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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—Al mixed
oxides. Several oxides with M@\ ratios of 0.1-9.0 were prepared by thermal decomposition of coprecipitated hydrotalcite-like precursors.
Acid and base properties were measured by temperature-programmed desorptienasfdNEL> coupled with infrared spectra of adsorbed
CO,. The structural composition and homogeneity were investigated by X-ray diffraction and solid#thfeMR (nuclear magnetic
resonance). Elimination reactions of 2-propanol on Mg—Al mixed oxides proceeded through reaction pathways occurring on dual acid—base
sites (Mgft—0%~ or AI3+—02™). The chemical nature and acid—base properties of the active sites as well as the catalyst bulk structure
and product formation rates for elimination reactions strongly depended on t}ial Matio. In Mg-rich catalysts(Mg/Al > 1), A3+
replaces M@+ inside the MgO matrix and forms a homogeneous solid without disrupting lattice structure. Elimination reactions occurred on
surface Mg+—0?~ pairs viaE1qg-like mechanisms that selectively produced the dehydrogenation product (acetone) and to a lesser extent,
the dehydration product (propylene). The presence of increasing concentrations of more electronedjatoatidts decreased the solid
average basicity and the catalytic activity. The Al-rich catalydg/Al < 1) were much more active than the Mg-rich ones, converting
2-propanol mainly to propylene via afp mechanism. The shift in the dehydration reaction mechanism ffgpg (Mg-rich catalysts) to
E> (Al-rich catalysts) was demonstrated by the existence of two different compensation effect lines, and it was attributed to a change of the
active site from Mg+t—0?~ to AI3+—0?~ and to significant structural modifications. Al-rich samples are structurally heterogeneous oxides
that contain a separate quasi-amorphougQtlike phase where dehydration takes place at high turnover rates. The surface, structural,
and catalytic transition from homogeneous Mg-rich to heterogeneous Al-rich mixed oxides was related to the structural homogeneity of the
parent coprecipitated precursor. Whereas a single phase of hydrotalcite-like structure WitmMbART cations in close interaction was
present in Mg-rich samples, the Al-rich precursors containedVand AP+ cations in separate hydroxide phases.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction cal composition and preparation procedures [2,3]. Promis-
ing applications of these materials for synthesis of both fine
Calcined hydrotalcite-type anionic clays are widely used chemicals and commaodities have been recently reported [4].
in catalysis because of their high surface area, acid—baseMg—Al mixed oxides catalyze a variety of reactions requir-
properties, and structural stability [1]. These materials con- ing anionic intermediates, such as aldol condensation reac-
tain the metal components highly dispersed and in intimate tions of aldehydes and ketones in either the gas or the lig-
contact, thereby promoting complex bifunctional reactions, uid phase [5-7], alkylations [8,9], Knoevenagel condensa-
which require the catalyst functions to exist in mutual con- tions [10], Michael additions [11], cyanoethylation of alco-
tact within atomic dimensions. hols [12], and double-bond isomerization of alkenes [13],
In particular, hydrotalcite-derived Mg—Al mixed oxides among other useful applications involving a C-H bond
present acid or base properties depending on the chemicleavage step. Other novel applications include alkoxylation
of alcohols [14,15], and oxidation of mercaptan [16].
~* Corresponding author. Recently, we investigated the catalytic properties of
E-mail address: dicosimo@fiqus.unl.edu.ar (J.1. Di Cosimo). hydrotalcite-derived Mg—Al mixed oxides to promote sev-
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eral reactions involving primary and secondary alcohols, 2. Experimental

such as the self-condensation of ethanol [17], the cross-

coupling of methanol and 1-propanol [18], and the one-step 2.1. Catalyst preparation

synthesis of methyl isobutyl ketone from 2-propanol [19].

We found that Mg—Al mixed oxides efficiently catalyze al- A set of Mg—Al hydrotalcite-like precursors with differ-
cohol coupling reactions by promoting C—C bond formation, ©nt Mg/Al atomic ratio (y) was prepared by the coprecip-
a reaction step that takes place after C-H bond activation.itation method at a constant pH of 10 as previously de-
We also found [17,18] that the catalytic activity and selec- scribed [17]. An aqueous solution o_f the metal nitrates with
tivity depended not only on the density and strength of the & total[Mg + Al] cation concentration of 1.5 M was con-

surface base sites but also on the structural changes producef®cted with a basic solution of#C0O; and KOH by drop-
in the mixed oxides upon increase of the Al content. wise addition of both solutions into a stirred beaker con-

As a continuation of the work with primary alcohols, we taining 350 cr of distilled deionized water held at 333 K.

have now addressed our investigations toward the activationThe precipitates formed were aged in thelr_ mothgr l'ql.mr
) for 2 h at 333 K and then filtered, washed with boiling dis-
of C—H bonds of secondary alcohols using 2-propanol

Lo ) L2 . . . tilled water until K- was no longer detected in the filtrate,
elimination reactions. Elimination reactions are involved in . .
. : ) . . and dried at 348 K overnight. These precursors were decom-
the reaction mechanism of important industrial processes.

F le. hvd q b ) b Hposed in N at 673 K overnight in order to obtain the cor-
or example, hydrogen and water a strgctlons oceur yC— responding Mg—Al mixed oxides (M@IO, samples). Pure
bond rupture and they are key steps in the mechanism of

, X ; X ; alumina and MgO were prepared following the same proce-
coupling reactions (aldol-like condensations or alkylations) 4 re.

and olefin isomerization or aromatization.
2-Propanol can be converted via elimination reactions 2 2 Catalyst characterization
such as dehydrogenation and dehydration which proceed

through different mechanisms depending on the catalyst The solid structure of the Mg—Al hydroxycarbonate pre-
acid-base properties. It is generally accepted that strongcursors and of the Mg—Al mixed oxides were determined by
Bransted solid acids dehydrate 2-propanol to propylene by powder X-ray diffraction methods (XRD) using a Shimadzu
an E1 mechanism, whereas on amphoteric oxides 2-propa-XD-D1 diffractometer and Ni-filtered Cu-/Kradiation.
nol is transformed to ether and, in a concerfgdmecha- MAS (magic-angle spinning}’Al NMR (nuclear mag-
nism occurring on surface dual acid—base sites of balancednetic resonance) spectra were obtained on a Bruker AV-400
strength, to olefin [20]. However, dehydration can also take spectrometer at ambient temperature and at 104.2 MHz us-
place on basic catalysts containing acid—base pairs of im-ing a Bruker MAS probe with zirconia rotors (2.5 mm di-
balanced strength through @h g mechanism [20]. Onthe ~ ameter) and a sample spinning rate of 20 kHz. The length
other hand, only on strongly basic catalysts 2-propanol is Of de rf pulses was 1.0 ps. A total amount of 1000 fids was
preferentially dehydrogenated to acetone [21-23]. accumulated and a time interval of 1.0 s between successive
In this paper, we study 2-propanol elimination reactions fids was selecteq to avoid saturation effects. A_II measure-
on Mg-Al mixed oxides. Our goal was to elucidate 2-pro- ments were carried out at room temperature with kaohmte
panol elimination reaction pathways and to ascertain the & a standard reference. Samples were pretreated in vacuum

nature of the surface sites and structures that promote thesd®’ 1 h @t 673 K and then loaded into the rotor in a glove

reactions on Mg—Al mixed oxides of different chemical bo>(<:. q " ite densit d bindi .
compositions. O, adsorption site densities and binding energies were

