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aInstituto de Qúımica, UNESP – Univ. Estadu

CEP 14800-900, Araraquara, SP, Brazil. E-

3322 2308; Tel: +55 16 3301 9705
bCentro de Pesquisas em Materiais Avançado

Rodovia Washington Luis, km 235, CEP 135

† Electronic supplementary informa
10.1039/c7ra13270k

Cite this: RSC Adv., 2018, 8, 6039

Received 12th December 2017
Accepted 30th January 2018

DOI: 10.1039/c7ra13270k

rsc.li/rsc-advances

This journal is © The Royal Society of C
ance of texturally improved Al–
Mg mixed oxides derived from emulsion-
synthesized hydrotalcites†

Davi D. Petrolini, a Alano V. da Silva Neto,b Ernesto A. Urquieta-González,b

Sandra H. Pulcinelli,a Celso V. Santilli a and Leandro Martins *a

Mixed oxides of aluminum andmagnesium derived from hydrotalcites were prepared by means of a sol–gel

method mediated by an emulsified sol as pore template. The emulsion consisted of ethanol as the

continuous phase and n-dodecane droplets as the dispersed phase, which was stabilized by the

presence of the surfactant Pluronic P123. The use of such an emulsion was essential for obtaining

materials with a porous structure that were assessed by mercury intrusion porosimetry and nitrogen

physisorption. Additional characterization by NH3 and CO2 temperature programmed desorption

confirmed that despite the enhancement of their textural properties, the number of acid and base sites

was reduced in comparison to a reference and conventionally prepared Al–Mg mixed oxide, as

a consequence of the depletion of surface hydroxyls during condensation of the precursors around the

nonpolar droplets of the emulsion. Catalytic conversion of 2-propanol under conditions of controlled

mass and heat diffusion on the texturally improved Al–Mg mixed oxides evidenced the preparation of

a more effective catalyst than the poorly porous reference.
1. Introduction

The use of hydrotalcites and their derivatives in catalysis has
received widespread attention in industrial processes and in
academic studies.1 Hydrotalcites are lamellar materials of
common formula [Mg1�xAlx(OH)2]$(CO3)x/2$mH2O that have
a unique and highly tuneable structure with both acidic and
basic properties that allow their use as catalysts for the
conversion of various organic compounds in the liquid or gas
phase.2–11 One of the main drawbacks is that the hydrotalcite
lamellae may be highly aggregated, exhibiting a relatively low
specic surface, which require a modication in order to
increase their exposed active surface.

In a catalytic reactor bed, catalysts with enhanced textural
properties are very important to lower the pressure drop, to
reduce the diffusional resistance of reactants and products and
to increase the heat transfer. Excessive or decient heat in the
core of the catalytic bed are challenging because hotspots can
be formed near the active sites, leading to premature deactiva-
tion or lack of heat, which makes the reactor less productive.
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Thus, porous catalysts are highly required to improve the overall
performance of the reactor.12

Porous hydrotalcites can be obtained by the intercalation of
bulky molecules during the synthesis that give rise to pillars
between the lamellae or by use of the sol–gel method.13 These
methods increase the porosity of the hydrotalcites and avoid the
condensation of layers during their conversion under a heat
treatment to mixed oxides. As well known, under high treat-
ment temperatures, a typical hydrotalcite of aluminum and
magnesium decomposes to give rise a poorly porous mixed
oxide with a periclase structure.12–15

During the synthesis of hydrotalcites by the sol–gel method,
some surfactants have been added to act as structure-directing
agents (SDA), such as F127 copolymer or sodium lauryl sulfate,
in order to tailor the hydrotalcite to obtain special particle size,
morphology and improved textural properties.13 In this context,
a promising alternative is the combination of the sol–gel route
with a dual so template technique involving dispersed oil
droplets (i.e. emulsied “oil in water” system) and triblock
copolymers as emulsion stabilizers. Mixed oxides of magne-
sium and aluminum having macro–mesoporous structures and
presenting tuneable amount of macropores and high BET area
were already obtained.16–18

