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Abstract

Alcohol C–H bond activation was studied using 2-propanol elimination reactions at 533 K and atmospheric pressure on Mg–
oxides. Several oxides with Mg/Al ratios of 0.1–9.0 were prepared by thermal decomposition of coprecipitated hydrotalcite-like prec
Acid and base properties were measured by temperature-programmed desorption of NH3 and CO2 coupled with infrared spectra of adsorb
CO2. The structural composition and homogeneity were investigated by X-ray diffraction and solid-state27Al NMR (nuclear magnetic
resonance). Elimination reactions of 2-propanol on Mg–Al mixed oxides proceeded through reaction pathways occurring on dual
sites (Mg2+–O2− or Al3+–O2−). The chemical nature and acid–base properties of the active sites as well as the catalyst bulk
and product formation rates for elimination reactions strongly depended on the Mg/Al ratio. In Mg-rich catalysts(Mg/Al � 1), Al3+
replaces Mg2+ inside the MgO matrix and forms a homogeneous solid without disrupting lattice structure. Elimination reactions occ
surface Mg2+–O2− pairs viaE1cB-like mechanisms that selectively produced the dehydrogenation product (acetone) and to a lesse
the dehydration product (propylene). The presence of increasing concentrations of more electronegative Al3+ cations decreased the so
average basicity and the catalytic activity. The Al-rich catalysts(Mg/Al < 1) were much more active than the Mg-rich ones, conver
2-propanol mainly to propylene via anE2 mechanism. The shift in the dehydration reaction mechanism fromE1cB (Mg-rich catalysts) to
E2 (Al-rich catalysts) was demonstrated by the existence of two different compensation effect lines, and it was attributed to a cha
active site from Mg2+–O2− to Al3+–O2− and to significant structural modifications. Al-rich samples are structurally heterogeneous
that contain a separate quasi-amorphous Al2O3-like phase where dehydration takes place at high turnover rates. The surface, str
and catalytic transition from homogeneous Mg-rich to heterogeneous Al-rich mixed oxides was related to the structural homogen
parent coprecipitated precursor. Whereas a single phase of hydrotalcite-like structure with Mg2+ and Al3+ cations in close interaction wa
present in Mg-rich samples, the Al-rich precursors contained Mg2+ and Al3+ cations in separate hydroxide phases.
 2003 Elsevier Science (USA). All rights reserved.

Keywords: Alcohol elimination reactions; 2-Propanol; Acid–base catalysis; Hydrotalcites; Alcohol dehydration; Alcohol dehydrogenation
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1. Introduction

Calcined hydrotalcite-type anionic clays are widely u
in catalysis because of their high surface area, acid–
properties, and structural stability [1]. These materials c
tain the metal components highly dispersed and in intim
contact, thereby promoting complex bifunctional reactio
which require the catalyst functions to exist in mutual c
tact within atomic dimensions.

In particular, hydrotalcite-derived Mg–Al mixed oxid
present acid or base properties depending on the ch

* Corresponding author.
E-mail address: dicosimo@fiqus.unl.edu.ar (J.I. Di Cosimo).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00010-1
-

cal composition and preparation procedures [2,3]. Pro
ing applications of these materials for synthesis of both
chemicals and commodities have been recently reported
Mg–Al mixed oxides catalyze a variety of reactions requ
ing anionic intermediates, such as aldol condensation r
tions of aldehydes and ketones in either the gas or the
uid phase [5–7], alkylations [8,9], Knoevenagel conden
tions [10], Michael additions [11], cyanoethylation of alc
hols [12], and double-bond isomerization of alkenes [1
among other useful applications involving a C–H bo
cleavage step. Other novel applications include alkoxyla
of alcohols [14,15], and oxidation of mercaptan [16].

Recently, we investigated the catalytic properties
hydrotalcite-derived Mg–Al mixed oxides to promote se
eserved.

http://www.elsevier.com/locate/jcat
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eral reactions involving primary and secondary alcoh
such as the self-condensation of ethanol [17], the cr
coupling of methanol and 1-propanol [18], and the one-s
synthesis of methyl isobutyl ketone from 2-propanol [1
We found that Mg–Al mixed oxides efficiently catalyze a
cohol coupling reactions by promoting C–C bond formati
a reaction step that takes place after C–H bond activa
We also found [17,18] that the catalytic activity and sel
tivity depended not only on the density and strength of
surface base sites but also on the structural changes prod
in the mixed oxides upon increase of the Al content.

As a continuation of the work with primary alcohols, w
have now addressed our investigations toward the activa
of C–H bonds of secondary alcohols using 2-propa
elimination reactions. Elimination reactions are involved
the reaction mechanism of important industrial proces
For example, hydrogen and water abstractions occur by
bond rupture and they are key steps in the mechanism
coupling reactions (aldol-like condensations or alkylatio
and olefin isomerization or aromatization.

2-Propanol can be converted via elimination reacti
such as dehydrogenation and dehydration which proc
through different mechanisms depending on the cata
acid–base properties. It is generally accepted that st
Brønsted solid acids dehydrate 2-propanol to propylene
an E1 mechanism, whereas on amphoteric oxides 2-pro
nol is transformed to ether and, in a concertedE2 mecha-
nism occurring on surface dual acid–base sites of bala
strength, to olefin [20]. However, dehydration can also t
place on basic catalysts containing acid–base pairs of
balanced strength through anE1cB mechanism [20]. On the
other hand, only on strongly basic catalysts 2-propano
preferentially dehydrogenated to acetone [21–23].

In this paper, we study 2-propanol elimination reactio
on Mg–Al mixed oxides. Our goal was to elucidate 2-p
panol elimination reaction pathways and to ascertain
nature of the surface sites and structures that promote
reactions on Mg–Al mixed oxides of different chemic
compositions.

We examine by X-ray diffraction and solid state27Al
NMR the structural composition of Mg–Al catalysts pr
pared from hydrotalcite-like precursors. The nature, den
and strength distribution of surface acid and base sites
probed by temperature-programmed desorption of NH3 and
CO2 coupled with infrared spectra of adsorbed CO2.

We discuss the effect of chemical composition on the
face and structural properties and on the catalytic per
mance of Mg–Al mixed oxides. To our knowledge, there
no report in the literature analyzing these effects in a w
compositional range covering Mg/Al molar ratios from 0.1
to 9.0. The different catalytic behavior observed betw
Mg-rich and Al-rich Mg–Al mixed oxides is interpreted i
terms of the type of structure and structural homogeneit
both the parent precursor and the oxide itself.
d

e

2. Experimental

2.1. Catalyst preparation

A set of Mg–Al hydrotalcite-like precursors with diffe
ent Mg/Al atomic ratio(y) was prepared by the copreci
itation method at a constant pH of 10 as previously
scribed [17]. An aqueous solution of the metal nitrates w
a total [Mg + Al ] cation concentration of 1.5 M was co
tacted with a basic solution of K2CO3 and KOH by drop-
wise addition of both solutions into a stirred beaker c
taining 350 cm3 of distilled deionized water held at 333 K
The precipitates formed were aged in their mother liq
for 2 h at 333 K and then filtered, washed with boiling d
tilled water until K+ was no longer detected in the filtrat
and dried at 348 K overnight. These precursors were dec
posed in N2 at 673 K overnight in order to obtain the co
responding Mg–Al mixed oxides (MgyAlOx samples). Pure
alumina and MgO were prepared following the same pro
dure.