We examine by X-ray diffraction and solid staféAl g?tggjd I;ngsﬁg]:;r:tturr;ﬂo?eﬁmgaeﬁ,rdeesggﬂoreg(zgz
NMR the structural composition of Mg—Al catalysts pre- P P ) P

- 150 mg) were treated in Nat 673 K for 1 h and exposed
pared from hydrotalcite-like precursors. The nature, density, to a 3_8)9% C®/N. stream until saturation coverage?s were
and strength distribution of surface acid and base sites are,.ached Weakly adsorbed g@vas removed by flushing
probed by temperature-programmed desorption of /Rl ik N, at room temperature for about 1 h. The temperature
CO; coupled with infrared spectra of adsorbed£O was then increased at 10/Kin from 298 to 673 K. The

We discuss the effect of chemical composition on the sur- oy01ved CQ was converted to methane by means of a
face and structurall properties and on the catalytic perfgr- methanation catalyst (NKieselghur) operating at 673 K
no report in the literature analyzing these effects in a wide  The structure of C@chemisorbed on l\/kgAIOx samples
compositional range covering M4l molar ratios from 0.1 was determined by infrared spectroscopy (IR). Data were
to 9.0. The different catalytic behavior observed between gbtained using a Shimadzu FTIR-8101M spectrophotometer
Mg-rich and Al-rich Mg—Al mixed oxides is interpreted in  after admission of 5.3 kPa of GQadsorption at room
terms of the type of structure and structural homogeneity of temperature, and sequential evacuation at 298, 373, 473, and
both the parent precursor and the oxide itself. 573 K. Spectra were taken at room temperature. An inverted
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Table 1
Chemical composition, BET surface areas, and XRD characterization of MgOgAand Mg,AlO, mixed oxide samples
Sample ré Chemical analysis by AAS  Sg Structural analysis by XRD

(nominal) & Mg Al K (mz/g) Coprecipitated precursors l\_(lglox

(Wt%) (Wit%) (Wt%) Phases detected a (R) Phases detected a(A)

MgO 0.00 0.00 - - - 185  Brucite 3.148 MgO periclase 4.220
MggAlO 0.10 0.11 43 58 0008 114 Hydrotalcitet+ brucite 3.132 MgO periclase 4.208
MgsAIO 0.17 0.18 39 9.7 0.02 184  Hydrotalcite 3.068 MgO periclase 4.211
Mg3AIO 0.25 024 34 121 002 238  Hydrotalcite 3.052 MgO periclase 4.216
Mg, AlO 0.50 0.47 22 215 0071 231 Hydrotalcite 3.019 MgO periclase 4.209
Mgg sAIO 0.67 066 13 276 0014 296 Hydrotalcitet+ brucite+ gibbsite 3.020 MgAJO4 +MgO + y-Alp03 (qa) -
Mg 33AI0 ¢ 0.75 0.76 & 300 002 301 Brucitet gibbsite+ hydrotalcite (f) — y-Al2O3 (qa) -
Mgg 2AIO, 0.83 0.86 2 350 0015 243 Bruciter gibbsite - y-Aly,03(qa) -
Mgg,11AIO 0.90 091 3# 374 0025 240 Brucite (th gibbsite -  y-Al,03(ga) -
Al,O3 1.00 1.00 - - - 388  Gibbsite — y-Al,03 (qa) -

a r = Al/(Al +Mg) molar ratio; (t), traces; (ga), quasi-amorphous.

T-shaped Pyrex cell containing the sample pellet was used.3. Results
The two ends of the short arm of the T were fitted with €aF
windows. The absorbance scales were normalized to 50-mg3-1. Characterization of Mg-Al precursorsand My Al O,
pellets. samples

Acid site densities were determined by using TPD of
NH3. Samples (150 mg) were treated in He100 cn?/min)
at673 Kfor0.5h and exposed to a 1.01%#He stream at
room temperature until surface saturation. Weakly adsorbed

NHs was removed by flowing He at 60 citmin for 0.5 h. a single crystalline phase of hydrotalcite structure for val-

Temperature was then increased to 673 K at }tni, and ues ofr in the range of 7 > r > 0.1. The hydrotalcite
the NHg concentration in the effluent was measured by mass structure {Mg; AI,(OH)Z]’+(C032‘),/2 - mH0 (ASTM
i —r

spectrometry (MS). 14-191), consists of layered double hydroxides with brucite-
Bulk elemental analysis of Mg, Al, and K was carried |ike layers in which Mg and Al cations are in close inter-
out by atomic absorption spectroscopy (AAS). Total surface action and share octahedral positions. The interlayer spac-
areas {q) were measured by Nohysisorption at 77 K using  ing is occupied by charge-compensating££0anions and
a Quantachrome Nova-1000 sorptometer and BET analysisby weakly bonded water molecules. Sharp X-ray diffrac-
methods. tion lines were detected in the precursor with= 0.25,
which has the composition of the stoichiometric hydrotal-
cite, MgzAl2(OH)16CO3 - 4H,0. All the other hydrotalcite-
containing precursors showed broader XRD lines, corre-
sponding to smaller crystallites or less ordered structures.
Outside of the 7 > r > 0.1 range, additional crys-
2-Propanol (Merck ACS, 99.5% purity) elimination re- talline hydroxide phases of Mg [M@H),, brucite, ASTM
actions were carried out at 533 K and 100 kPa in a dif- 7-239] or Al [Al(OH)s, gibbsite, ASTM 7-324] were ob-
ferential fixed-bed tubular reactor. Samples were sieved to S€"ved. No hydrotalcite phase was detected in precursors
retain particles with 0.35-0.42 mm diameters for catalytic with r > 0.83.

measurements and veated 1 M. 673 K for 1 before 118 eel consianteona for roate s
reaction in order to remove adsorbed@®and CQ. The 9 y y

. ; X-ray diffraction patterns on all the hydrotalcite-containin
reactant was introduced ag1b 2-propangiN2 mixture. y P y 9

Tpical locities (WHSV i th ‘o precursors and the values @fare shown in Table 1. The
ypical space velocities ( ) were in the range of 2- values decreased linearly following a Vegard'’s law depen-

1 )
200 f1* in order to keep 2-propanol conversions below 5%. gance as the Al content increases from the initial value of
Reaction products were analyzed by on-line gas chromatog-the Al-free brucite phase (3.148 A) to 3.019 A for the pre-
raphy in a Varian Star 3400 CX chromatograph equipped cyrsor withr = 0.5. No further contraction of the unit cell

with a flame ionization detector and a Porapak R column. (3.020 A) was found when the Al content was augmented up
Data were collected every 20 min for 10 h. Reaction prod- to a value of- = 0.67.

ucts were acetone g0ne), propylene (&=) and diisopropy! The chemical composition, BET surface area, and crys-
ether (DIPE). talline phases for MgAIO . mixed oxides, MgO, and ADs

Precipitated Mg—Al precursors of different aluminum
molar composition, defined as= Al /(Al + Mg), were an-
alyzed by XRD and the crystalline phases detected are
shown in Table 1. Precursors are hydroxycarbonates with

2.3. Catalytic testing
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2.8

are also shown in Table 1. Elemental analysis of mixed ox-
ides revealed that the measured atomic ratiegere very
similar to the nominal values, suggesting complete precip-
itation of Mg and Al salts during synthesis. The potassium
content in all the mixed oxides was below 0.1 wt%, which
confirms that K= ions were effectively removed by washing
of the precipitated precursors.

