
catalyst.

The formation of 2-hexyl-2-decen-1-ol implies the
occurrence of a chemoselective hydrogenation reac-
tion of the o,p-unsaturated carbonyl compound to
produce the corresponding unsaturated alcohol. As
there is no external source of hydrogen in the reaction
media, the most feasible way as this reaction can
proceed is via a Meerwein-Ponndorf-Verley (MPV)
mechanism, which involves the hydrogen transfer
process from a donor molecule (in general a sec-
ondary alcohol) to the acceptor one (in this case, the
o, B-unsaturated aldehyde). In fact, by using hetero-
geneous basic catalysts, Jiménez et al. [42-44] repor-
ted the reduction of o,pf-unsaturated aldehydes using
isopropanol as hydrogen donor molecule. Those
authors also showed that the utilization of a delami-
nated layered double hydroxide as catalyst has a
positive effect on the catalytic efficiency of the pro-
cess thanks to the improved accessibility of hydroxyl
groups (Brensted basic sites) at the layer edges [43].
This improved reactivity of surface OH™ groups
could explain the favored production of 2-hexyl-2-
decen-1-ol by using the reconstructed catalyst; nev-
ertheless, in the case of the reaction performed in this
work, the nature of the hydrogen-donor molecule is
not so clear but could be related to the concomitant
dehydrogenation of octanal.

Finally, the stability of all the evaluated catalysts
was analyzed by checking the chemical composition
of the liquid phases obtained after reaction (leaching
analysis). The obtained results are presented in
Table 8 for Mg, Al and Zn. In all the cases, negligible
or no leaching of Mg and Al took place (below
detection limit). Nonetheless, Zn-containing catalysts
showed certain leaching of zinc, being the Zn(6)Al(2)
catalyst the one with the highest leaching (1230 ppm),

Table 8 Chemical compositions of the final reaction mixtures
(liquid-phase)

Catalyst Mg (ppm) Al (ppm) Zn (ppm)
Mg(6)Al(2) bdl bdl -
Mg(5.2)Zn(0.8)Al(2) bdl bdl 309
Mg(3)Zn(3)Al(2) bdl bdl 749
Mg(0.8)Zn(5.2)Al(2) bdl bdl 235
Zn(6)Al(2) - <l 1230
Mg(5.2)Zn(0.8)A1(2)_ r  bdl bdl 354

bdl below detection limit
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followed by Mg(3)Zn(3)Al(2) catalyst (749 ppm). For
the other evaluated materials, the amount of zinc
detected in the liquid phase was rather low and very
similar to each other (from 235 to 354 ppm). Thus,
one can say that the most active catalysts studied in
this work, ie., Mg(5.2)Zn(0.8)Al(2) and Mg(5.2)
Zn(0.8)Al(2) r (reconstructed one), also showed a
high stability under the reaction conditions used for
the self-condensation of octanal. In addition, as no
homogeneous base was used for the reaction, the
participation of a homogeneous catalyzed process
can be discarded.

Conclusions

The influence of the Mg”-to-Zn>* ratio on the
structural, textural, and catalytic properties of Mg-
Zn-Al hydrotalcites and derived materials was
evaluated. The presence of Zn in the structure of the
binary Mg-Al hydrotalcites caused a decrease in the
surface area of the calcined materials and the seg-
regation of the ZnO phase when Zn/Mg ratios >1
were used. All the synthesized mixed oxides showed
the so-called “memory effect” characteristic of
hydrotalcite-type materials by rehydration in aque-
ous phase, under mechanical stirring. The imple-
mentation of the calcined materials on the self-
condensation reaction of octanal showed a clear
influence of the acidic-basic properties of the cata-
lysts on the kinetics and selectivity of the reaction. A
faster kinetics and improved yield to 2-hexyl-2-de-
cenal was favored by a predominant presence of
Lewis basic sites, together with Lewis acid sites on
the surface of the catalyst. A good compromise
between these two types of active places and the
catalytic activity was observed on the materials with
a Zn/Mg ratio <1, being Mg(5.2)Zn(0.8)Al(2) cata-
lyst the one with the best catalytic performance.

In addition, the increment of surface OH™ groups
by reconstruction of the calcined mixed oxide seems
to favor the chemoselective hydrogenation of the
carbonyl compound of the a,-unsaturated aldehyde
to produce the corresponding unsaturated alcohol.
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