2.2. Catalyst characterization

The solid structure of the Mg–Al hydroxycarbonate p
cursors and of the Mg–Al mixed oxides were determined
powder X-ray diffraction methods (XRD) using a Shimad
XD-D1 diffractometer and Ni-filtered Cu-Kα radiation.

MAS (magic-angle spinning)27Al NMR (nuclear mag-
netic resonance) spectra were obtained on a Bruker AV
spectrometer at ambient temperature and at 104.2 MHz
ing a Bruker MAS probe with zirconia rotors (2.5 mm d
ameter) and a sample spinning rate of 20 kHz. The len
of de rf pulses was 1.0 µs. A total amount of 1000 fids w
accumulated and a time interval of 1.0 s between succe
fids was selected to avoid saturation effects. All meas
ments were carried out at room temperature with kaoli
as a standard reference. Samples were pretreated in va
for 1 h at 673 K and then loaded into the rotor in a glo
box.

CO2 adsorption site densities and binding energies w
obtained from temperature-programmed desorption (T
of CO2 preadsorbed at room temperature. Samples (
150 mg) were treated in N2 at 673 K for 1 h and expose
to a 3.09% CO2/N2 stream until saturation coverages we
reached. Weakly adsorbed CO2 was removed by flushin
with N2 at room temperature for about 1 h. The tempera
was then increased at 10 K/min from 298 to 673 K. The
evolved CO2 was converted to methane by means o
methanation catalyst (Ni/Kieselghur) operating at 673 K
and monitored using a flame ionization detector.

The structure of CO2 chemisorbed on MgyAlOx samples
was determined by infrared spectroscopy (IR). Data w
obtained using a Shimadzu FTIR-8101M spectrophotom
after admission of 5.3 kPa of CO2, adsorption at room
temperature, and sequential evacuation at 298, 373, 473
573 K. Spectra were taken at room temperature. An inve
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Table 1
Chemical composition, BET surface areas, and XRD characterization of MgO, Al2O3, and MgyAlOx mixed oxide samples

Sample ra Chemical analysis by AAS Sg Structural analysis by XRD

(nominal) ra Mg Al K (m2/g) Coprecipitated precursors MgyAlOx

(wt%) (wt%) (wt%) Phases detected a (Å) Phases detected a (Å)

MgO 0.00 0.00 – – – 185 Brucite 3.148 MgO periclase 4.2
Mg9AlOx 0.10 0.11 43.7 5.8 0.008 114 Hydrotalcite+ brucite 3.132 MgO periclase 4.20
Mg5AlOx 0.17 0.18 39.7 9.7 0.02 184 Hydrotalcite 3.068 MgO periclase 4.2
Mg3AlOx 0.25 0.24 34.4 12.1 0.02 238 Hydrotalcite 3.052 MgO periclase 4.2
Mg1AlOx 0.50 0.47 22.2 21.5 0.071 231 Hydrotalcite 3.019 MgO periclase 4.2
Mg0.5AlOx 0.67 0.66 13.0 27.6 0.014 296 Hydrotalcite+ brucite+ gibbsite 3.020 MgAl2O4 + MgO+ γ -Al2O3 (qa) –
Mg0.33AlOx 0.75 0.76 8.7 30.0 0.02 301 Brucite+ gibbsite+ hydrotalcite (t) – γ -Al2O3 (qa) –
Mg0.2AlOx 0.83 0.86 5.2 35.0 0.015 243 Brucite+ gibbsite – γ -Al2O3 (qa) –
Mg0.11AlOx 0.90 0.91 3.4 37.4 0.025 240 Brucite (t)+ gibbsite – γ -Al2O3 (qa) –
Al2O3 1.00 1.00 – – – 388 Gibbsite – γ -Al2O3 (qa) –

a r = Al/(Al + Mg) molar ratio; (t), traces; (qa), quasi-amorphous.
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T-shaped Pyrex cell containing the sample pellet was u
The two ends of the short arm of the T were fitted with Ca2

windows. The absorbance scales were normalized to 50
pellets.

Acid site densities were determined by using TPD
NH3. Samples (150 mg) were treated in He (∼ 100 cm3/min)
at 673 K for 0.5 h and exposed to a 1.01% NH3/He stream a
room temperature until surface saturation. Weakly adso
NH3 was removed by flowing He at 60 cm3/min for 0.5 h.
Temperature was then increased to 673 K at 10 K/min, and
the NH3 concentration in the effluent was measured by m
spectrometry (MS).

Bulk elemental analysis of Mg, Al, and K was carri
out by atomic absorption spectroscopy (AAS). Total surf
areas (Sg) were measured by N2 physisorption at 77 K usin
a Quantachrome Nova-1000 sorptometer and BET ana
methods.

2.3. Catalytic testing

2-Propanol (Merck ACS, 99.5% purity) elimination r
actions were carried out at 533 K and 100 kPa in a
ferential fixed-bed tubular reactor. Samples were sieve
retain particles with 0.35–0.42 mm diameters for catal
measurements and treated in N2 at 673 K for 1 h before
reaction in order to remove adsorbed H2O and CO2. The
reactant was introduced as 1/15 2-propanol/N2 mixture.
Typical space velocities (WHSV) were in the range of
200 h−1 in order to keep 2-propanol conversions below 5
Reaction products were analyzed by on-line gas chroma
raphy in a Varian Star 3400 CX chromatograph equip
with a flame ionization detector and a Porapak R colu
Data were collected every 20 min for 10 h. Reaction pr
ucts were acetone (C3one), propylene (C3=) and diisopropyl
ether (DIPE).
.

-

3. Results

3.1. Characterization of Mg–Al precursors and MyAlOx

samples

Precipitated Mg–Al precursors of different aluminu
molar composition, defined asr = Al/(Al + Mg), were an-
alyzed by XRD and the crystalline phases detected
shown in Table 1. Precursors are hydroxycarbonates
a single crystalline phase of hydrotalcite structure for v
ues ofr in the range of 0.67 > r > 0.1. The hydrotalcite
structure,[Mg1−rAl r (OH)2]r+(CO3

2−)r/2 · mH2O (ASTM
14-191), consists of layered double hydroxides with bruc
like layers in which Mg and Al cations are in close inte
action and share octahedral positions. The interlayer s
ing is occupied by charge-compensating CO3

2− anions and
by weakly bonded water molecules. Sharp X-ray diffr
tion lines were detected in the precursor withr = 0.25,
which has the composition of the stoichiometric hydro
cite, Mg6Al2(OH)16CO3 · 4H2O. All the other hydrotalcite
containing precursors showed broader XRD lines, co
sponding to smaller crystallites or less ordered structure

Outside of the 0.67 > r > 0.1 range, additional crys
talline hydroxide phases of Mg [Mg(OH)2, brucite, ASTM
7-239] or Al [Al(OH)3, gibbsite, ASTM 7-324] were ob
served. No hydrotalcite phase was detected in precu
with r � 0.83.