The diffraction patterns of Mg-rich mixed oxidé€s <
0.5) showed the presence of a single crystalline MgO
periclase phase (ASTM 4-0829) with no residual traces of 1.2-
hydrotalcite or hydroxide phases, thereby indicating that , , , ,
heating at 673 K completely decomposes the precursor 00 02 04 06 08 10
samples. The crystallinity of MgO phase decreased with r= Al/(Al+Mg)
increasingr from 0 to 0.5. No crystalline AlQ phases
were observed on Mg-rich mixed oxides € 0.5), which Fig. 2.27Al NMR analysis of Mg AlO,, and ALO3 samples. Effect of the
suggests that the At cations remained closely associated chemical composition on g/Alq molar ratio.
within the MgO structure after thermal decomposition of
precipitated precursors. However, no contraction of the MgO ear dependence is observed betweeryAndr. Both Alop
lattice was determined in the calculations of the lattice and Alrg chemical shifts diminish with increasing be-
parameter of the cubic periclase structure (Table 1) probablycause Md" is gradually replaced by more electronegative
due to the poor crystallinity of the MgO phase. Al** as the nearest neighbor cation bonded to the Al-O

In Mg, AlO, samples of high Al contertt > 0.5), a qua- polyhedra [24]. Thus, the smallest chemical shifts (64.1 and
si-amorphous AlO3 phase (ASTM 10-425) was detected, 6.9 ppm for Alq and Alon bands, respectively) were mea-
suggesting that Af- cations lost the intimate contact with ~ sured on pure alumina, which contains the Al-O polyhedra
the MgO matrix. In sample MgAIO, (r = 0.67), an surrounded exclusively by At cations as nearest neigh-
additional MgALO4 spinel phase (ASTM 21-1152) was also bors.
found showing the transition between Mg-rich and Al-rich ~ The MAS 2’Al NMR spectra were deconvoluted in
catalysts. two contributions and the integrated peak intensities were

Analysis of the MAS27Al NMR spectra of MgAIO, used to determine the A#§/Altq molar ratio for each
mixed oxides and AO3; showed two resonance lines in the Md,AlO. mixed oxide (Fig. 2). All the samples contained
regions around 64-70 and 7-15 ppm, which correspond tothe ARt cations preferentially located in octahedral po-
Al cations tetrahedrally (Al) and octahedrally (Adp) sitions (2.50 > Alon/Altg > 1.15), but Mg-rich and Al-
coordinated to oxygen, respectively [24,25]. Chemical shifts rich samples showed the highestofpfAltg values giving
as a function of the chemical composition are presentedrise to an inverted volcano curve whenafyfAlrq is rep-
in Fig. 1. The experimental points for & may be fited  resented as a function of (Fig. 2). About 30% of the
with a broken line in which Mg-rich» < 0.5) and Al-rich AlI3t cations of alumina were in tetrahedral coordination
(r > 0.5) samples are clearly grouped. In contrast, a lin- (Alon/AlTq = 2.36), in agreement with results of McKenzie

et al. [25]. Alumina can be regarded as a defect spinel phase
70 in which the Abp/Al T4 ratio is usually in the range of 1.67—
° d o Al 3.00 and the cationic vacancies are distributed in octahe-
° dral and tetrahedral sites [26]. On the M@&\IO, (r = 0.67)
* sample, which has the bulk stoichiometric composition of
the spinel phase, 43% the 3l cations were in tetrahedral
positions(Alon/Altg = 1.33). The unit cell of the natural
MgAIl204 has a normal spinel structure with 32 oxygens and
24 cations (8M§" tetrahedrally coordinated and 16l
octahedrally coordinated) [27,28]. However, synthetic Mg—
Al spinels prepared by thermal decomposition of hydrated
precursors at low temperatures usually present partially in-
verse spinel structures which contain 40-50% of th&tAl
o 02 oa o6 os 1o cations and 10-20% of the Mg cations in tetrahedral po-
_ sitions [24,29].
r=Al(AHMg) Finally, the Alby and Akg contents (wt%) were calcu-
Fig. 1.27Al NMR analysis of Mg,AlO, and ALO3 samples. Chemical  lated by combining the Agn/Al g ratio and the bulk chem-
shifts for octahedrally and tetrahedrally coordinated aluminum as a function ical composition reported in Table 1. Theghlcontent in-
of the chemical composition. creased monotonically with reaching 37.2 wt% for pure

2.4+

2.0+

Alpy/Alry (molar)

N
W
1

—_
(=}
|

Alo,
]

Chemical Shift (ppm)
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Fig. 3. TPD profiles of C@ on MgO, AL O3, and Mg,AlO . samples. CQ
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CO, Desorption Rate (umol/h m?)

300 400 500 600 700

Temperature (K)

adsorption at 298 K, 10 Knin heating rate; = Al /(Al + Mg).

alumina while the amount of A} gradually increased up
to about 11 wt% for sample M@lO, (r = 0.50) but then

values are reported in Table 2. In general, the base site
density decreased with increasing catalyst Al content.

The complex TPD profiles suggest that the surfaces
of MgO and mixed oxide samples are nonuniform and
contain several types of adsorbed £O0 investigate
the probable formation of more than one £@dsorbed
species, and consequently the presence of surface base sites
(oxygen anions) of different chemical nature, IR spectra
of CO, adsorbed at room temperature were taken after
sequential evacuation at increasing temperatures. Fig. 4
shows the IR spectra obtained on §dO, and Mg, ,AIO,
samples, which typically represent similar spectra obtained
on Mg-rich and Al-rich samples, respectively. The spectra
of pure MgO and AlO3 were included as reference. Broad
infrared bands were observed on MgO and WD,
samples in the 1700-1300 ct region following the
CO, adsorption. We identified three adsorption species
(schematically represented in Fig. 4), which apparently
reflect three surface base sites of different chemical nature
and binding energies: unidentate and bidentate carbonate,
and bicarbonate [17,30]. Unidentate carbonate formation
requires low-coordination oxygen anions (strong base sites),
such as those of pure MgO. On Mg-rich samples, bidentate
carbonate forms on acid-base pairs such ag™M@?*~
(intermediate strength base site) whereas on Al-rich samples
the bidentate species is more likely formed on3At
0% pairs. Bicarbonate forms on MgO, ADs;, and all
the Mg,AlO, samples; it involves surface hydroxyl groups
that can be considered as weak base sites on Mg-rich

remained approximately constant for samples containing samples [31] or as weak acid sites on Al-rich samples.

higher Al content£ > 0.50).