In the emulsion method, the entrapment of dispersed oil
droplets by a continuous phase occurs during the sol–gel tran-
sition of the system, induced by a rise in pH or by a change in
temperature.13 The addition of a surfactant is necessary to
intermediate the kinetic stability of the emulsion and to avoid
RSC Adv., 2018, 8, 6039–6046 | 6039
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the assemblage of the isolated droplets by placing itself in-
between the oil–water interfaces.19 Aer the elimination of the
oil droplets and surfactant by ring, a material with a structured
pore arrangement is obtained.13

Herein is shown the improvements in the catalytic activity
of calcined hierarchical hydrotalcites prepared by the sol–gel
method from an emulsied n-dodecane system and in the
presence of Pluronic P123 as emulsion stabilizer. The advan-
tage of this method for tailoring the pore structure of mixed
oxides derived from those porous hydrotalcites is demon-
strated in the catalytic conversion of 2-propanol into propene
and acetone.
2. Experimental
2.1. Synthesis of the meso–macroporous Al–Mg
hydrotalcites and their derived mixed oxides

The synthesis of the hydrotalcites involved the use of aluminum
tri-sec-butoxide (Al(i-But)3) and magnesium nitrate as sources of
the hydrotalcite framework. The assembly of the emulsied
system used n-dodecane, non-ionic triblock copolymer Pluronic
P123 (20 EO : 70 PO : 20 EO, MW 5826.4 gmol�1) and ethanol as
solvent, as described elsewhere.13

The as synthesized hydrotalcite gels were calcined for 2 h
under air ow, using two temperature plateaus, the rst at
220 �C (corresponding to the boiling point of n-dodecane) and
the second at 500 �C.13 During calcination, the hydrotalcite
structure collapsed, giving rise to a mixed oxide of aluminum
and magnesium. Due to the memory effect of hydrotalcites, just
before any characterization or before the catalytic tests, samples
were treated at 500 �C under air.15

The nomenclature of the samples was according to the mole
ratio of Al (Mg1�x

2+Alx
3+) and the weight percentage of n-

dodecane, in the form Alx-Pwt%. For example, Al0.5-P60 refers
to the sample with an Al3+ mole ratio of 0.5 and 60 wt% of n-
dodecane. For the sake of comparison, mixed oxide counter-
parts synthesized without any SDA were also used in this study,
and in this case they are referred as Al0.5-ref. Furthermore,
sample Al0.5-P0 refers to the sample prepared in the presence of
Pluronic P123 but in the absence of n-dodecane.
2.2. Characterization of Al–Mg mixed oxides derived from
the hydrotalcites

Firstly, the thermal behavior of the as synthesized hydrotalcites
was investigated by thermogravimetric analysis, performed
from room temperature up to 600 �C under air ow (50
mL min�1), by using a SDT600 TA Instruments at a heating rate
of 10 �C min�1.

The pore size distribution of the Al–Mg mixed oxides was
determined by mercury intrusion porosimetry, using an Auto-
Pore III instrument (Micromeritics). Degassing of the samples
prior to analysis was performed under vacuum below 0.05 mPa.
The pore diameter was calculated by means of the Washburn
equation,20 using surface tension of 0.489 N m�1 and contact
angle of 135�. The porous structure of the mixed oxides was
analyzed by skeletal (rs) and bulk (rb) density measurements,
6040 | RSC Adv., 2018, 8, 6039–6046
employing helium (AccuPycc 1330, Micromeritics) and DryFlo®
pycnometry (GeoPyc 1360, Micromeritics), respectively. DryFlo®
is a quasi-uid composed of small, rigid spheres having a high
degree of ow-ability to accommodate in-between the porous
structure of the analysed porous solid. The open porosity (3P)
was calculated from these density values using the relationship
3P ¼ (1 � rs/rb).

X-ray diffraction patterns were collected using a Rigaku
Multiex instrument operated at 30 kV and 15 mA, with Ni-
ltered Cu-Ka radiation (l ¼ 1.5418 �A). The X-ray analyses
were performed using 2q angles from 3 to 80� and a goniometer
step-rate of 0.5� (2q) min�1.

