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Abstract

Ketonization of acetic acid vapour over polycrystalline MgO was examined both kinetically and spectroscopically from room tem
to 480◦C. The kinetic study was performed with the use of a flow-reactor and gas chromatography, whereby the reaction rate and th
selectivity were determined. The spectroscopic study was carried out by means of in situ infrared (IR) absorption measurement. N
products of adsorptive and absorptive interactions with the catalyst not only of the acid, but also of products of the reaction (ac
CO2) were identified by in situ IR spectroscopy, and quantified by thermogravimetric analysis. Moreover, adsorption and surface
of methylbutynol molecules were observed by IR spectroscopy and utilized to probe specifically the availability on MgO surfaces o
reactive base (O2−) sites. The results could help to reveal the strong catalyst tendency towards absorption of the acid and CO2 molecules, and
consequent formation of magnesium acetate and carbonate bulk phases, respectively. This unexpected behaviour of MgO, which
lattice (Mg–O bond) energy, was considered to be driven by the strong catalyst basicity (ionicity). Accordingly, the ketonization
acid over MgO was found to occur via overlapping catalytic and pyrolytic routes. Reactive species and reaction pathways involve
route were proposed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Ketonization (decarboxylative coupling) of alcohols[1],
esters[2–4], or carboxylic acids[1,5–8] is originally a bio-
logical process[9,10] that has long been successfully sim
lated at the laboratory level to produce saturated and un
urated ketones of industrial and technological importan
Whether performed in the gas phase[5,6,11,12], in solution
[13], or in the solid state[14–16], ketonization is carried ou
catalytically[5,6,17,18], pyrolytically [14–16], or photolyt-
ically [19–21]. It is considered a more efficient utilizatio
of wastes of technical fatty acids[2] and wood products
[22], and a more effective synthesis of ketones from nat

* Corresponding author. Fax: +20 86 2360833.
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0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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-

oil [23]. Moreover, its primary ketonic products are ba
chemicals for the fabrication of a variety of polymers, whi
when thermochemically condensed or sulfonated, prod
widely used metal coatings[24] and wetting and emulsify
ing agents[25].

It is worth mentioning, however, that catalytic ketoniz
tion of carboxylic acids has been considered simpler, m
economic, and more versatile than both the pyrolytic
photolytic means of ketonization[5]. In biological systems
ketonization is homogeneously (enzymatically) cataly
[9,10], but in nonbiological systems it is largely heterog
neously catalyzed. A large variety of heterogeneous ox
catalysts have been tested and found to be ketoniza
competent (e.g.,[5–9]), but only a few, namely, catalys
based on oxides of manganese[8,11,12], thorium [17,26],
cerium [5], and Na-mordenite[27], have been capable o
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bringing the reaction temperature down to< 300◦C. If the
primary ketonic products were the sought ketonization yi
it is, therefore, crucial to have the reaction proceed at a lo
temperature than that (> 400◦C) at which pyrolytic and/o
surface secondary reactions of the gas phase products a
ten triggered[28,29].

Previous research investigations of catalytic ketoniza
of carboxylic acids have most frequently been kinetic st
ies, and have rarely been in situ spectroscopic studies[5,18].
A wide range of reaction variables have thereby been
amined, including carboxylic acid chain length[8,17] and
branching[30], reaction dynamics[7], and catalyst surfac
chemistry[5,13,18], texture [11], and structure[31]. The
results obtained could reveal that a straightforward, fa
ketonization is only possible when nonbranching carbox
acids of short chain length are used. Moreover, metal o
catalysts exposing Lewis acid sites of different coordina
unsaturations (namely, five- and four-fold coordinated)[31]
with reversible redox properties[5], or coordinatively unsat
urated Lewis base sites and proton-donor centers[13], are
most active and selective.

Mechanistically speaking, however, catalytic ketoni
tion of gas-phase carboxylic acids have been suggested[32]
to follow the Langmuir–Hinshelwood model rather than
Eley–Rideal model. Recently the ketonization process
consistently been proposed to be a bimolecular, sec
order reaction between surface carboxylate species[7]. Ac-
cording to Pestman et al.[7], this is only true if the reaction
is carried out under nonstationary conditions. Otherw
under stationary conditions there is the possibility of p
tial conversion of the oxide catalyst into bulk carboxyla
which would subsequently lead to pyrolytic and/or catalyt
pyrolytic ketonization at the solid–solid oxide/carboxyla
interface thus established[7]. Metal oxides of low lattice en
ergy (i.e., dwelling weak metal–oxygen bonds) have b
believed to favor the latter mechanistic pathway[7].