Bicarbonate was clearly the predominant species formed

The nature of chemisorbed GQpecies and a measure on Al,Os upon CQ adsorption at room temperature and
of the base site density were obtained by combining TPD it was removed completely from the alumina surface after

and infrared measurements of €@readsorbed at room
temperature. The COdesorption rate as a function of
sample temperature is presented in Fig. 3 for MgQQal

and Mg,AlO samples. The total amount of desorbed,CO

evacuation at 373 K. Then, upon desorption at temperatures

higher than 373 K, bidentate carbonates formed ot Al

O?~ pairs are the only species remaining on pure alumina.
Based on the above IR characterization, the TPD profiles

was measured by integration of TPD curves. The resulting of Fig. 3 were deconvoluted in three desorption bands: a low-

Table 2

Characterization of acid—base surface properties of MggO4\land Mg,AlO ; samples

Sample Density of base sifeqimol/m?) Density of acid sited (umol/m?)
Led mc.d Hed Total evolved CQ Led Hed Total evolved NH

MgO 0.79 (13.7) 2.68 (46.7) 27 (39.6) 5.74 0.08 (66.0) 0.04 (34.0) 0.12
MggAIO 0.81(110) 3.72(50.2) 287 (388) 7.40 0.14 (86.0) 0.02 (14.0) 0.16
MgsAIO 0.33(9.0 1.95 (54.6) 130 (36.4) 3.58 0.10 (80.3) 0.03 (19.7) 0.13
Mg3AIO 0.29(11.2) 1.40 (54.2) 090 (34.6) 2.59 0.09 (89.5) 0.01 (10.5) 0.10
Mg;AlO 0.37(14.7) 1.16 (47.0) 5 (38.3) 2.48 0.16 (86.0) 0.02 (14.0) 0.18
Mg 5AIO 0.25(27.3) 0.38 (41.8) ®8(30.9) 0.91 0.19 (68.8) 0.09 (31.2) 0.28
Mgg 33AI0 « 0.14 (34.9) 0.14 (36.1) 012 (29.5) 0.40 0.25 (68.3) 0.12 (31.7) 0.37
Mgg 2AlO 0.26 (40.5) 0.23 (36.6) Q15 (22.9) 0.64 0.42 (72.5) 0.16 (27.5) 0.58
Mgg 11AIO« 0.16 (61.0) 0.10 (39.0) 00 (0.0) 0.26 0.34 (58.9) 0.23 (41.1) 0.57
Al»0g3 0.04 (66.2) 0.02 (33.8) 0 (0.0) 0.06 0.36 (45.0) 0.45 (55.0) 0.81

@ TPD of adsorbed CQ
b TPD of adsorbed N
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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v(cm))
Fig. 4. Infrared spectra of GO preadsorbed on MgO, M@IO,, room temperature, the L-peak may be attributed to reversible

Mdg2AlO,, and ALOs samples upon desorption at increasing tempera- H-bonded adsorption on Brgnsted sites whereas the H-peak
tures: () 298 K, (b) 373 K, (c) 473 K, (d) 573 K. G@dsorption at 298 K. was assigned to the irreversible coordinated adsorption on
Lewis acid sites of alumina [3,32]. Similar peak deconvolu-
temperature (L-peak) at 370-400 K, assigned to bicarbon-tions were carried out for N{ITPD on Mg AlO, and MgO
ates formed on Bransted OH groups; a middle-temperaturesamples. In all the samples, surface hydroxyl groups can ac-
(M-peak) at 460 K attributed to bidentate carbonates de- count for the Brgnsted acidity. Shen et al. [24], based on
sorbed from metal—-oxygen pairs; and a high-temperaturelR and calorimetric measurements of the N&tlsorption on
peak (H-peak) at 550 K resulting from unidentate carbon- Al>Os and Mg—Al mixed oxides, attributed the Lewis acidity
ates released from low coordination oxygen anions. Resultson Mg-rich Mg,AlO . samples to surface defects with acces-
are shown in Table 2. The M-peak and H-peak are domi- sible ARt cations in AP*—0? —Mg?+ species whereas on
nanton MgO and MgAIO . samples with < 0.5. In Al-rich alumina, the Lewis acidity was more likely assigned t6*Al
samplegr > 0.5), the relative contribution of the high- and  cations in the abundant surface®A+-O?~ pairs. The H-peak
middle-temperature peaks decreases with increasing Al con-of MgO, on the other hand, may result not only from the ir-
tent at the expense of the low-temperature peak, thereby dereversible coordinated Nf-hdsorption on M§' cations but

creasing the average basicity. Pure@d and Mg, 1,AIO, also from the heterolytic dissociative adsorption leading to
samples showed no contribution of the high-temperature NH,—H* species on Mgr—O?~ pairs [3,33].
peak in their TPD profiles. The density of Brgnsted acid sites on MdO, samples

Acid surface properties of MAIO,, MgO, and AbOs was higher than that of Lewis sites, but the relative contribu-
samples were investigated by TPD of Nireadsorbed at  tion of Lewis acid sites to the sample acidity increased with

room temperature as presented in Fig. 5. Acid site densi-increasing Al content (Table 2). On alumina, the Lewis acid-
ties determined by integration of the TPD profiles are pre- ity was predominant.

sented in Table 2. The total NHevolved from the samples

is similarly low on MgO and Mg-rich sampleg < 0.5), 3.2. Conversion of 2-propanol on Mgy Al O, mixed oxides
but increases almost linearly with increasing Al content on
Mg,AlO, samples withr > 0.5. The NH TPD on AbOs The catalytic conversion of 2-propanol via elimination re-

shows that NH desorbs in two overlapping signals, a low- actions was studied at 533 K and atmospheric pressure on
temperature peak at about 400 K and a high-temperatureMgO, Al>,O3, and Mg AlO, mixed oxides. At low conver-
peak at 575 K. Since the N-dsorption was performed at ~ sions, 2-propanol is converted on VO, mixed oxides
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via three parallel reactions: dehydrogenation, dehydration,
and coupling-dehydration as shown in Scheme 1 [34,35].
The main products of 2-propanol elimination reactions were

3004

3
[=3
(=]

200+

2-propanol Conversion Rate (umol/h m’)

acetone (gHg0), propylene (gHg), and to a lesser extent, 30
diisopropyl ether (gH70C3H?7). 1004 o - 20
Fig. 6 illustrates the typical time-on-stream behavior of DIPE 10
Mg, AlO,. mixed oxides during 2-propanol elimination reac- 0 0
tions. Sample MgAIO,. (Fig. 6A) formed acetone (dne) 0o 2 4 6 8 10
and propylene (g=) as the main products and minor Time (h)
amounts of DIPE. Sample MgAIO, vyielded primarily
Cs= (Fig. 6B). Fig. 6. 2-propanol decomposition reactions over (A) D, and (B)

Mgg oAlO samples.T =533 K; Pr = 100 kPa; N/2-propanol= 15

All the ngAIOx samples deactivated during the cat- (molar).