The unit cell constants (a andc) for hydrotalcite struc-
tures with hexagonal 3R symmetry were calculated fr
X-ray diffraction patterns on all the hydrotalcite-contain
precursors and the values ofa are shown in Table 1. Thea
values decreased linearly following a Vegard’s law dep
dence as the Al content increases from the initial valu
the Al-free brucite phase (3.148 Å) to 3.019 Å for the p
cursor withr = 0.5. No further contraction of the unit ce
(3.020 Å) was found when the Al content was augmente
to a value ofr = 0.67.

The chemical composition, BET surface area, and c
talline phases for MgyAlOx mixed oxides, MgO, and Al2O3
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are also shown in Table 1. Elemental analysis of mixed
ides revealed that the measured atomic ratiosr were very
similar to the nominal values, suggesting complete pre
itation of Mg and Al salts during synthesis. The potassi
content in all the mixed oxides was below 0.1 wt%, wh
confirms that K+ ions were effectively removed by washin
of the precipitated precursors.

The diffraction patterns of Mg-rich mixed oxides(r �
0.5) showed the presence of a single crystalline M
periclase phase (ASTM 4-0829) with no residual trace
hydrotalcite or hydroxide phases, thereby indicating t
heating at 673 K completely decomposes the precu
samples. The crystallinity of MgO phase decreased w
increasingr from 0 to 0.5. No crystalline AlOx phases
were observed on Mg-rich mixed oxides (r � 0.5), which
suggests that the Al3+ cations remained closely associat
within the MgO structure after thermal decomposition
precipitated precursors. However, no contraction of the M
lattice was determined in the calculations of the latt
parameter of the cubic periclase structure (Table 1) prob
due to the poor crystallinity of the MgO phase.

In MgyAlOx samples of high Al content(r > 0.5), a qua-
si-amorphous Al2O3 phase (ASTM 10-425) was detecte
suggesting that Al3+ cations lost the intimate contact wit
the MgO matrix. In sample Mg0.5AlOx (r = 0.67), an
additional MgAl2O4 spinel phase (ASTM 21-1152) was al
found showing the transition between Mg-rich and Al-ri
catalysts.

Analysis of the MAS27Al NMR spectra of MgyAlOx

mixed oxides and Al2O3 showed two resonance lines in th
regions around 64–70 and 7–15 ppm, which correspon
Al3+ cations tetrahedrally (AlTd) and octahedrally (AlOh)
coordinated to oxygen, respectively [24,25]. Chemical sh
as a function of the chemical composition are presen
in Fig. 1. The experimental points for AlOh may be fitted
with a broken line in which Mg-rich(r � 0.5) and Al-rich
(r > 0.5) samples are clearly grouped. In contrast, a

Fig. 1. 27Al NMR analysis of MgyAlOx and Al2O3 samples. Chemica
shifts for octahedrally and tetrahedrally coordinated aluminum as a fun
of the chemical composition.
Fig. 2.27Al NMR analysis of MgyAlOx and Al2O3 samples. Effect of the
chemical composition on AlOh/AlTd molar ratio.

ear dependence is observed between AlTd andr. Both AlOh
and AlTd chemical shifts diminish with increasingr be-
cause Mg2+ is gradually replaced by more electronegat
Al3+ as the nearest neighbor cation bonded to the A
polyhedra [24]. Thus, the smallest chemical shifts (64.1
6.9 ppm for AlTd and AlOh bands, respectively) were me
sured on pure alumina, which contains the Al–O polyhe
surrounded exclusively by Al3+ cations as nearest neig
bors.

The MAS 27Al NMR spectra were deconvoluted
two contributions and the integrated peak intensities w
used to determine the AlOh/AlTd molar ratio for each
MgyAlOx mixed oxide (Fig. 2). All the samples contain

the Al3+ cations preferentially located in octahedral p
sitions (2.50 � AlOh/AlTd � 1.15), but Mg-rich and Al-
rich samples showed the highest AlOh/AlTd values giving
rise to an inverted volcano curve when AlOh/AlTd is rep-
resented as a function ofr (Fig. 2). About 30% of the
Al3+ cations of alumina were in tetrahedral coordinat
(AlOh/AlTd = 2.36), in agreement with results of McKenz
et al. [25]. Alumina can be regarded as a defect spinel p
in which the AlOh/AlTd ratio is usually in the range of 1.67
3.00 and the cationic vacancies are distributed in octa
dral and tetrahedral sites [26]. On the Mg0.5AlOx (r = 0.67)
sample, which has the bulk stoichiometric composition
the spinel phase, 43% the Al3+ cations were in tetrahedra
positions(AlOh/AlTd = 1.33). The unit cell of the natura
MgAl2O4 has a normal spinel structure with 32 oxygens a
24 cations (8Mg2+ tetrahedrally coordinated and 16Al3+
octahedrally coordinated) [27,28]. However, synthetic M
Al spinels prepared by thermal decomposition of hydra
precursors at low temperatures usually present partially
verse spinel structures which contain 40–50% of the A3+
cations and 10–20% of the Mg2+ cations in tetrahedral po
sitions [24,29].

Finally, the AlOh and AlTd contents (wt%) were calcu
lated by combining the AlOh/AlTd ratio and the bulk chem
ical composition reported in Table 1. The AlOh content in-
creased monotonically withr reaching 37.2 wt% for pure
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Fig. 3. TPD profiles of CO2 on MgO, Al2O3, and MgyAlOx samples. CO2
adsorption at 298 K, 10 K/min heating rate,r = Al/(Al + Mg).

alumina while the amount of AlTd gradually increased u
to about 11 wt% for sample Mg1AlOx (r = 0.50) but then
remained approximately constant for samples contai
higher Al content (r > 0.50).

The nature of chemisorbed CO2 species and a measu
of the base site density were obtained by combining T
and infrared measurements of CO2 preadsorbed at room
temperature. The CO2 desorption rate as a function
sample temperature is presented in Fig. 3 for MgO, Al2O3,
and MgyAlOx samples. The total amount of desorbed C2
was measured by integration of TPD curves. The resu
values are reported in Table 2. In general, the base
density decreased with increasing catalyst Al content.