With the above experimental and mechanistic consi
ations in mind, the present investigation was designe
examine the ketonization of acetic acid vapour over p
crystalline MgO catalyst, with the use of both flow a
stationary reactors, in the hope of gaining a deeper
sight into the mechanism of the reaction pathways. I
flow reactor, the gas-phase reaction mixture (reactan+
product(s)) was separated and quantified by means of a
line gas chromatograph; the gas-phase and adsorbed s
formed in a stationary reactor were in situ characteri
by Fourier transform infrared (FTIR) spectroscopy. The
actant acid chosen, CH3COOH, is significantly stable t
pyrolysis over the test reaction-temperature regime (ro
temperature (RT) to 480◦C) [5] and, furthermore, is sho
and nonbranching, indicating a straightforward ketoniza
[33]: 2CH3COOH→ CH3COCH3 + CO2 + H2O. The test
catalyst, MgO, is a typical basic oxide; its polycrystalline
ture facilitates exposure on the surface of variously coo
nated Mg2+ and O2− sites[34–38], whereas the ionic natur
of its bulk structure ought to warrant a high lattice ene
f-

-

-
es

and, consequently, no tendency toward formation of b
acetates[7]. Nevertheless, thermogravimetry was used to
plore the catalyst absorption capacity toward the reac
molecules and possible formation of bulk acetate spe
Moreover, IR spectroscopy was used to examine adsorp
and surface reactions of various probe molecules (nam
methylbutynol, acetone, and CO2) to assess the nature of t
active sites exposed on the catalyst surface, as well as
ther surface reactions of the acetic acid ketonization prod
(acetone and CO2).

2. Experimental

2.1. Materials

2.1.1. The catalyst
Polycrystalline MgO was obtained by calcination (he

ing in a static atmosphere of air) of a home-made m
nesium oxalate dihydrate (MgC2O4 · 2H2O) at 600◦C for
4 h. The parent oxalate compound was prepared, wi
procedure similar to that used previously to prepare co
oxalate[39]. Particles of a basic magnesium carbonate c
pound (Mg4(CO3)3(OH)2 · 3H2O, AR-grade Prolabo prod
uct, France) were sprinkled onto a 0.3 M aqueous solu
of oxalic acid (H2C2O4 · 2H2O, AR-grade Aldrich prod-
uct, USA) with continuous stirring and heating at 50◦C un-
til effervescence of CO2 ceased. The white precipitate th
formed (the oxalate compound) was left to settle at 50◦C
for 12 h, filtered off, washed thoroughly with distilled wat
and heated at 100◦C until complete dryness.

A previous characterization of the MgO thus obtain
[35] found the material bulk to assume the crystalline str
ture of Periclase-type cubic MgO (JCPDS 4-0829)[40] and
to comprise fine particles with an average crystallite siz
7 nm. Furthermore, the material surface was found to
sume a specific surface area of 91 m2/g and to expose wea
Lewis acid sites, associated essentially with five- and f
fold coordinated Mg2+ sites; strong basic sites, associa
with surface-OH groups bound linearly to Mg2+ sites; and
coordinatively unsaturated O2− lattice sites.

2.1.2. The reactant
Reactant molecules (CH3COOH; denoted AcOOH) wer

provided by expanded vapours of liquid glacial acetic a
(99% pure product of J.T. Baker, Holland). The source
uid was deaerated before use with in situ FTIR experim
(vide infra) by on-line freeze–pump–thaw cycles perform
at liquid nitrogen temperature (−195◦C). In the vapour
phase the AcOOH molecules are dimerized and stable to
rolysis up to 480◦C [5].