alytic experiments and lost about 50% of activity after the

10 h run. Thus, initial 2-propanol conversion ra#") and Q

product formation rateSRlQ) were calculated by extrapolat- 52 , 1800

ing the reaction rates vs time curves to zero. g ‘—'_' $
The 2-propanol initial conversion rate on MgO,>8k, iz : - 1500

and MgVAIOX mixed oxides as a function of compaosition is L ! 1200

presented in Fig. 7. ThB® values were strongly dependent g

on the Al content and the catalyst set may be divided in two 8 : L 900

groups showing different catalytic behavior. As indicated % E

in Fig. 7 by the dashed line, there is a catalytic activity & ! - 600

break at a- value slightly higher than 0.5. Sample M§O £ ! o

(r = 05, RO = 2.8 pmol’h n?) was, in fact, about two N o Y/ - 300

orders of magnitude less active for converting 2-propanol =

than sample MgsAIO, (r = 0.67,R°=1941 pumol/h rT12) E 00'0 02 04 06 08 1'00

MgO and Mg-rich MgAIO, oxides (r < 0.5) constitute _

the first group of sagmples and showed poor activity to r=Al(Al+Mg)

decompose 2-propanol. MgO was the most active sample ingig. 7. initial 2-propanol conversion ratek®) over MgO, AbOs, and

this group sincerR® decreased with increasing Al content. Mg, AlO, catalysts.T = 533 K; Py = 100 kPa; N/2-propanol= 15

The second group of catalysts composed byl and (molar).

Al-rich Mg, AlO, samples(r > 0.5) was highly active for

converting 2-propanol via elimination reactions. On these hydrogenation product) whereas®3 and Al-rich samples

samplesRC increased with increasing(Fig. 7). (r > 0.5) were highly selective to the dehydration product,
Furthermore, it was observed that MgO and Mg-rich Cs=. Fig. 8 presents the product distribution for 2-propanol

Mg, AlO, samplesr < 0.5) selectively formed acetone (de- conversion reactions on MgO, AD3, and Mg AlO, mixed
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Fig. 8. Product distribution for 2-propanol conversion reactions on MgO,
Al203, and Mg,AlO samples. Initial formation rates as a function of sam-
ple composition. (A) Dehydrogenation reaction product, (B) dehydration
and coupling-dehydration reaction products= 533 K; Py = 100 kPa;

N2 /2-propanok= 15 (molar).

oxides as a function of the chemical composition. At low Al
contentsr < 0.5), acetone formation was favored (Fig. 8A)
whereas dehydration products were practically negligible
(Fig. 8B). Contrarily, the formation rates ok€ and DIPE
increased with increasing Al content on WO, sam-
ples withr > 0.5. The formation rate of &= on alumina
was three times higher than on WKAIO,, the most active
Mg, AlO, oxide sample (Fig. 8B).

Additional catalytic experiments were carried out on
Mg,AlO,, MgO, and AbOz samples to determine the
activation energy(Ea) and frequency factofA) for Ca=

227

40

36+

32+

28+

241

20

InA4 (4, pmol/hm?)

16+

12 T T T T T
6

E, (kcal/mol)

Fig. 9. Compensation effect for dehydration of 2-propanol to propylene on
MgO, AlxOz, and Mg AlO, samples.T = 523-553 K; Py = 100 kPa;
N5/2-propanok= 15 (molar),r = Al /(Al + Mg).

Therefore, according to the Arrhenius law, Eq. (1) was
used to calculate parametdtgand A:

INRE,_=INA— Ea/RT. (1)

The calculatedE; and A values for G= formation on
all the catalysts are represented in Fig. 9. A linear correla-
tion in this semilogarithmic plot known as the “Constable
Relation,” Eq. (2), is indicative of the existence of a “Com-
pensation Effect” [36]

NA=mEa+c. (2)

By applying Eqg. (2), two compensation lines were ob-
tained on our set of samples, as can be observed in Fig. 9.
One compensation line involves Mg-rich catalysts< 0.5)
and the other, Al-rich samplégs > 0.5).

4. Discussion

4.1. Effect of the acid—base properties of Mg, Al O,
catalysts on the reaction pathways

2-Propanol elimination reactions on Mg—Al mixed ox-
ides, MgO, and AlO3 form dehydrogenation and dehydra-
tion products via reaction pathways occurring on dual acid—
base pairs that combine acid and base sites of different nature
and strength.

In general, dehydration of alcohols may occur through

formation reaction. These parameters were calculated bythree different mechanismgy, E», and E1cg that differ in

measuring initial = formation rates (683:) in the range

the configuration of the transition state. Based on the liter-

of 523-553 K at a constant 2-propanol feed concentration ature [20] and our previous results [17,18], and taking into

and assuming zero-order kinetics [20]. No calculation of

account the acid—base surface properties of the samples used

the kinetic parameters for the dehydrogenation reaction toin this work, 2-propanol dehydration through &a mech-
acetone was attempted due to the fast deactivation procesanism might be excluded since it requires catalysts contain-

affecting sites involved in this reaction (Fig. 6).

ing strong electron pair acceptor sites [37]. Dehydration of
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2-propanol on MgAIO, catalysts would take place there- density of medium-strength basic sites (oxygen in’tig

fore via E1cg or E> mechanisms depending on the catalyst O?~ pairs). These results showed thai=Cformation from
acid—base properties. Furthermore, igg mechanismalso  2-propanol via anE;cg-like mechanism on strongly basic
accounts for 2-propanol dehydrogenation reaction in a par- catalysts requires stronger basic sites than 2-propanol dehy-
allel pathway after formation of a common alkoxy interme- drogenation to gone.

diate [20] as discussed below. In contrast to the alkali-promoted MgO catalysts stud-
_ _ ied before, Mg-rich MgAIO , samplesr < 0.5) are signif-
4.1.1. Reaction pathways on Mg-rich Mgy Al O, catalysts icantly more active for transforming 2-propanol to acetone

The E1cs dehydration or dehydrogenation mechanism than to G= (Fig. 8). Mg-rich Mg,AlO, mixed oxides are
requires gmd—base sites of imbalanced strength, i.e., weaky|so typical E1cg catalysts since they contain a high rela-
Lewis acid and strong Brensted base sites such as thejye contribution of Mg+—0?— pairs (CQ TPD, M-peak

2 _ . . . ] [}
Mg?*—C?~ pairs in pure MgO. In the first step of tics  Taple 2) which are responsible for the dehydrogenating ac-
mechanism, 2-propanol is adsorbed through the O-H bonCltivity. The decrease of thedBne formation rate as the Al

on an acid-base pair site with formation of a surface 2- .,h0ny increases in Mg-rich samples (Fig. 8A) parallels, in

propoxide intermediate (Scheme 2). The base site attacks, . yhe gecline of the density of M§—0?~ pairs (Table 2).
the most acidic proton of the 2-propanol molecule (alcoholic Mg-rich Mg, AlO, samples showed a poor activity for con-

hydrogen) whereas the acid site interacts with the oxygen Ofverting 2-propanol to = (Fig. 8B), probably because iso-

the alcohol function, thereby activating the rupture of the
y 9 P lated &~ on these samples are not as strong as those present