The complex TPD profiles suggest that the surfa
of MgO and mixed oxide samples are nonuniform a
contain several types of adsorbed CO2. To investigate
the probable formation of more than one CO2 adsorbed
species, and consequently the presence of surface bas
(oxygen anions) of different chemical nature, IR spec
of CO2 adsorbed at room temperature were taken a
sequential evacuation at increasing temperatures. F
shows the IR spectra obtained on Mg9AlOx and Mg0.2AlOx

samples, which typically represent similar spectra obta
on Mg-rich and Al-rich samples, respectively. The spe
of pure MgO and Al2O3 were included as reference. Bro
infrared bands were observed on MgO and MgyAlOx

samples in the 1700–1300 cm−1 region following the
CO2 adsorption. We identified three adsorption spec
(schematically represented in Fig. 4), which appare
reflect three surface base sites of different chemical na
and binding energies: unidentate and bidentate carbo
and bicarbonate [17,30]. Unidentate carbonate forma
requires low-coordination oxygen anions (strong base si
such as those of pure MgO. On Mg-rich samples, biden
carbonate forms on acid–base pairs such as Mg2+–O2−
(intermediate strength base site) whereas on Al-rich sam
the bidentate species is more likely formed on Al3+–
O2− pairs. Bicarbonate forms on MgO, Al2O3, and all
the MgyAlOx samples; it involves surface hydroxyl grou
that can be considered as weak base sites on Mg
samples [31] or as weak acid sites on Al-rich samp
Bicarbonate was clearly the predominant species for
on Al2O3 upon CO2 adsorption at room temperature a
it was removed completely from the alumina surface a
evacuation at 373 K. Then, upon desorption at tempera
higher than 373 K, bidentate carbonates formed on Al3+–
O2− pairs are the only species remaining on pure alumin

Based on the above IR characterization, the TPD pro
of Fig. 3 were deconvoluted in three desorption bands: a
Table 2
Characterization of acid–base surface properties of MgO, Al2O3, and MgyAlOx samples

Sample Density of base sitesa (µmol/m2) Density of acid sitesb (µmol/m2)

Lc,d Mc,d Hc,d Total evolved CO2 Lc,d Hc,d Total evolved NH3

MgO 0.79 (13.7) 2.68 (46.7) 2.27 (39.6) 5.74 0.08 (66.0) 0.04 (34.0) 0.12
Mg9AlOx 0.81 (11.0) 3.72 (50.2) 2.87 (38.8) 7.40 0.14 (86.0) 0.02 (14.0) 0.16
Mg5AlOx 0.33 (9.0) 1.95 (54.6) 1.30 (36.4) 3.58 0.10 (80.3) 0.03 (19.7) 0.13
Mg3AlOx 0.29 (11.2) 1.40 (54.2) 0.90 (34.6) 2.59 0.09 (89.5) 0.01 (10.5) 0.10
Mg1AlOx 0.37 (14.7) 1.16 (47.0) 0.95 (38.3) 2.48 0.16 (86.0) 0.02 (14.0) 0.18
Mg0.5AlOx 0.25 (27.3) 0.38 (41.8) 0.28 (30.9) 0.91 0.19 (68.8) 0.09 (31.2) 0.28
Mg0.33AlOx 0.14 (34.4) 0.14 (36.1) 0.12 (29.5) 0.40 0.25 (68.3) 0.12 (31.7) 0.37
Mg0.2AlOx 0.26 (40.5) 0.23 (36.6) 0.15 (22.9) 0.64 0.42 (72.5) 0.16 (27.5) 0.58
Mg0.11AlOx 0.16 (61.0) 0.10 (39.0) 0.00 (0.0) 0.26 0.34 (58.9) 0.23 (41.1) 0.57
Al2O3 0.04 (66.2) 0.02 (33.8) 0.00 (0.0) 0.06 0.36 (45.0) 0.45 (55.0) 0.81

a TPD of adsorbed CO2.
b TPD of adsorbed NH3.
c L, low-temperature peak; M, middle-temperature peak; H, high-temperature peak.
d The percentage of contribution of each peak is in parentheses.
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Fig. 4. Infrared spectra of CO2 preadsorbed on MgO, Mg9AlOx ,
Mg0.2AlOx , and Al2O3 samples upon desorption at increasing tempe
tures: (a) 298 K, (b) 373 K, (c) 473 K, (d) 573 K. CO2 adsorption at 298 K.

temperature (L-peak) at 370–400 K, assigned to bicarb
ates formed on Brønsted OH groups; a middle-tempera
(M-peak) at 460 K attributed to bidentate carbonates
sorbed from metal–oxygen pairs; and a high-tempera
peak (H-peak) at 550 K resulting from unidentate carb
ates released from low coordination oxygen anions. Res
are shown in Table 2. The M-peak and H-peak are do
nant on MgO and MgyAlOx samples withr � 0.5. In Al-rich
samples(r > 0.5), the relative contribution of the high- an
middle-temperature peaks decreases with increasing Al
tent at the expense of the low-temperature peak, thereb
creasing the average basicity. Pure Al2O3 and Mg0.11AlOx

samples showed no contribution of the high-tempera
peak in their TPD profiles.

Acid surface properties of MgyAlOx , MgO, and Al2O3
samples were investigated by TPD of NH3 preadsorbed a
room temperature as presented in Fig. 5. Acid site de
ties determined by integration of the TPD profiles are p
sented in Table 2. The total NH3 evolved from the sample
is similarly low on MgO and Mg-rich samples(r � 0.5),
but increases almost linearly with increasing Al content
MgyAlOx samples withr > 0.5. The NH3 TPD on Al2O3
shows that NH3 desorbs in two overlapping signals, a lo
temperature peak at about 400 K and a high-tempera
peak at 575 K. Since the NH3 adsorption was performed a
-

Fig. 5. TPD profiles of NH3 on MgO, Al2O3, and MgyAlOx samples. NH3
adsorption at 298 K, 10 K/min heating rate,r = Al/(Al + Mg).

room temperature, the L-peak may be attributed to revers
H-bonded adsorption on Brønsted sites whereas the H-
was assigned to the irreversible coordinated adsorptio
Lewis acid sites of alumina [3,32]. Similar peak deconvo
tions were carried out for NH3 TPD on MgyAlOx and MgO
samples. In all the samples, surface hydroxyl groups can
count for the Brønsted acidity. Shen et al. [24], based
IR and calorimetric measurements of the NH3 adsorption on
Al2O3 and Mg–Al mixed oxides, attributed the Lewis acid
on Mg-rich MgyAlOx samples to surface defects with acc

sible Al3+ cations in Al3+–O2−–Mg2+ species whereas o
alumina, the Lewis acidity was more likely assigned to A3+
cations in the abundant surface Al3+–O2− pairs. The H-peak
of MgO, on the other hand, may result not only from the
reversible coordinated NH3 adsorption on Mg2+ cations but
also from the heterolytic dissociative adsorption leading
NH2

−–H+ species on Mg2+–O2− pairs [3,33].
The density of Brønsted acid sites on MgyAlOx samples

was higher than that of Lewis sites, but the relative contr
tion of Lewis acid sites to the sample acidity increased w
increasing Al content (Table 2). On alumina, the Lewis ac
ity was predominant.

3.2. Conversion of 2-propanol on MgyAlOx mixed oxides

The catalytic conversion of 2-propanol via elimination
actions was studied at 533 K and atmospheric pressur
MgO, Al2O3, and MgyAlOx mixed oxides. At low conver
sions, 2-propanol is converted on MgyAlOx mixed oxides
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Scheme 1. Reaction network of 2-propanol conversion on MgyAlOx cata-
lysts.

via three parallel reactions: dehydrogenation, dehydra
and coupling-dehydration as shown in Scheme 1 [34,
The main products of 2-propanol elimination reactions w
acetone (C3H6O), propylene (C3H6), and to a lesser exten
diisopropyl ether (C3H7OC3H7).