2.1.3. Infrared probe molecules
In addition to AcOOH molecules, those of meth

butynol ((CH3)2C(OH)C≡CH; denoted MBOH), aceton
((CH3)2C=O; denoted Ac), and CO2 were used as IR
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probes. The MBOH and Ac molecules were provided by
panded vapours of corresponding source liquids (AR-gr
products of Aldrich, USA), whereas the CO2 molecules were
provided by 99.99% pure, Merck carbon dioxide gas (G
many). The source liquids were deaerated before applica
by on-line freeze–pump–thaw cycles performed at liquid
trogen temperature, whereas the source gas was appli
supplied.

2.1.4. In situ treatment gases
Oxygen (O2), nitrogen (N2), and air used to furnish the a

mosphere for in situ thermal treatments and thermograv
try were 99% pure products from the Egyptian Compa
of Industrial Gases (El-Hawamdyia, Egypt). Prior to app
cation they were further purified by passage through liq
nitrogen-cooled traps.

2.2. Apparatus and techniques

2.2.1. Thermogravimetry
Thermogravimetry (TG) analysis was performed on sm

portions (10–15 mg) of test MgO samples (before and a
a 2-h exposure to AcOOH vapour at RT) while they w
heated (at 20◦C/min) in a dynamic gas atmosphere of
or N2 (40 cm3/min), with the use of a Shimadzu “Stan
Alone” thermal analyzer equipped with a TGA-50H the
mobalance and a TA-50WSI data acquisition and hand
system (Japan).

2.2.2. Infrared spectroscopy
Ex situ and in situ IR spectra were recorded over

frequency range 4000–400 cm−1, with a model Genesis-I
FTIR Mattson spectrometer (USA) and an on-line PC w
WinFIRST Lite (v1.02) software for spectra acquisition a
handling. The ex situ spectra were taken of lightly load
(< 1 wt%), thin discs of KBr-supported test samples (av
age 10 scans at 2.0 cm−1 resolution).

The in situ spectra were taken (average 100 scan
2.0 cm−1 resolution) of self-supporting, thin wafers of th
catalyst (∼ 30 mg/cm2) mounted inside a specially design
Pyrex/quartz glass, high-temperature IR static reactor
[41], equipped with BaF2 windows. The catalyst test wafe
was first outgassed at RT and 10−5 Torr (1 Torr= 133.3 Pa),
activated in a stream of O2 (50 cm3/min) at 450◦C for 1 h
and, subsequently, outgassed at the same temperatur
10−5 Torr for 30 min. The temperature was then decrea
to RT under a dynamic vacuum, the wafer and cell ba
ground spectra were acquired, and a certain dose (3–20
of either AcOOH, MBOH, Ac, or CO2 gas-phase molecule
was admitted into the cell. We maintained the gas/wafer
terface at RT for 5 min before we: (i) recorded a spectr
of the wafer (plus gas phase, cell background, and adsor
species); (ii) lifted the wafer and recorded a spectrum of
gas phase (plus cell background); (iii) pumped off the ga
phase for 5 min; and (iv) took another spectrum of the wa
(plus adsorbed species and cell background). This sequ
s

t

d

)

of measurements was repeated at higher temperatures
480◦C), and the spectra were measured after cooling to
Difference spectra of gas-phase and adsorbed species
obtained by absorption subtraction of the cell and wa
background spectra, with the use of the installed softwar

2.2.3. Gas chromatography
AcOOH ketonization activity measurement was p

formed in a flow system equipped with an all-Pyrex gla
fixed-bed reactor and a model GC-14A Shimadzu gas c
matograph (Japan). The chromatograph was equipped
flame ionization (FID) and thermal conductivity (TCD) d
tectors; a PEG 6000 10% on Shimalite TPA, 60/80 m
(2 m× 3 mm i.d.) column maintained at 140◦C; and a type
HGS-2 heatable gas-sampling valve. The flow system
heated by means of a heating tape to at least 100◦C, to
avoid condensation of both reactant and products. All r
were conducted at atmospheric pressure, with the us
0.86% AcOOH in a stream (165.4 cm3 (STP)/min) of dry
N2 and a prestabilized catalyst sample (50 mg) at 450◦C
for 1 h, and measurements were undertaken during s
wise heating from RT up to 480◦C. To allow for a steady
state, the AcOOH/catalyst interface was maintained at
set temperature for 5 min before gas samples were subje
to gas chromatography (GC) analysis. The recorded va
of the peak areas were converted into gas concentra
with the use of sensitivity factors determined by calibrati
Conversion (%), reaction rate (mmol h−1 g−1

cat), and catalyst
selectivity were calculated as detailed earlier[42]. It is worth
mentioning that in a single exploratory attempt measu
ments were carried out on cooling from 480◦C down to RT.
However, this mode of measurement was abandoned
the initially white catalyst material was rendered grayish
color. A postanalysis of the catalyst revealed formation
carbonaceous deposits.