O-H bond. :
The subsequent abstraction of kr H? from the 2- " alkali-promoted MgO to detach &’hrough ancs de-
hydration mechanism, as depicted in Scheme 2.

ropoxide intermediate leads ta@he or G=, respectively, e o L
prop ° G P Y To get more insight on the kinetics of elimination reac-

via parallel pathways (Scheme 2). In both routes, a carbanion Lo i
intermediate is formed as a consequence of the protont|ons, we measured the kinetic parameters for the conversion
and found the existence of a compen-

detachment by the basic catalyst. Predominant formation of ©f 2-Propanol to G= a _
either ketone or olefin will depend therefore on the relative Sation effect for Mg-rich MgAIO . samples (Fig. 9, dotted
acidity of H* and H¥ and on the catalyst dehydrogenating- line). The compensation effect is generally observed in two
dehydrating properties, i.e., on the basic properties of the cases [36,38,39]: (i) same catalyst with a group of reactants
acid-base pairs. having analogous molecular structures, or (ii) same reac-
In a previous work [23], we studied 2-propanol conver- tant with a group of catalysts of the same family [40]. Re-
sion on alkali-promoted MgO and found that these catalysts Sults of Fig. 9 correspond to the latter case and indicate that
are typical E1cg materials that form slightly more $0ne 2-propanol dehydration tog== on Mg-rich Mg,AlO . pro-
than G=. We also observed that thes€ formation rate ceeds through the same mechanism and transition state [36].
correlated linearly with the density of strong basic sites (low A compensation behavior for 2-propanol elimination reac-
coordination 3-), whereas that of §bne depended on the tions can be also observed in results previously reported on
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I, ; b b i j‘= 1.5 from MgAlO, to Mgy sAIO, (Table 2). The increase of
HJC-fmIHz HO=L=tH, H,C-C=CH, 5 the Al content causes significant transformations of the ox-
Ho B o — ¥ ide structure and generates different bulk phases that must be
[ ' taken into account for explaining the catalytic performance
—Al—0— —Al—O0— —Al—0—

of the samples. This effect of the solid structure on catalytic
activity will be specifically discussed in the next section.
Scheme 3. Formation of == via E mechanism on Al-rich MgAIO Alumina and Al-rich M@A|ox samples(r > 0.5) pref-
catalysts. erentially convert 2-propanol tos& but also form Gone
(Fig. 8A). Selectivity to Gone on these samples was typ-
both base [22,41] and acid [40,42] catalysts and summarizedically lower than 10% and decreased with increasing Al
by Galwey [39]. content, but Gone formation rates were similar or slightly
The compensation effect found on Mg-rich samples for higher than those measured on Mg-rich MO, samples.
Cs= formation may be explained by gradual transformations However, on Al-rich samples, the concentration of surface
of surface site energy distribution (strength of the acid— A|3+_2- pairs predominates over that of Mig-0?~, and
base sites) (Figs. 3—-5) and catalyst structure (substitution ofyye can exclude therefore that formation ofaBe occurs
Mg?* for AI®* in the MgO lattice) (Figs. 1 and 2), both  yia a conventionalE;cs mechanism like the one depicted
cgused by.chang_efs in thg catalyst composition, as will bej, scheme 2 for Mg-rich samples.
discussed in detail in Section 4.2. Previous work on decomposition of alcohols on mod-
erately acidic oxides [43—-47] report that alcohols undergo
mainly dehydration reactions but also produce aldehydes or
ketones by dehydrogenation. Several authors proposed that
alcohol dehydrogenation occurs vig lr H? abstraction
as hydride on M+*—0?~ pairs (M= metal cation): Nondek
and Sedlacek [43] postulated the abstraction®bBld H™ on
Cr,03 while Chung et al. [44] considered the abstraction of
H# followed by hydride transfer on ZnO. Wang et al. [45]
suggested that dehydrogenation of 2-propanol on alumina
proceeds by abstraction of*tbn the base sites supplied by

4.1.2. Reaction pathwayson Al-rich Mg, Al O, catalysts

On Al-rich Mg,AlO, samples(r > 0.5) the required
dehydration steps occurred much faster than on Mg-rich
samples and &= became the predominant reaction product
(Fig. 8B). This result may be explained by considering that
the reaction mechanism shifts froffycg to E2 when the
catalyst acidity increases. In contrast Ba.g dehydration
mechanism, theE, elimination occurs in a single step
without formation of an ionic intermediate (Scheme 3).

Dehydration via arf; mechanism takes place on acid-base aluminum defects within the structure. Rekoske et al. [46]

pair sites of similar strength, i.e., a moderately acidic Lewis . ) )
site and an intermediate-strength Brgnsted base site [20],StUdI8d 2-propanol dehydrogenation on 7iéhd found that

such as the A—0?~ pairs of AbOs, which is a typicalE, selectivity toward acetone improves by increasing the water
catalyst [42]. The observed increaée of the dehydration ra,[econcentration in the fegd. Then, they postulated that surface
with the catalyst Al content on Al-rich samples (Fig. 88) O 9roups take partin the‘Habstraction and that the hy-
would reflect then the concomitant increase of the surface droXyl and alkoxide groups are bound to the same Ti cation.
AI3+_0?~ pair concentration (Table 2). Similarly, Pepe et al. [47] reported a loss of acetone forma-
Bond et al. [36] introduced the concept of multiple lines tion aCtiViW'Ona-Ab.Og exposed to intense dehydroxylation
in Constable plots and showed that a change in the catalyst?y outgassing at high temperatures (1123 K). Both groups
composition may shift the compensation line to another one Sustained, on the other hand, that the presence or absence of
that is characteristic of a different transition state. Two com- Surface hydroxyls has no influence on the dehydration activ-
pensation lines corresponding to Mg-rieh< 0.5) and Al- ity of those materials [46,47]. ' _
rich samplesr > 0.5), respectively, were obtained on our Thus, there is a general agreement in the literature about
catalysts for 2-propanol dehydration ta=€ (Fig. 9). This tha.\t.the mecha_mlsm for dehydrogenanon on moderately
result gives additional evidence for the assumption that the acidic catalysts involves a*tabstraction step, but the nature
dehydration reaction mechanism shifts frd.g (Mg-rich of the active site that promotes that step is still a matter of
catalysts) toEz (Al-rich catalysts), probably reflecting the ~controversy. Concerning our MIO, samples synthesized
fact that on Al-rich MgAIO, samples the concentration of ~at relatively low temperatures (673 K), results of NFHPD
surface AP+—0?— dual sites becomes dominant compared shown in Fig. 5 and Table 2 indicate a relevant contribution
to that of M?*—0?~ pairs. Specifically, the critical chemi- ~ ©f surface hydroxyls (L-peak) to the total density of acid
cal composition regarding the change of the reaction mech-Sites. Table 2 also shows that the density of Brensted

anism corresponded toravalue of about 0.5 since the;€ OH sites increases with increasing the Al content, thereby
formation rate on MgAIO, (r = 0.5) was two orders of ~ Suggesting a higher hydroxylation of the Al-rich MO,
magnitude lower than on MgAIO, (r = 0.67). However, catalysts. These observations are in agreement with previous

this abrupt increase of the2 _ value cannot be straight- ~ results obtained by XPS (X-ray photoelectron spectroscopy)
forward related to an increase in the sample surface acidity Showing that on MgAIO, oxides the O 1s binding energy
because the acid site density increased by only a factor ofincreases gradually from the value typical of surface O
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Scheme 4. Formation of DIPE on Al-rich M&IO,. catalysts.