Nitrogen adsorption–desorption isotherms were recorded at
�195 �C and relative pressure (P/P0) ranging between 0.001 and
0.998, using an ASAP 2010 instrument (Micromeritics). Prior to
the measurements, the samples were degassed at 200 �C for
12 h under a vacuum of 0.01 mPa. The specic area was
calculated according to the BET equation and the pore size
distribution was determined using the BJH method.21

XPS measurements were carried out using a commercial
spectrometer (UNI-SPECS UHV). The Mg Ka line was used (hn
¼ 1253.6 eV) and the analyzer pass energy was set to 10 eV. The
inelastic background of the C 1s, O 1s, Al 2p and Mg 2p core-
level spectra was subtracted using Shirley's method.22 The
binding energies of the spectra were corrected using the
hydrocarbon component of adventitious carbon xed at
285.0 eV. The composition of the surface layer was deter-
mined from the ratios of the relative peak areas corrected by
sensitivity factors for the corresponding elements. The
deconvoluted spectral components were obtained using
multiple Voigt proles (70% Gaussian and 30% Lorentzian)
without placing constraints. The width at half maximum
(FWHM) was varied between 1.5 and 2.2 eV, and the accuracy
of the peak positions was �0.1 eV. The small component at
high binding energy tail of the O 1s spectra, attributed to
physisorbed carboxyl groups, was subtracted from all enve-
lope spectra.

The strength of the acid sites and the total acidity of the Al–
Mgmixed oxides were determined by temperature programmed
desorption of ammonia (NH3-TPD), using a Micromeritics
AutoChem II 2920 apparatus. The samples were preheated to
500 �C under a ow of He during 45 min, and then cooled to
120 �C for the NH3 adsorption. A stream containing 10 vol%
NH3 in He (30 mL min�1) was introduced during 30 min, until
adsorption equilibrium was achieved. The excess and the
physically adsorbed NH3 were then purged at 120 �C under
a ow of He during 60 min. Finally, NH3 was desorbed in a 30
mL min�1

ow of He, with heating from 120 to 600 �C at a rate
of 15 �C min�1. The NH3 desorption was monitored online by
a thermal conductivity detector.

The strength of the basic sites and the total basicity of the
samples were determined by temperature programmed
desorption of carbon dioxide (CO2-TPD), the samples were
pretreated in He (30 mL min�1) at 500 �C and hold for 2 h, to
remove adsorbed water and carbonate species. Upon cooling to
50 �C in He, the sample was contacted with CO2 (30 mL min�1),
a stream containing CO2 pure, for 1 h and ushed with He for
This journal is © The Royal Society of Chemistry 2018
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1 h to remove weakly adsorbed CO2. The CO2 desorption was
monitored using a thermal conductivity detector.

2.3. Catalytic evaluation

The catalytic activity of the Al–Mg mixed oxides was studied in
the conversion of 2-propanol into acetone and propene,
employing a microactivity reference system (PID Eng&Tech)
operated in continuous ow mode at atmospheric pressure.

Prior to the reaction, 150 mg of the catalyst was thermally
treated in situ at 500 �C for 1 h, under a 30 mL min�1

ow of N2.
The catalytic measurements were performed either at 270 �C
(which was intended to maintain 2-propanol conversion below
10% to exclude the effects of mass or heat diffusion constraints)
or at 400 �C (for an operating condition involving high
conversion, where mass and heat diffusion might be impor-
tant). Liquid 2-propanol (99 wt%) was fed into the reactor at
a ow rate of 0.1 mL min�1, using an HPLC pump (Model 307,
Gilson), together with N2 (30 mL min�1) as carrier gas. Before
reaching the catalytic bed, this mixture was completely vapor-
ized and homogenized in a hot box kept at 180 �C. During the
reaction, the reactor effluent was analyzed on line using a gas
chromatograph (Model 2014, Shimadzu) equipped with a ame
ionization detector and a capillary column (Rtx-1, 30 m, 0.32
mm, 1 mm). The 2-propanol conversion (X%), the selectivity
(S%), and the reaction rate (R) normalized by the BET area (mol
of converted 2-propanol per m2 h) were calculated according to
eqn (1)–(3), respectively, where Fin and Fout are the mole ows
(mol h�1) of 2-propanol entering and leaving the reactor,
respectively, and Fproducti is the mole ow of product Pi.