3. Results and discussion

3.1. AcOOH absorption capacity

The capacity of metal oxides to absorb AcOOH mo
cules and form bulk acetate compounds has been intim
related to the oxide lattice energy (the metal–oxygen b
strength)[43]. This relationship has been based on the g
erally higher thermodynamic stability of metal acetates co
pared with the corresponding metal oxides[43]. Accord-
ingly, the present metal oxide catalyst (MgO), which is c
sidered to be one of the oxides assuming high lattice
ergy [7], ought to exhibit no tendency toward absorption
AcOOH molecules. In contrast, Pestman et al.[7], through
quantitative estimation of AcOOH gas phase over MgO a
function of temperature, have found indications of the
currence of absorption and formation of bulk magnes
acetate. Therefore, we found it imperative in the presen
vestigation to examine the MgO material itself before a
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Fig. 1. Ex situ IR spectra taken at room (beam) temperature
KBr-supported samples of the materials indicated (AcOOH(g)/MgO =
MgO following exposure to AcOOH vapour at RT for 2 h).

after exposure to an AcOOH atmosphere at RT for 2 h, us
respectively, IR and TG analyses for qualitative and qua
tative assessments of the phenomenon.

The IR spectra (ex situ) obtained are compared inFig. 1
with a spectrum exhibited by a commercial magnesium
etate compound. The comparison reveals beyond a dou
conversion of MgO into acetate bulk phase by disclosing
complete disappearance of the very strong, broad IR ab
tion (centered around 470 cm−1) due to lattice Mg–O bond
vibrations[44] in the spectrum (labeled AcOOHg/MgO) ob-
tained following exposure to acid vapour. The latter sp
trum displays instead two very strong absorptions at 1
and 1397 cm−1, assignable to antisymmetric and symme
νCOO− vibrations of acetate species[45], which are quite
comparable to those monitored in the spectrum taken o
bulk Mg(CH3COO)2 · 4H2O compound. Moreover, the tw
spectra exhibit similarly ill-defined absorptions (at 165
1640 cm−1) assignable toδOH vibrations of water mole
cules; very broad absorptions, centered around 3411 c−1

and due toνOH vibrations of associated OH-groups[46];
and a set of sharp absorptions at� 1005 cm−1 due toδC–
H/νC–O/νC–C vibrations of the acetate species[45]. It is
worth noting that the extra absorptions monitored at 3
and 1470 cm−1 in the spectrum taken of MgO, before e
e

-

Fig. 2. TG (and DTG) curves exhibited on heating (at 20◦C/min) small
portions (10–15 mg) of the materials indicated in the atmosphere o
(50 cm3/min).

posure to the acid atmosphere, are due respectively toνOH
andνOCO vibrations of isolated surface hydroxyls and c
bonate impurity species[47]. The fact that theνOH vibra-
tions occur at a much higher frequency than that (37
3740 cm−1) reported[34] for νMgO–H exposed on pur
magnesia surfaces, may be attributed to direct or ind
impacts of the sample support (KBr). The ex situ mode
measurement may relate, moreover, the observed assoc
of OH groups (the absorption centered around 3411 cm−1)
to adsorption of atmospheric water molecules.δOH vibra-
tions of H2O molecules may still be resolved in the spectr
of MgO near 1650 cm−1.