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

Therefore, we postulate thag@ne formation on Al-rich
Mg,AlO, catalysts would proceed by alkoxide formation
and subsequentHabstraction via atk;cg-like mechanism,
probably involving OH groups vicinal to At cations.

Formation of DIPE, another 2-propanol dehydration
product obtained in minor amounts on Al-rich MO,
samples, may also be interpreted in terms ofFanmech-
anism [20] (Scheme 4). Contrarily to our previous results
obtained for primary alcohol conversion on similar Mg—Al
mixed oxides [17,18], we found here that DIPE formation
rates are lower than 2-propanol conversion rates 4e- C
(Fig. 8B). Jain and Pillai [48] demonstrated that dehydra-
tion of 2-propanol on alumina proceeds at a higher rate
toward G= than toward the competitive DIPE formation,
even when the former reaction has a higher activation en-
ergy. This result may be explained by considering that de-
spite that secondary alcohols are more easily dehydrate
than primary alcohols [40], ether formation from 2-propanol

is not favored because it is a second-order reaction that in-

volves the adsorption of two branched alcohol molecules on
neighboring active sites offering different acid—base proper-

ties [17,48,49]. Scheme 4 shows the adsorption of one alco-

hol molecule on an acid—base pair and the other on a Lewis

acid site. In addition, DIPE has four branched methyl groups
and therefore its bulky structure impedes the free motion of
the molecule within the catalyst pores.

However, in contrast to the ether formation mechanism
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by NH3 or CO; TPD, respectively. The catalytic perfor-
mance of MgAIO, catalysts seems to be related not only
to the surface density of active sites but also to the nature of
the bulk structure and transformations in the cation Mg

or AIt) environment induced by changing the chemical
composition. For instance, MgO was the most active cat-
alyst for 2-propanol elimination reactions among the Mg-
rich Mg,AlO, samples(r < 0.5), but incorporation of just
5.8 wt% Al (sample MgAIO,) decreased the catalytic ac-
tivity by a 25% (Fig. 7). Similarly, sample MgAIO,
contains only 3.4 wt% Mg but was 80% less active than
pure AbOgs, the most active sample of the Al-rich catalysts
(r > 0.5).

4.2.1. Structural effectsin Mg-rich Mg, Al O, catalysts

The lattice parametear of hydrotalcite precursors con-
taining low Al amountgr < 0.5) decreased monotonically
with increasing: (Table 1). This contraction of the hydrotal-
cite unit cell appears to be caused by formation of a solid so-
lution, which is structurally stable because*Alcations re-
place larger Mgt cations within the brucite structure. Thus,
Al can randomly and uniformly replace Mityin octahe-
dral sites within brucite layers without disrupting the layer
structure.

During thermal decomposition of Mg-rich hydrotalcite
precursorgr < 0.5), formation of MgO (Mg cations in
octahedral sites) takes place. The fact that no segregated

daluminum phase was detected, indicates that either tfe Al

cations totally incorporate into the salt-rock structure of the
periclase phase or they form an amorphous A® Mg—Al
oxide phase not detectable by XRD.

Several authors have shown BJAl NMR that AI3*
cations in calcined hydrotalcites are coordinated to oxygen
in octahedral (Abn) and tetrahedral (Ay) environments,
with a clear predominance of aluminum in octahedral po-
sitions [13,24,25,29,52,53]. In agreement with those previ-
ous reports, out’Al NMR results of Figs. 1 and 2 indicate
that Mg-rich oxides contain both A4 and Aloh. Then, AP+
coordination changes only partially from octahedral in the

shown in Scheme 4, several authors [50,51] have proposed, ent precipitated precursor to tetrahedral in the resulting

that formation of ethers by a2 mechanism may involve
weak Brgnsted acid sites as those provided by the OH
groups in Al-rich MgAIO, samples rather than Lewis

acid sites such as Af cations. From the present results,
participation of the Brgnsted acid sites cannot be ruled out
since DIPE formation (Fig. 8B) is favored on the most
hydroxylated samples (NHTPD, L-peak, Table 2).

4.2. Sructural effects and catalytic performance

The abrupt increase of 2-propanol conversion rate ob-
served when the sample Al content reachesrawalue
slightly higher than 0.5 (Fig. 7) cannot be explained only
in terms of density of surface active sites. Also, the for-
mation rates of gone, G=, or DIPE showed no direct
correlation with the acid or base site densities determined

mixed oxide.

The break of the fitting line for AJ in Fig. 1 suggests
that ARt cations in octahedral coordination take part of
different bulk structures in Mg-richr < 0.5) and Al-
rich (r > 0.5) samples, respectively. In Mg-rich oxides,
only MgO was detected; Ak may be located in the
MgO framework forming small Adp—O—Mg domains not
detectable by XRD. The diminution of the &l/Al1q ratio
at increasing Al contents (Fig. 2) is probably due to the fact
that the AP+ cations progressively leave octahedral sites
to form incipient domains of partially inverse spinel-related
ordering in which part of the A" cations are tetrahedrally
coordinated in Af¢—O—Mg species as suggested by Shen et
al. [24].

The capacity of these Mg-rich oxides to easily regenerate
the parent hydrotalcite when exposed to ambient moisture
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Scheme 5. Structural changes produced by increasing the Al content,iAlflg catalysts.

excludes segregation of bulk alumina or spinel phases andity of MgO with the consequent drop of the acetone forma-
supports the fact that both & and Akg cations remain  tionrate (Fig. 8A). The activity for 2-propanol dehydrogena-
closely associated to the MgO matrix [29,53]. In fact, we tion decreases further with increasing Al content because
have detected on Mg-rich M&IO, oxides stored in lab  the environment of the Mg'—0?~ pairs into the MgO ma-
vials and not submitted to heat treatment before NMR trix contains a higher concentration of 3l cations. How-
analysis only one resonance peak with a chemical shift atever, since on Mg-rich MgAIO, catalysts phase segregation
around 9 ppm, which is typical of &} in hydrotalcite does not occur, 2-propanol dehydrogenation mechanism is
structures [29,53]. not changed by varying theratio.