X ð%Þ ¼ Fin � Fout

Fin

� 100 (1)

Sð%Þ ¼ FproductiXn

i¼1

Fproducts

� 100 (2)

R ¼ Fin � Fout

mcatalystABET

�
mole of converted 2-propanol

m2h

�
(3)
Fig. 1 (a) Thermogravimetric curves; (b) weight derivative for the vacuum

This journal is © The Royal Society of Chemistry 2018
3. Results and discussion
3.1. Emulsion effect on the creation of the porous mixed
oxides

In a previous work, the synthesis of hydrotalcites by means of
the sol–gel transition in combination with n-dodecane as
emulsion was effective in producing a material with hierar-
chical structure of pores.13 In this current study, we used the
previous hydrotalcites that were heat treated to give rise to the
Al–Mg mixed oxides. Fig. 1 shows the thermogravimetric curves
and the weight derivatives for the as synthesized and vacuum
dried hydrotalcites. The weight loss up to 150–200 �C corre-
sponds to the evaporation of interstitial water.11 The drying
process was successfully performed because n-dodecane, which
has a boiling point of 216 �C, was absent. However, in the range
200–250 �C there was a large weight loss for samples Al0.5-P0
and Al0.5-P60 due to the decomposition of the non-volatile
Pluronic 123. Finally, between 300 and 490 �C ammonium
and/or carbonate cations placed in-between the lamellar struc-
ture and water resulting from the dehydroxylation of vicinal
hydroxyl groups are lost. Al0.5-P0 and Al0.5-P60 were the
samples with the lowest weight loss in this temperature range,
because of the lower concentration of surface hydroxyl groups
suppressed during the synthesis as a consequence of the
condensation of hydrotalcite precursors around the nonpolar
droplets of the emulsion and the surfactant.

Fig. 2 and Table 1 collect the results of mercury intrusion
porosimetry of the calcined porous Al–Mg mixed oxides in
comparison to reference samples, i.e. Al0.5-P0 and Al0.5-ref.
Pluronic P123 and n-dodecane had an additive effect on the
porous characteristics of the mixed oxides as revealed by the
growth in the BET area and pore volume. The Alx-P60 samples
had an extensive contribution of mercury intrusion in the range
corresponding to the meso and macropores. The meso- and
macropore sizes of the porous mixed oxides were in the range of
0.01 and 1 mm. The volume of macropores diminished with
aluminum incorporation from 2.0 to 0.5 cm3 g�1, while meso-
pore volume increased from 0.8 to 1.6 cm3 g�1.

Pluronic P123 is a common non-ionic triblock polymer used
in the synthesis of several mesoporous materials that consists
dried as synthesized hydrotalcites Al0.5-ref, Al0.5-P0 and Al0.5-P60.

RSC Adv., 2018, 8, 6039–6046 | 6041

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra13270k


Fig. 2 Pore size distributions (open symbols) and cumulative pore volumes (closed symbols), determined by mercury intrusion porosimetry, for
the Al–Mg mixed oxides prepared using different aluminum mole fractions.

Table 1 BET area, pore volume, porosity and surface analyses by XPS of the Al–Mg mixed oxides

Synthesis conditions Sample
BET areaa

(m2 g�1)
Porosity 3P
(%)

Mesopore volume
(cm3 g�1)

Macropore volume
(cm3 g�1)

Total volume
(cm3 g�1)

XPS Al/(Al
+ Mg)

Without emulsion Al0.5-ref 166 (7) 75.3 0.1 0.3 0.4 0.41
Al0.5-P0 260 (119) 82.5 0.9 0.8 1.7 0.37