The question of whether the exposure to the AcO
vapour quantitatively converted the MgO into bulk acet
compound was addressed by TG analysis of the oxide
fore and after exposure to the acid atmosphere. The TG
DTG (differential thermogravimetric analysis) curves o
tained are compared inFig. 2 with the curves exhibited b
a commercial Mg(CH3COO)2 · 4H2O compound. Wherea
the oxide before exposure to the acid atmosphere is sh
(Fig. 2A) to suffer only a minute mass loss (∼ 1.5%) upon
heating to 550◦C, most probably as a result of eliminatio
of the IR-detected surface impurity species, a much la



G.A.H. Mekhemer et al. / Journal of Catalysis 230 (2005) 109–122 113

sed
s
cor-

cial
al
.3%
m-
ts a
te
dra-
nto
eed
V).
e is

s I
he
rved
that
a-

the
for-
ults
O
of

nd-
n e
of
rgy

he
nd
t.

ab-

d
e for
face

-

d
nd

-
0–

-

rbed

on of

and

-
he

ega-

602,
p-
tate
b-

-

-
s in
lied
e
er-

e
ved
ot
total mass loss (82.3%) is conceded by the oxide expo
to the acid atmosphere (Fig. 2B). Both the total mass los
and the four mass loss steps (steps I–IV) resolved in the
responding TG and DTG curves (Fig. 2B) are very similar
to those (81.5%; four steps) exhibited by the commer
acetate compound inFig. 2C, although the observed tot
mass loss for the test acetates is very close to that (81
expected for complete conversion into pure MgO. IR exa
ination of the solid-phase acetate decomposition produc
250, 320, and 400◦C revealed the formation of intermedia
anhydrous magnesium acetate following a two-step dehy
tion (steps I and II), which decomposes through step III i
an intermediate basic magnesium carbonate and proc
to the formation of pure MgO via the mass loss step (I
This suggested that the thermal decomposition cours
largely similar to that reported elsewhere[47], except for
the sole formation of anhydrous acetate following step
and II. Bernard and Busnot[47] have suggested, instead, t
formation of a basic acetate phase. Although the obse
mass loss via steps I and II (ca. 40%) is rather close to
(ca. 36%) expected for the elimination of the 4 moles of w
ter, the ambiguity shrouding the molecular structure of
proposed basic acetate prevents us from excluding its
mation. Hence, the TG results complement the IR res
in disclosing the high AcOOH absorption capacity of Mg
at RT. A quantitative conversion into a bulk compound
acetate tetrahydrate is feasible within 2 h at RT. This fi
ing can lend strong support to the conclusions of Pestma
al. [7], who argued that the AcOOH absorption capacity
metal oxides is enhanced not only by the low lattice ene
of the oxide, but also by the oxide basicity (ionicity). T
following section may help us to probe the availability a
reactivity of basic sites exposed on the test MgO catalys

3.2. Surface site reactivities

3.2.1. CO2/MgO
Fig. 3compares three in situ IR spectra taken of CO2/MgO

over theνOCO frequency range (1800–1200 cm−1); they
are for the irreversibly adsorbed species at RT, 200◦C, and
400◦C. The RT spectrum displays three strong, broad
sorptions centered around 1646, 1517, and 1393 cm−1; two
medium-to-strong shoulders at 1688 and 1357 cm−1; and
three tiny absorptions at 1291, 1263, and 1218 cm−1. Ac-
cording to Busca and Lorenzelli[48], the frequencies an
the obvious broadness of these absorptions suggest th
mation of a mixture of carbonate and bicarbonate sur
species. The peaks around 1517 and 1393 cm−1 are due,
respectively, toνas andνsOCO vibrations of monodentate
bound carbonate species (�ν = νas− νs < 200 cm−1) [48],
whereas the high-frequencyνasOCO peaks at 1688 an
1646 cm−1 are usually considered to be for bidentate-bou
carbonate and/or bicarbonate species[48]. The correspond
ing νsOCO vibrations should occur respectively at 135
1270 and 1450–1400 cm−1; that is, they may still con
)

t

s

t

-

Fig. 3. In situ IR spectra taken at beam temperature of irreversibly adso
species of CO2 on MgO at the temperatures indicated (the 200 and 400◦C
spectra are difference spectra obtained following absorption subtracti
the RT-spectrum).

tribute to the large absorptions centered around 1517
1393 cm−1.