Fig. 6 illustrates the typical time-on-stream behavior
MgyAlOx mixed oxides during 2-propanol elimination rea
tions. Sample Mg3AlOx (Fig. 6A) formed acetone (C3one)
and propylene (C3=) as the main products and min
amounts of DIPE. Sample Mg0.2AlOx yielded primarily
C3= (Fig. 6B).

All the MgyAlOx samples deactivated during the c
alytic experiments and lost about 50% of activity after
10 h run. Thus, initial 2-propanol conversion rate(R0) and
product formation rates(R0

i ) were calculated by extrapola
ing the reaction rates vs time curves to zero.

The 2-propanol initial conversion rate on MgO, Al2O3,
and MgyAlOx mixed oxides as a function of composition
presented in Fig. 7. TheR0 values were strongly depende
on the Al content and the catalyst set may be divided in
groups showing different catalytic behavior. As indica
in Fig. 7 by the dashed line, there is a catalytic activ
break at ar value slightly higher than 0.5. Sample Mg1AlOx

(r = 0.5, R0 = 2.8 µmol/h m2) was, in fact, about two
orders of magnitude less active for converting 2-propa
than sample Mg0.5AlOx (r = 0.67,R0 = 194.1 µmol/h m2).
MgO and Mg-rich MgyAlOx oxides (r � 0.5) constitute
the first group of samples and showed poor activity
decompose 2-propanol. MgO was the most active samp
this group sinceR0 decreased with increasing Al conte
The second group of catalysts composed by Al2O3 and
Al-rich MgyAlOx samples(r > 0.5) was highly active for
converting 2-propanol via elimination reactions. On th
samples,R0 increased with increasingr (Fig. 7).

Furthermore, it was observed that MgO and Mg-r
MgyAlOx samples(r � 0.5) selectively formed acetone (d
Fig. 6. 2-propanol decomposition reactions over (A) Mg3AlOx and (B)
Mg0.2AlOx samples.T = 533 K; PT = 100 kPa; N2/2-propanol= 15
(molar).

Fig. 7. Initial 2-propanol conversion rate(R0) over MgO, Al2O3, and
MgyAlOx catalysts.T = 533 K; PT = 100 kPa; N2/2-propanol= 15
(molar).

hydrogenation product) whereas Al2O3 and Al-rich samples
(r > 0.5) were highly selective to the dehydration produ
C3=. Fig. 8 presents the product distribution for 2-propa
conversion reactions on MgO, Al2O3, and MgyAlOx mixed
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Fig. 8. Product distribution for 2-propanol conversion reactions on M
Al2O3, and MgyAlOx samples. Initial formation rates as a function of sa
ple composition. (A) Dehydrogenation reaction product, (B) dehydra
and coupling-dehydration reaction products.T = 533 K; PT = 100 kPa;
N2/2-propanol= 15 (molar).

oxides as a function of the chemical composition. At low
contents(r � 0.5), acetone formation was favored (Fig. 8
whereas dehydration products were practically neglig
(Fig. 8B). Contrarily, the formation rates of C3= and DIPE
increased with increasing Al content on MgyAlOx sam-
ples with r > 0.5. The formation rate of C3= on alumina
was three times higher than on Mg0.2AlOx , the most active
MgyAlOx oxide sample (Fig. 8B).

Additional catalytic experiments were carried out
MgyAlOx , MgO, and Al2O3 samples to determine th
activation energy(Ea) and frequency factor(A) for C3=
formation reaction. These parameters were calculated
measuring initial C3= formation rates (R0

C3=) in the range
of 523–553 K at a constant 2-propanol feed concentra
and assuming zero-order kinetics [20]. No calculation
the kinetic parameters for the dehydrogenation reactio
acetone was attempted due to the fast deactivation pro
affecting sites involved in this reaction (Fig. 6).
s

Fig. 9. Compensation effect for dehydration of 2-propanol to propylen
MgO, Al2O3, and MgyAlOx samples.T = 523–553 K;PT = 100 kPa;
N2/2-propanol= 15 (molar),r = Al/(Al + Mg).

Therefore, according to the Arrhenius law, Eq. (1) w
used to calculate parametersEa andA:

(1)lnR0
C3= = lnA − Ea/RT .

The calculatedEa and A values for C3= formation on
all the catalysts are represented in Fig. 9. A linear corr
tion in this semilogarithmic plot known as the “Constab
Relation,” Eq. (2), is indicative of the existence of a “Co
pensation Effect” [36]

(2)lnA = mEa + c.

By applying Eq. (2), two compensation lines were o
tained on our set of samples, as can be observed in Fi
One compensation line involves Mg-rich catalysts(r � 0.5)

and the other, Al-rich samples(r > 0.5).

4. Discussion

4.1. Effect of the acid–base properties of MgyAlOx

catalysts on the reaction pathways

2-Propanol elimination reactions on Mg–Al mixed o
ides, MgO, and Al2O3 form dehydrogenation and dehydr
tion products via reaction pathways occurring on dual ac
base pairs that combine acid and base sites of different n
and strength.

In general, dehydration of alcohols may occur throu
three different mechanisms,E1, E2, andE1cB that differ in
the configuration of the transition state. Based on the l
ature [20] and our previous results [17,18], and taking i
account the acid–base surface properties of the samples
in this work, 2-propanol dehydration through anE1 mech-
anism might be excluded since it requires catalysts con
ing strong electron pair acceptor sites [37]. Dehydration
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Scheme 2. Formation of C3one and C3= via E1cB mechanisms on Mg-rich MgyAlOx catalysts.
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2-propanol on MgyAlOx catalysts would take place ther
fore viaE1cB or E2 mechanisms depending on the cata
acid–base properties. Furthermore, theE1cB mechanism also
accounts for 2-propanol dehydrogenation reaction in a
allel pathway after formation of a common alkoxy interm
diate [20] as discussed below.

4.1.1. Reaction pathways on Mg-rich MgyAlOx catalysts
The E1cB dehydration or dehydrogenation mechani

requires acid–base sites of imbalanced strength, i.e., w
Lewis acid and strong Brønsted base sites such as
Mg2+–O2− pairs in pure MgO. In the first step of theE1cB
mechanism, 2-propanol is adsorbed through the O–H b
on an acid–base pair site with formation of a surface
propoxide intermediate (Scheme 2). The base site att
the most acidic proton of the 2-propanol molecule (alcoh
hydrogen) whereas the acid site interacts with the oxyge
the alcohol function, thereby activating the rupture of
O–H bond.

The subsequent abstraction of Hα or Hβ from the 2-
propoxide intermediate leads to C3one or C3=, respectively,
via parallel pathways (Scheme 2). In both routes, a carba
intermediate is formed as a consequence of the pr
detachment by the basic catalyst. Predominant formatio
either ketone or olefin will depend therefore on the rela
acidity of Hα and Hβ and on the catalyst dehydrogenatin
dehydrating properties, i.e., on the basic properties of
acid–base pairs.