With emulsion Al0.0-P60 92 (29) 86.8 0.8 2.0 2.8 —
Al0.2-P60 235 (33) 86.1 0.8 1.3 2.1 —
Al0.5-P60 260 (176) 83.0 1.1 1.2 2.3 0.46
Al1.0-P60 468 (468) 76.2 1.6 0.5 2.1 —

a Refer to samples calcined at 500 �C and measured immediately; values in brackets refer to the corresponding hydrotalcite samples.
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of hydrophilic polyethylene oxide chains and hydrophobic
polypropylene oxide chains.15–17,21–26 They are very useful in the
synthesis of mesoporous materials because in polar solvents
they form micelles that act as template of pores during the
Fig. 3 X-ray diffractograms of the Al–Mg mixed oxides with different alu
to room atmosphere; (b) samples calcined at 500 �C and measured imm

6042 | RSC Adv., 2018, 8, 6039–6046
condensation of metallic oxides around them, by means of
hydrogen bonds with the oxygen atoms of the poloxamer
chains. In the emulsion-mediated synthesis, the Pluronic P123
plays an important role by interfering in the kinetic stability of
minummole fractions: (a) reconstructed hydrotalcite samples exposed
ediately.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) N2 adsorption–desorption isotherms of reference samples of Al–Mgmixed oxides; (b) porous Al–Mgmixed oxides with different mole
fractions of aluminum.
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the emulsion droplets by placing between the polar and
nonpolar interface. In the case of Al0.5-P0 sample, clearly there
is an increase in pore volume compared to Al0.5-ref, however
accompanied of a very broad pore volume distribution. This is
due to the calcination of the Pluronic P123 micelles trapped in
the pores of the as synthesized material that produces gases
that break through the condensed solid. The addition of n-
dodecane in samples Alx-P60 gave rise to a porous structure that
was dependent on the aluminum fraction. In fact, as described
in a previous publication,13 the emulsion derived hydrotalcites,
which precede the formation of the porous Al–Mgmixed oxides,
have a slit-like arrangement of the lamellae in the aluminum
fraction between 0.2 and 0.6, but for higher aluminum fraction
the hydrotalcite structure collapses leading to a dissimilar
arrangement of pores.

In the X-ray diffractograms of the mixed oxides shown in
Fig. 3b, all samples had a cubic structure derived from MgO
phase. Fig. 3a shows the hydrotalcite precursors before the heat
treatment. Furthermore, samples consisting of pure alumina
(Al1.0-P60) had a structure typical of g-Al2O3.

In the nitrogen physisorption experiments and the BJH pore
size distribution curves obtained from the desorption branches
of the isotherms (Fig. 4), we can note that adding the SDA
components occurred an improvement in the BET area (Table 1)
and the generation of a hysteresis loop between the adsorption
Table 2 O 1s XPS distribution of signals of Al–Mg mixed oxides from
the profiles shown in Fig. 1S

Synthesis conditions Sample

Hydroxyl
groups

O 1s – Al2O3

and MgO

Pos. (eV) % Pos. (eV) %

Without emulsion Al0.5-ref 531.9 69.0 530.9 31.0
Al0.5-P0 531.9 68.8 530.8 31.2

With emulsion Al0.5-P60 531.7 67.4 530.2 32.6

This journal is © The Royal Society of Chemistry 2018
and desorption isotherms, concerning to the presence of
a mesoporous texture in the mixed oxides.13 The distribution of
mesopores were broad (Fig. 1S†), due to the cross-sections of
slit-like pores typical of the parent hydrotalcite (Fig. 2S†).13

Macropores are also present, which is evidenced by the lack of
a plateau in the P/P0 region near 1.
3.2. Acid and basic properties of the Al–Mg mixed oxides