The 200 and 400◦C spectra (Fig. 3) are difference spec
tra obtained following subtraction of the RT spectrum. T
200◦C spectrum shows retrogression of absorptions (n
tive peaks) at 1680, 1512, 1389, 1253, and 1216 cm−1 and
persistence of absorptions (positive peaks) at 1650, 1
1358, 1313, and 1272 cm−1. The weakened set of absor
tions is due exclusively to bicarbonate and monoden
carbonate species[48,49], whereas the persistent set of a
sorptions is due to bidentate carbonate species[47]. In a
recent investigation[35], deconvolution of a similar IR spec
trum, taken of CO2/MgO, resolved weakνOCO absorptions
(at 1591, 1523, 1497, and 1456 cm−1) assignable to bulk
like carbonate species. Occurrence of such absorption
the present spectra would be consistent with the IR-imp
tendency of MgO to absorb CO2 and form bulk carbonat
species (Fig. 3) and, therefore, cannot be excluded with c
tainty. Upon a further increase of temperature to 400◦C, the
difference spectrum obtained (Fig. 3) shows a progressiv
indiscriminate weakening of all of the absorptions obser
initially in the RT spectrum. This indicates clearly that n
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only surface carbonate species (Figs. 2B and C) but also
bulk-like carbonates are largely destabilized at 400◦C.

Within the context of the present work, the above res
may support the following conclusions: (i) the irreversi
adsorption of the weakly acidic CO2 molecules on MgO a
RT reflects the availability on the surface of strong ba
(O2−) sites and Lewis acid sites (coordinatively unsatura
Mg2+ sites) to stabilize the CO32− species thus formed[35];
(ii) formation of bicarbonate species may account, moreo
for the availability of basic surface OH− groups; and (iii)
the likely formation of bulk-like carbonate species can f
ther support attribution of the absorption of the acidic C2
molecules to the MgO basicity.

3.2.2. Ac/MgO
IR spectra taken of irreversibly adsorbed species of

molecules on MgO at various temperatures are show
Fig. 4A, and the corresponding gas phase spectra are g
in Fig. 4B. The RT spectrum monitors a set of IR absorptio
(at 1705–1572 cm−1) due toνC=O vibrations and anothe
set occurring at lower frequencies (at 1469–1365 cm−1)
assignable to relevantδC–H/νC–O/νC–C vibrations[50].
According to Bellamy[45], νC=O vibration frequency o
monocarbonyl ketones is very much influenced by the
tone physical state, intra- and intermolecular associat
with adjacent polar groups, and conjugation with olefi
groups. Thus, theνC=O frequency of free Ac molecules
the gas phase (normally occurring around 1740 cm−1) has
been shown[45] to suffer a red shift (to 1725–1700 cm−1)
upon liquefaction, and further red shifts upon coordinatio
an acidic center (to 1630 cm−1), intramolecular interaction
with adjacent OH groups (to 1600 cm−1), and conjugation
with adjacent olefinic groups (to 1550 cm−1). Accordingly,
and in the light of previous reports by Zaki et al.[50] and
Panov and Fripiat[51], νC=O absorptions at 1705 an
1638 cm−1 can be considered to be indicative of coordi
tion of Ac molecules ((CH3)2C=O → Mg2+) to differently
coordinatively unsaturated Lewis acid sites (five- and fo
fold coordinated Mg2+), and theνC=O absorptions at 161
and 1572 cm−1 to coordination of Ac condensation produc
of diacetone alcohol ((CH3)2C(OH)–CH2(CH3)C=O →
Mg2+) and mesityl oxide ((CH3)2C=CH–(CH3)C=O →
Mg2+). It is worth noting that Fouad et al.[52] have ob-
served the occurrence of an aldol-condensation-type of r
tion of Ac molecules on pure and doped magnesia surfa
and attributed the reaction to the surface basicity and the
bilization of the reaction products to the availability on t
surface of Lewis acid sites.

When the temperature is increased to 200◦C, the spec-
trum obtained (Fig. 4A) reveals the disappearance of m
of the absorptions observed at RT and the emergence
stead, of two strong absorptions (at 1581 and 1423 cm−1)
assignable, respectively, toνas and νsCOO− vibrations of
surface acetate species. On the other hand, the spe
obtained following heating of Ac/MgO at the higher te
perature of 400◦C (Fig. 4A) shows the frequency range e
-
,
-

-

Fig. 4. In situ IR spectra taken at beam temperature of irreversibly adso
species (A) and the gas phase (B) of acetone vapour on MgO at the
peratures indicated (in this and the following figures, the adsorbed sp
spectra (A) were obtained following subtraction of the MgO backgro
spectrum, the gas phase spectra (B) were obtained after subtraction
cell background spectrum, and the insets are close-ups for the corres
ing weak peaks).