In a previous work [23], we studied 2-propanol conv
sion on alkali-promoted MgO and found that these catal
are typicalE1cB materials that form slightly more C3one
than C3=. We also observed that the C3= formation rate
correlated linearly with the density of strong basic sites (
coordination O2−), whereas that of C3one depended on th
density of medium-strength basic sites (oxygen in Mg2+–
O2− pairs). These results showed that C3= formation from
2-propanol via anE1cB-like mechanism on strongly bas
catalysts requires stronger basic sites than 2-propanol d
drogenation to C3one.

In contrast to the alkali-promoted MgO catalysts st
ied before, Mg-rich MgyAlOx samples(r � 0.5) are signif-
icantly more active for transforming 2-propanol to aceto
than to C3= (Fig. 8). Mg-rich MgyAlOx mixed oxides are
also typicalE1cB catalysts since they contain a high re
tive contribution of Mg2+–O2− pairs (CO2 TPD, M-peak,
Table 2) which are responsible for the dehydrogenating
tivity. The decrease of the C3one formation rate as the A
content increases in Mg-rich samples (Fig. 8A) parallels
fact, the decline of the density of Mg2+–O2− pairs (Table 2).
Mg-rich MgyAlOx samples showed a poor activity for co
verting 2-propanol to C3= (Fig. 8B), probably because is
lated O2− on these samples are not as strong as those pr
on alkali-promoted MgO to detach a Hβ through anE1cB de-
hydration mechanism, as depicted in Scheme 2.

To get more insight on the kinetics of elimination rea
tions, we measured the kinetic parameters for the conve
of 2-propanol to C3= and found the existence of a compe
sation effect for Mg-rich MgyAlOx samples (Fig. 9, dotte
line). The compensation effect is generally observed in
cases [36,38,39]: (i) same catalyst with a group of react
having analogous molecular structures, or (ii) same r
tant with a group of catalysts of the same family [40]. R
sults of Fig. 9 correspond to the latter case and indicate
2-propanol dehydration to C3= on Mg-rich MgyAlOx pro-
ceeds through the same mechanism and transition state
A compensation behavior for 2-propanol elimination re
tions can be also observed in results previously reporte
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Scheme 3. Formation of C3= via E2 mechanism on Al-rich MgyAlOx

catalysts.

both base [22,41] and acid [40,42] catalysts and summar
by Galwey [39].

The compensation effect found on Mg-rich samples
C3= formation may be explained by gradual transformati
of surface site energy distribution (strength of the ac
base sites) (Figs. 3–5) and catalyst structure (substitutio
Mg2+ for Al3+ in the MgO lattice) (Figs. 1 and 2), bot
caused by changes in the catalyst composition, as wil
discussed in detail in Section 4.2.

4.1.2. Reaction pathways on Al-rich MgyAlOx catalysts
On Al-rich MgyAlOx samples(r > 0.5) the required

dehydration steps occurred much faster than on Mg-
samples and C3= became the predominant reaction prod
(Fig. 8B). This result may be explained by considering t
the reaction mechanism shifts fromE1cB to E2 when the
catalyst acidity increases. In contrast toE1cB dehydration
mechanism, theE2 elimination occurs in a single ste
without formation of an ionic intermediate (Scheme
Dehydration via anE2 mechanism takes place on acid–ba
pair sites of similar strength, i.e., a moderately acidic Le
site and an intermediate-strength Brønsted base site
such as the Al3+–O2− pairs of Al2O3, which is a typicalE2
catalyst [42]. The observed increase of the dehydration
with the catalyst Al content on Al-rich samples (Fig. 8
would reflect then the concomitant increase of the sur
Al3+–O2− pair concentration (Table 2).

Bond et al. [36] introduced the concept of multiple lin
in Constable plots and showed that a change in the cat
composition may shift the compensation line to another
that is characteristic of a different transition state. Two co
pensation lines corresponding to Mg-rich(r � 0.5) and Al-
rich samples(r > 0.5), respectively, were obtained on o
catalysts for 2-propanol dehydration to C3= (Fig. 9). This
result gives additional evidence for the assumption that
dehydration reaction mechanism shifts fromE1cB (Mg-rich
catalysts) toE2 (Al-rich catalysts), probably reflecting th
fact that on Al-rich MgyAlOx samples the concentration

surface Al3+–O2− dual sites becomes dominant compa
to that of Mg2+–O2− pairs. Specifically, the critical chem
cal composition regarding the change of the reaction m
anism corresponded to ar value of about 0.5 since the C3=
formation rate on Mg1AlOx (r = 0.5) was two orders o
magnitude lower than on Mg0.5AlOx (r = 0.67). However,
this abrupt increase of theR0

C3= value cannot be straigh
forward related to an increase in the sample surface ac
because the acid site density increased by only a facto
,

t

1.5 from Mg1AlOx to Mg0.5AlOx (Table 2). The increase o
the Al content causes significant transformations of the
ide structure and generates different bulk phases that mu
taken into account for explaining the catalytic performa
of the samples. This effect of the solid structure on catal
activity will be specifically discussed in the next section.

Alumina and Al-rich MgyAlOx samples(r > 0.5) pref-
erentially convert 2-propanol to C3= but also form C3one
(Fig. 8A). Selectivity to C3one on these samples was ty
ically lower than 10% and decreased with increasing
content, but C3one formation rates were similar or slight
higher than those measured on Mg-rich MgyAlOx samples.
However, on Al-rich samples, the concentration of surf
Al3+–O2− pairs predominates over that of Mg2+–O2−, and
we can exclude therefore that formation of C3one occurs
via a conventionalE1cB mechanism like the one depicte
in Scheme 2 for Mg-rich samples.

Previous work on decomposition of alcohols on mo
erately acidic oxides [43–47] report that alcohols unde
mainly dehydration reactions but also produce aldehyde
ketones by dehydrogenation. Several authors proposed
alcohol dehydrogenation occurs via Hα or Hβ abstraction
as hydride on Mn+–O2− pairs (M= metal cation): Nondek
and Sedlacek [43] postulated the abstraction of Hα as H− on
Cr2O3 while Chung et al. [44] considered the abstraction
Hβ followed by hydride transfer on ZnO. Wang et al. [4
suggested that dehydrogenation of 2-propanol on alum
proceeds by abstraction of Hα on the base sites supplied b
aluminum defects within the structure. Rekoske et al. [
studied 2-propanol dehydrogenation on TiO2 and found that
selectivity toward acetone improves by increasing the w
concentration in the feed. Then, they postulated that sur
OH− groups take part in the Hα abstraction and that the hy
droxyl and alkoxide groups are bound to the same Ti cat
Similarly, Pepe et al. [47] reported a loss of acetone for
tion activity onα-Al2O3 exposed to intense dehydroxylati
by outgassing at high temperatures (1123 K). Both gro
sustained, on the other hand, that the presence or absen
surface hydroxyls has no influence on the dehydration a
ity of those materials [46,47].