The XPS data of the O 1s core-level of the Al–Mg mixed oxides
are shown in Table 2 and Fig. 3S.† Table 1 also demonstrates the
surface analyses for Mg 2p and Al 2p. Peak deconvolution and
tting allowed to obtain information regarding the relative
amount of oxygen bonded in three different environments, in
the form of aluminum or magnesium oxide or hydroxyl groups.
The main aspects to be mentioned are the relative position of
the binding energy (BE in eV) of the oxygen environment in the
magnesium hydroxyl group and its relative abundance. The BE
shis to lower eV values from 531.6 � 0.1 to 531.3 � 0.1 as the
SDA are added in samples Al0.5-ref, Al0.5-P0 and Al0.5P-60. On
the other hand, the O 1s BE signals for Al2O3 and MgO, were
invariant at 530.2 eV. That behavior is explained by the reduc-
tion in the density of hydroxyl groups in the surface of the
oxides that interact with the nonpolar emulsion during the
synthesis,2,28–32 as well demonstrated by the thermogravimetric
analyses (Fig. 1).

Further evidence of the inuence of the SDA on the proper-
ties of the Al–Mg mixed oxides was provided by the acid and
basic properties determined from temperature programmed
desorption (TPD) of NH3 and CO2 as probe molecules, respec-
tively. Deconvolution using a Gaussian function was used to
quantify the overlapping desorption peaks for weak, medium
and strong sites (Tables 3 and 1S†). The broad temperature-
programmed desorption proles of chemisorbed NH3

(Fig. 4S†) and CO2 (Fig. 5S†) suggest that different binding sites
were available on the surfaces of the samples. Di Cosimo et al.2

found that the surface of the Al–Mg mixed oxides was non-
RSC Adv., 2018, 8, 6039–6046 | 6043
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Table 3 Acid and base sites obtained from NH3 and CO2 TPD profiles, respectively; 2-propanol conversion rates and acetone and propylene
formation rates at 270 �C (for 2-propanol conversion below 10%) on the Al–Mg mixed oxides

Synthesis condition Sample
Acid sites total
NH3 (mmol g�1)

Base sites total
CO2 (mmol g�1)

2-Propanol conversion
rate (mmol h�1 m�2)

Acetone formation
rate (mmol h�1 m�2)

Propylene formation
rate (mmol h�1 m�2)

Without emulsion Al0.5-ref 0.78 0.45 0.24 � 0.01 0.05 � 0.03 0.19 � 0.05
Al0.5-P0 0.45 0.45 0.16 � 0.04 0.07 � 0.01 0.09 � 0.01

With emulsion Al0.0-P60 0.40 0.47 0.11 � 0.01 0.09 � 0.01 0.02 � 0.01
Al0.2-P60 0.54 0.49 0.05 � 0.01 0.04 � 0.01 0.01 � 0.01
Al0.5-P60 0.51 0.43 0.04 � 0.01 0.02 � 0.01 0.02 � 0.01
Al1.0-P60 0.99 0.39 0.82 � 0.20 0.01 � 0.01 0.81 � 0.06
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uniform and contained sites with varying basic strength. The
amount of desorbed NH3 was lower for pure MgO (Al0.0-P60),
but the strong acid nature increased considerably with higher
proportions of aluminum, in accordance to previously reported
results.3,21–25 The use of the SDA decreased the quantity and
strength of acid sites associated with residual hydroxyl groups,
varying signicantly from 0.78 to 0.51 mmol g�1 for Al0.5-ref,
Al0.5-P0, and Al0.5-P60. Hydroxyl groups contributed to the
strong acidity of the material,26 while weak acid sites were
associated with Mg2+–O2�–Al3+ cations in the mixed oxide
framework.22,27–29

The acidic-basic characteristics of Al–Mg mixed oxides are
antagonistic, since the quantity and strength of acid sites
continuously increase with the aluminum fraction, while the
basicity decreases. The Al0.5-P60 sample, which had equal
amounts of Al and Mg, showed intermediate quantities and
strengths of the two types of site, and additionally was the
sample that presented the highest porosity. For some catalytic
reactions, especially those using supported metals,30–39 it is
required to use supports with accessibility provided by the
network of pores and with minor inuence of acidic or basic
active sites in order to avoid the formation of by products in
unwanted side reactions. Therefore, the Al0.5-P60 sample
presents substantial features to be used as catalyst support or
catalyst.
3.3. Catalytic activity of the Al–Mg mixed oxides

The conversion of 2-propanol on the Al–Mg mixed oxides gives
two possible products, depending on the nature of the catalytic
sites (Scheme 1). Acetone is formed on base sites in an
Scheme 1 Expected dehydrogenation and dehydration products from
the conversion of 2-propanol on a catalyst with simultaneous acid and
base sites.