A simplified scheme of the structural changes occur-  The structural characteristics of Mg-rich VAIO, cata-
ring in Mg,AlO, samples when the Al content increases lysts also account for the low dehydrating properties of these
is shown in Scheme 5. The structure of MgO and Mg-rich samples (Fig. 8B). The substitution of Kigfor Alop in the
mixed oxides are depicted in Scheme 5A and 5B, respec-MgO framework produces a cationic vacancy that may be-
tively. In the homogeneous structure of Mg-rich samples, have as an acid site; however, since it will be surrounded
AI3 cations are incorporated into the MgO matrix, forming by coordinatively unsaturated oxygen anions, the solid so-
small Mg—-Al domains which at higher Al contents give rise |ution will display low acidic properties. The acid site den-
to formation of separate Al-rich and Mg#Ds bulk phases  sity measured by NgITPD was almost constant on these
as shown in Scheme 5C for sample M@lO, (Table 1). samples (Table 2), thereby confirming thafAkations are

The intimate contact between Mg and AP cations  in the oxidic environment of the MgO matrix where dehy-
in the MgO framework may explain the catalytic perfor- dration reactions are not favored. This is in agreement with
mance of Mg-rich MgAIO, catalysts. In fact, the pres-  the findings of McKenzie et al. [25] who showed thafAl
ence of more electronegative %l cations in the environ-  cations associated to MgO are less active to dehydrate 2-
ment of the Mg+—O?~ pairs decreases the average basic- propanol than those of alumina.
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4.2.2. Sructural effectsin Al-rich Mg, Al O, catalysts 5. Conclusions

The rate of 2-propanol dehydration tg€ on Mg, sAlO
(r =0.67) is about two orders of magnitude higher than on o _ _
Mg,AlO, (r = 0.5) (Fig. 8B). We explained this result in 2-Propanol elimination reactions on NWIO, mixed
terms of a shift in the reaction mechanism frdeg to E» oxides yield dehydrogenation and dehydration products via
caused not only by a change of the nature and density of thereaction pathways occurring on dual acid-base sites. The
surface acid sites but also of the structure of the mixed ox- chemical nature and acid-base properties of these active

ides. sites (Mg+—0% or AI**—0?") as well as the sample bulk
XRD analysis showed that, in contrast to Mg-rich precur- structure depend on chemical composition.
sors(r < 0.5), Al-rich precursorgr > 0.5) were not able to In Mg-rich oxides AP* replace Mg" into MgO ma-

accommodate additional At cations in the brucite layers  trix forming homogeneous solids that contain mainly surface
of the hydrotalcite structure as indicated by both the invari- Mg?+—O?~ active sites. Dehydration and dehydrogenation
ance of the hydrotalcite lattice parameteand the formation ~ reactions proceed throughy cg-like mechanisms sharing a
of additional gibbsite and brucite phases on these samplescommon 2-propoxide intermediate, but 2-propanol is pref-
(Table 1). Furthermore, in precursors with> 0.83 Mg?t erentially transformed to acetone becaus&Wg>’~ sites
and AP* cations appeared only in separate hydroxide phasesefficiently catalyze dehydrogenation steps by promoting the
(brucite and gibbsite) losing the structural linkage they had «-hydrogen abstraction from the alkoxide group. Increasing
in the hydrotalcite structure but maintaining the octahedral the concentration of more electronegative’Alcations in

coordination. the environment of the Mg —O?~ pairs decreases the aver-
Then, low-temperature thermal decomposition of struc- age basicity of MgO with the consequent drop of the acetone
turally heterogeneous Al-rich hydrated precursgrs> formation rate.

0.5) led to the formation of heterogeneous mixed oxides,  Al-rich Mg, AlO, samples convert 2-propanol mainly to
all of them containing a separate quasi-amorphoy®Al propylene via anE, mechanism occurring on dual i—
phase. In sample MgAIO (r = 0.67), besides MgO_ and 02— sjtes. The shift in the dehydration reaction mechanism
Al203, bigger Mg—Al domains than those present in Mg~ om £,.5 (Mg-rich catalysts) toE» (Al-rich catalysts)
rich Mg, AlO, catalysts form a bulk MgAlO4 spinel with is produced by a change of the active site from2\ig
43% Alrg as depicted in Scheme 5C. Formation of this 2- ;) A|3+_02— and by significant modifications of the

new species suggests that botfpland Alrg cations i ;46 structure both caused by the increase of the aluminum
part have left the MgO lattice as the Al content increased content in the samples. Al-rich M@IO, samples are
3 Y L . x

andt thf[ar(_?fr(])re, Aland I\t/lgz catlonsd Io‘f‘tththﬁ',r |n2t|mate heterogeneous mixed oxides that contain a separate quasi-
;:Iontgc. € Ad)h/.t T?.ra 10 mcrefasle W r(] ig. 2) re- ‘ amorphous AlOs-like phase. Nucleation of a separate stable
t'i?] ':/? al&:l%ncgzrir;;?r;t;ncrtess;a 8 82‘3%'?;{) c:r?t(z\ .cnol\r;lcen "8 Al-rich phase provides dual At—O% active sites that
lon. Mg, AL ysts withr = & ' in Mg- dehydrate 2-propanol to propylene at high turnover rates.
Al spinel-like phase (Scheme 5D) and structurally resem- . ; .
ble low-crystallinity alumina and magnesia, as indicated b The observed increase of the dehydration rate with the

M "y 9 ' y catalyst Al content reflects then a concomitant increase of
the Alon/Al1q ratio of about 2.3 measured on these samples oo .

the surface AI*—0O?~ pair concentration.

Fig. 2). The catalyst surface might be envisaged as pure alu- . -
(Fig. 2) Y g 9 P The catalytic and structural transition from homogeneous

mina covered by MgO patches whose sizes become smallerM rich to heterogeneous Al-rich mixed oxides oceurs for
as the Al content increases. g-n 9 u : X X u

Formation of separate Al and Mg phases in Al-rich mixed samples contamlng_ M@ ratios between 0'_5 and 1, and
oxides was consistent with results obtained by NMR. In §eemsto be esse”“a”Y _related to achange 'r‘ t.he homogene-
fact, these samples exposed to ambient moisture showed? @nd phase composition of parent coprecipitated precur-
Altg and Alon resonance peaks at chemical shifts similar 5> Mg-rich hydrotalcite-like precursors contaw?ﬁland'
to those of the corresponding freshly calcined samples, Mg“" cations randomly distributed in the octahedral sites
thereby indicating that no reconstruction of binary Mg—Al within brucite layers. pecomposmon of these hydrotalcne
hydrotalcite precursors took place. precursors at 673 K yields homogeneous M, mixed

In summary, Al-rich MgAIO, catalysts(r > 0.5) are oxides that contain the Af cations totally incorporated
structurally heterogeneous mixed oxides that contain ainto the MgO framework. In Al-rich coprecipitated precur-
separate quasi-amorphous®b-like phase. Segregation of ~ sors, Mgt and AP* cations appear in separate brucite
the alumina phase occurs for samplegdglO, (r = 0.67) and gibbsite hydroxide phases, thereby losing the structural
and provides dual Aif—0O?~ active sites that dehydrate 2- linkage they had in the hydrotalcite structure. Thermal de-
propanolto G= at high turnover rates via af, mechanism  composition of heterogeneous Al-rich hydrated precursors
and also form DIPE. Increasing the Al content further forms heterogeneous MAIO, mixed oxides, all of them
increases the surface concentration ob@d-like phase, containing separate low-crystallinity magnesia and alumina
thereby favoring 2-propanol dehydration reactions. phases.
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