Thus, there is a general agreement in the literature a
that the mechanism for dehydrogenation on modera
acidic catalysts involves a Hα abstraction step, but the natu
of the active site that promotes that step is still a matte
controversy. Concerning our MgyAlOx samples synthesize
at relatively low temperatures (673 K), results of NH3 TPD
shown in Fig. 5 and Table 2 indicate a relevant contribut
of surface hydroxyls (L-peak) to the total density of a
sites. Table 2 also shows that the density of Brøns
OH sites increases with increasing the Al content, ther
suggesting a higher hydroxylation of the Al-rich MgyAlOx

catalysts. These observations are in agreement with pre
results obtained by XPS (X-ray photoelectron spectrosco
showing that on MgyAlOx oxides the O 1s binding energ
increases gradually from the value typical of surface O2−
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Scheme 4. Formation of DIPE on Al-rich MgyAlOx catalysts.

on Mg-rich samples to that characteristic of surface OH− on
Al-rich catalysts [17].

Therefore, we postulate that C3one formation on Al-rich
MgyAlOx catalysts would proceed by alkoxide formati
and subsequent Hα abstraction via anE1cB-like mechanism
probably involving OH− groups vicinal to Al3+ cations.

Formation of DIPE, another 2-propanol dehydrat
product obtained in minor amounts on Al-rich MgyAlOx

samples, may also be interpreted in terms of anE2 mech-
anism [20] (Scheme 4). Contrarily to our previous res
obtained for primary alcohol conversion on similar Mg–
mixed oxides [17,18], we found here that DIPE format
rates are lower than 2-propanol conversion rates to C3=
(Fig. 8B). Jain and Pillai [48] demonstrated that dehyd
tion of 2-propanol on alumina proceeds at a higher
toward C3= than toward the competitive DIPE formatio
even when the former reaction has a higher activation
ergy. This result may be explained by considering that
spite that secondary alcohols are more easily dehydr
than primary alcohols [40], ether formation from 2-propa
is not favored because it is a second-order reaction tha
volves the adsorption of two branched alcohol molecule
neighboring active sites offering different acid–base pro
ties [17,48,49]. Scheme 4 shows the adsorption of one a
hol molecule on an acid–base pair and the other on a L
acid site. In addition, DIPE has four branched methyl gro
and therefore its bulky structure impedes the free motio
the molecule within the catalyst pores.

However, in contrast to the ether formation mechan
shown in Scheme 4, several authors [50,51] have prop
that formation of ethers by anE2 mechanism may involv
weak Brønsted acid sites as those provided by the O−
groups in Al-rich MgyAlOx samples rather than Lew

acid sites such as Al3+ cations. From the present resul
participation of the Brønsted acid sites cannot be ruled
since DIPE formation (Fig. 8B) is favored on the mo
hydroxylated samples (NH3 TPD, L-peak, Table 2).

4.2. Structural effects and catalytic performance

The abrupt increase of 2-propanol conversion rate
served when the sample Al content reaches anr value
slightly higher than 0.5 (Fig. 7) cannot be explained o
in terms of density of surface active sites. Also, the f
mation rates of C3one, C3=, or DIPE showed no direc
correlation with the acid or base site densities determ
by NH3 or CO2 TPD, respectively. The catalytic perfo
mance of MgyAlOx catalysts seems to be related not o
to the surface density of active sites but also to the natu
the bulk structure and transformations in the cation (Mg2+
or Al3+) environment induced by changing the chemi
composition. For instance, MgO was the most active
alyst for 2-propanol elimination reactions among the M
rich MgyAlOx samples(r � 0.5), but incorporation of jus
5.8 wt% Al (sample Mg9AlOx ) decreased the catalytic a
tivity by a 25% (Fig. 7). Similarly, sample Mg0.11AlOx

contains only 3.4 wt% Mg but was 80% less active th
pure Al2O3, the most active sample of the Al-rich cataly
(r > 0.5).

4.2.1. Structural effects in Mg-rich MgyAlOx catalysts
The lattice parametera of hydrotalcite precursors con

taining low Al amounts(r � 0.5) decreased monotonical
with increasingr (Table 1). This contraction of the hydrota
cite unit cell appears to be caused by formation of a solid
lution, which is structurally stable because Al3+ cations re-
place larger Mg2+ cations within the brucite structure. Thu
Al3+ can randomly and uniformly replace Mg2+ in octahe-
dral sites within brucite layers without disrupting the lay
structure.

During thermal decomposition of Mg-rich hydrotalc
precursors(r � 0.5), formation of MgO (Mg2+ cations in
octahedral sites) takes place. The fact that no segreg
aluminum phase was detected, indicates that either the3+
cations totally incorporate into the salt-rock structure of
periclase phase or they form an amorphous AlOx or Mg–Al
oxide phase not detectable by XRD.

Several authors have shown by27Al NMR that Al3+
cations in calcined hydrotalcites are coordinated to oxy
in octahedral (AlOh) and tetrahedral (AlTd) environments
with a clear predominance of aluminum in octahedral
sitions [13,24,25,29,52,53]. In agreement with those pr
ous reports, our27Al NMR results of Figs. 1 and 2 indicat
that Mg-rich oxides contain both AlTd and AlOh. Then, Al3+
coordination changes only partially from octahedral in
parent precipitated precursor to tetrahedral in the resu
mixed oxide.

The break of the fitting line for AlOh in Fig. 1 suggests
that Al3+ cations in octahedral coordination take part
different bulk structures in Mg-rich(r � 0.5) and Al-
rich (r > 0.5) samples, respectively. In Mg-rich oxide
only MgO was detected; AlOh may be located in th
MgO framework forming small AlOh–O–Mg domains no
detectable by XRD. The diminution of the AlOh/AlTd ratio
at increasing Al contents (Fig. 2) is probably due to the
that the Al3+ cations progressively leave octahedral s
to form incipient domains of partially inverse spinel-rela
ordering in which part of the Al3+ cations are tetrahedral
coordinated in AlTd–O–Mg species as suggested by She
al. [24].

The capacity of these Mg-rich oxides to easily regene
the parent hydrotalcite when exposed to ambient mois
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Scheme 5. Structural changes produced by increasing the Al content in MgyAlOx catalysts.
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excludes segregation of bulk alumina or spinel phases
supports the fact that both AlOh and AlTd cations remain
closely associated to the MgO matrix [29,53]. In fact,
have detected on Mg-rich MgyAlOx oxides stored in lab
vials and not submitted to heat treatment before N
analysis only one resonance peak with a chemical shi
around 9 ppm, which is typical of AlOh in hydrotalcite
structures [29,53].

A simplified scheme of the structural changes occ
ring in MgyAlOx samples when the Al content increas
is shown in Scheme 5. The structure of MgO and Mg-r
mixed oxides are depicted in Scheme 5A and 5B, res
tively. In the homogeneous structure of Mg-rich samp
Al3+ cations are incorporated into the MgO matrix, formi
small Mg–Al domains which at higher Al contents give ri
to formation of separate Al-rich and MgAl2O4 bulk phases
as shown in Scheme 5C for sample Mg0.5AlOx (Table 1).