6044 | RSC Adv., 2018, 8, 6039–6046
endothermic dehydrogenation step with DH0 ¼
100.4 kJ mol�1.40 Propylene is formed on acid sites in an
exothermic dehydration step with DH0 ¼ �21.1 kJ mol�1.41

Insignicant amounts of di-isopropyl ether are formed due to
coupling dehydration.

The performance of the catalysts was studied in two situa-
tions. The rst one was at 270 �C under surface-controlled
conditions and without mass and heat diffusion constraints,
keeping the conversion of 2-propanol below 10%. The catalytic
results provided in Table 3 correspond to the averages and
standard deviations of ve consecutive injections of the reactor
outlet stream during a period of 1 h. No deactivation of the
catalysts was observed during this period or even during
a longer period of 6 h for catalysts Al0.5-ref, Al0.5-P0 and Al0.5-
P60 (Fig. 6S†).

The specic rate of the reaction was dependent on the
aluminum content in the catalyst and could be divided into two
regions. In the Mg-rich region, there was preferential formation
of acetone, while propylene was formed in the Al-rich region. At
Mg/Al¼ 0.5, there was a crossover and the Al0.5-P60 catalyst was
consequently the least active not only due to the ideal mole
fraction of Mg and Al, but also due to the specic emulsion/
precursors interface created during the synthesis procedure,
which affected the acidic-basic properties of the material. These
results were in good agreement with the ndings published by
Diez et al.33

The porous Al–Mg mixed oxides were also studied at 400 �C
in order to obtain high conversions under conditions close to
those employed in catalytic processes (Fig. 5). The increased
conversion was associated with very different yields of acetone
and propylene, with the porous catalysts showing much supe-
rior performance. Although both products were subjected to the
same mass diffusion regime, the conversion of 2-propanol to
acetone was highly favored, relative to propylene. Therefore, the
diffusion of heat might have an additional role in the highly
endothermic reaction (100.4 kJ mol�1) for acetone formation.
On the other hand, propylene formation proceeded according
to a slightly exothermic reaction (�21.1 kJ mol�1). Acetone
formation was clearly favored in the aluminum compositional
range of 0.2–0.5 that was used to design the parent hierarchical
porous hydrotalcites. These results clearly evidence that the
preparation of porous Al–Mg mixed oxides derived from
hydrotalcites synthesized by the use of an emulsied sol system
can lead to a solid with improved textural properties.
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Yields to products resulting from the conversion of 2-propanol at 400 �C (under conditions controlled by the diffusion of mass and heat)
on the porous and poorly porous Al–Mg oxides derived from the hydrotalcites: (a) acetone; (b) propylene.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 2
:5

2:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusions

Porous Al–Mg mixed oxides were prepared with success from
hydrotalcites synthesized via a sol–gel method with the simul-
taneous addition of Pluronic P123 and n-dodecane (emulsion).
The combination of textural characterization techniques such
as mercury porosimetry and nitrogen physisorption showed the
presence of broadly distributed macro and mesopores. The Al–
Mg mixed oxides had long-range ordered structure that was
conrmed by X-ray diffraction patterns. The use of an emulsi-
ed sol changed the composition of the nonpolar interfaces of
the emulsion/hydrotalcite Al–Mg precursor layers, leading to
changes in the acidic/basic properties of the obtained Al–Mg
mixed oxides, due to a decrease in the quantity of surface
hydroxyl groups. The porous Al–Mg mixed oxides were used as
catalysts in the conversion of 2-propanol. At a high reaction
temperature of 400 �C, the catalytic performance of the
hydrotalcite-derived porous catalysts exceeded that of those
derived from the hydrotalcite synthesized in the absence of
emulsion.
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