The intimate contact between Mg2+ and Al3+ cations
in the MgO framework may explain the catalytic perfo
mance of Mg-rich MgyAlOx catalysts. In fact, the pres

ence of more electronegative Al3+ cations in the environ
ment of the Mg2+–O2− pairs decreases the average ba
ity of MgO with the consequent drop of the acetone form
tion rate (Fig. 8A). The activity for 2-propanol dehydrogen
tion decreases further with increasing Al content beca
the environment of the Mg2+–O2− pairs into the MgO ma
trix contains a higher concentration of Al3+ cations. How-
ever, since on Mg-rich MgyAlOx catalysts phase segregati
does not occur, 2-propanol dehydrogenation mechanis
not changed by varying ther ratio.

The structural characteristics of Mg-rich MgyAlOx cata-
lysts also account for the low dehydrating properties of th
samples (Fig. 8B). The substitution of Mg2+ for AlOh in the
MgO framework produces a cationic vacancy that may
have as an acid site; however, since it will be surroun
by coordinatively unsaturated oxygen anions, the solid
lution will display low acidic properties. The acid site de
sity measured by NH3 TPD was almost constant on the
samples (Table 2), thereby confirming that Al3+ cations are
in the oxidic environment of the MgO matrix where deh
dration reactions are not favored. This is in agreement w
the findings of McKenzie et al. [25] who showed that Al3+
cations associated to MgO are less active to dehydra
propanol than those of alumina.
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4.2.2. Structural effects in Al-rich MgyAlOx catalysts
The rate of 2-propanol dehydration to C3= on Mg0.5AlOx

(r = 0.67) is about two orders of magnitude higher than
Mg1AlOx (r = 0.5) (Fig. 8B). We explained this result i
terms of a shift in the reaction mechanism fromE1cB to E2

caused not only by a change of the nature and density o
surface acid sites but also of the structure of the mixed
ides.

XRD analysis showed that, in contrast to Mg-rich prec
sors(r � 0.5), Al-rich precursors(r > 0.5) were not able to
accommodate additional Al3+ cations in the brucite layer
of the hydrotalcite structure as indicated by both the inv
ance of the hydrotalcite lattice parametera and the formation
of additional gibbsite and brucite phases on these sam
(Table 1). Furthermore, in precursors withr � 0.83 Mg2+
and Al3+ cations appeared only in separate hydroxide ph
(brucite and gibbsite) losing the structural linkage they
in the hydrotalcite structure but maintaining the octahe
coordination.

Then, low-temperature thermal decomposition of str
turally heterogeneous Al-rich hydrated precursors(r >

0.5) led to the formation of heterogeneous mixed oxid
all of them containing a separate quasi-amorphous Al2O3

phase. In sample Mg0.5AlOx (r = 0.67), besides MgO and
Al2O3, bigger Mg–Al domains than those present in M
rich MgyAlOx catalysts form a bulk MgAl2O4 spinel with
43% AlTd as depicted in Scheme 5C. Formation of t
new species suggests that both AlOh and AlTd cations in
part have left the MgO lattice as the Al content increa
and therefore, Al3+ and Mg2+ cations lost their intimate
contact. The AlOh/AlTd ratio increased withr (Fig. 2) re-
flecting a concomitant increase of alumina phase conce
tion. MgyAlOx catalysts withr � 0.83 did not contain Mg–
Al spinel-like phase (Scheme 5D) and structurally res
ble low-crystallinity alumina and magnesia, as indicated
the AlOh/AlTd ratio of about 2.3 measured on these sam
(Fig. 2). The catalyst surface might be envisaged as pure
mina covered by MgO patches whose sizes become sm
as the Al content increases.

Formation of separate Al and Mg phases in Al-rich mix
oxides was consistent with results obtained by NMR.
fact, these samples exposed to ambient moisture sh
AlTd and AlOh resonance peaks at chemical shifts sim
to those of the corresponding freshly calcined samp
thereby indicating that no reconstruction of binary Mg–
hydrotalcite precursors took place.

In summary, Al-rich MgyAlOx catalysts(r > 0.5) are
structurally heterogeneous mixed oxides that contai
separate quasi-amorphous Al2O3-like phase. Segregation o
the alumina phase occurs for sample Mg0.5AlOx (r = 0.67)
and provides dual Al3+–O2− active sites that dehydrate
propanol to C3= at high turnover rates via anE2 mechanism
and also form DIPE. Increasing the Al content furth
increases the surface concentration of Al2O3-like phase,
thereby favoring 2-propanol dehydration reactions.
s

-

-
r

d

5. Conclusions

2-Propanol elimination reactions on MgyAlOx mixed
oxides yield dehydrogenation and dehydration products
reaction pathways occurring on dual acid–base sites.
chemical nature and acid–base properties of these a
sites (Mg2+–O2− or Al3+–O2−) as well as the sample bu
structure depend on chemical composition.

In Mg-rich oxides Al3+ replace Mg2+ into MgO ma-
trix forming homogeneous solids that contain mainly surf
Mg2+–O2− active sites. Dehydration and dehydrogena
reactions proceed throughE1cB-like mechanisms sharing
common 2-propoxide intermediate, but 2-propanol is p
erentially transformed to acetone because Mg2+–O2− sites
efficiently catalyze dehydrogenation steps by promoting
α-hydrogen abstraction from the alkoxide group. Increas
the concentration of more electronegative Al3+ cations in
the environment of the Mg2+–O2− pairs decreases the ave
age basicity of MgO with the consequent drop of the ace
formation rate.

Al-rich MgyAlOx samples convert 2-propanol mainly

propylene via anE2 mechanism occurring on dual Al3+–
O2− sites. The shift in the dehydration reaction mechan
from E1cB (Mg-rich catalysts) toE2 (Al-rich catalysts)
is produced by a change of the active site from Mg2+–
O2− to Al3+–O2− and by significant modifications of th
oxide structure both caused by the increase of the alumi
content in the samples. Al-rich MgyAlOx samples are
heterogeneous mixed oxides that contain a separate q
amorphous Al2O3-like phase. Nucleation of a separate sta
Al-rich phase provides dual Al3+–O2− active sites tha
dehydrate 2-propanol to propylene at high turnover ra
The observed increase of the dehydration rate with
catalyst Al content reflects then a concomitant increas
the surface Al3+–O2− pair concentration.

The catalytic and structural transition from homogene
Mg-rich to heterogeneous Al-rich mixed oxides occurs
samples containing Mg/Al ratios between 0.5 and 1, an
seems to be essentially related to a change in the homo
ity and phase composition of parent coprecipitated pre
sors. Mg-rich hydrotalcite-like precursors contain Al3+ and
Mg2+ cations randomly distributed in the octahedral s
within brucite layers. Decomposition of these hydrotalc
precursors at 673 K yields homogeneous MgyAlOx mixed

oxides that contain the Al3+ cations totally incorporate
into the MgO framework. In Al-rich coprecipitated precu
sors, Mg2+ and Al3+ cations appear in separate bruc
and gibbsite hydroxide phases, thereby losing the struc
linkage they had in the hydrotalcite structure. Thermal
composition of heterogeneous Al-rich hydrated precur
forms heterogeneous MgyAlOx mixed oxides, all of them
containing separate low-crystallinity magnesia and alum
phases.
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