amined to be dominated by an ill-defined, very strong
broad absorption exhibiting maxima at 1558, 1449, 13
and 1274 cm−1. These considerable modifications at 400◦C
may well be ascribed to the formation of surface/bulk c
bonate species, most probably as a result of the ads
tion/absorption of CO2 molecules produced at the expen
of decomposing surface acetate species[53]. These and the
above results indicate: (i) chemisorption of Ac molecu
and their subsequent surface (condensation) product
MgO at RT; (ii) activation of the RT chemisorbed spec
for surface oxidation into acetate species at 200◦C; and (iii)
formation of surface/bulk carbonate species at 400◦C, as a
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result of adsorption/absorption of CO2 molecules release
by decomposing acetate surface species. It is worth no
that all of these primary and secondary surface reaction
Ac molecules are known to be catalyzed by surface b
sites[54]. Thus the occurrence of these condensation r
tions reveals that the basic sites exposed on the test mag
are not only strong, but reactive.

Concomitantly, the spectra taken of the Ac gas ph
(Fig. 4B) at RT and following heating up to 300◦C showed
nothing but absorptions due toνC=O (at 1739 cm−1) and
δC–H/νC–O/νC–C (at 1433, 1365, 1218 cm−1) vibrations
of Ac molecules[54]. The absorption intensities remain
unchanged even from RT to 300◦C. Only as the temperatur
reached 400◦C did the spectrum obtained (Fig. 4B) exhibit a
detectable intensity loss for the Ac absorptions, as well as
emergence of weak absorptions due to CO2 (at 2345 cm−1),
CO (at 2143 cm−1), and CH4 (at 1309 cm−1) mole-
cules[54]. The CO2 and CH4 molecules are possible decom
position products of surface acetate and carbonate sp
[53,54], and the formation of minute amounts of CO mo
cules may indicate the pyrolysis of a small proportion of
Ac molecules[7]. The other expected pyrolytic products
Ac (ketene)[7] are hardly detectable in IR spectra domina
by strong characteristic absorption of Ac molecules[45].

3.2.3. MBOH/MgO
Fig. 5A compares IR spectra taken of MBO

((CH3)2C(OH)C≡CH) adsorbed species on MgO from R
to 400◦C. The RT spectrum monitors a composite, bro
absorption (centered around 3656 cm−1) due toνOH vibra-
tions of associated (hydrogen-bonded) hydroxyl groups
volving Mg–OH groups (responsible for the absorption i
tially at 3749 cm−1) and the alcohol–OH groups. It exhibit
moreover, two twin absorptions at 3307 and 3214 cm−1

assignable toνCH vibrations of acetylenic groups boun
to the surface in two different modes[55,56]: (i) via inter-
action of the triple-bondπ -electrons with Lewis acid site
(HC≡. . .Mg2+), and (ii) via interaction of the acetylenic hy
drogen with strong Lewis base sites (≡CH. . .O2−), respec-
tively. It also displaysνCH3 absorptions (at 2985, 2936, an
2865 cm−1) and δCH/νC–O/νC–C absorptions (at 1474
1087 cm−1) of alkoxide (methylbutynoxide) species[55].
Hence, the RT spectrum reveals that adsorptive interac
at the MBOH/MgO interface results in alcohol-irreversib
dissociative adsorption (the following equations) and non
sociative adsorption via hydrogen bonding to the surface

MBOH(g) + Mg2+
(s) + O2−

(s) → MBO−. . .Mg2+
(s) + HO+

(s) (1)

and/or

MBOH(g) + Mg2+
(s) + HO−

(s) → MBO−. . .Mg2+
(s) + H2O(s),

(2)

where g= gas and s= surface. The tiny but distinct absor
tion displayed in the RT spectrum at 1638 cm−1 may account
for δOH vibrations of surface water molecules, thus giv
preference to the alkoxide formation via Eq.(2).
ia

s

Fig. 5. In situ IR spectra taken at beam temperature of irreversibly adso
species (A) and the gas phase (B) of methylbutynol on MgO at the tem
atures indicated.

At higher temperatures (� 200◦C), the spectra obtaine
(Fig. 5A) indicate a gradual oxidative decomposition of t
RT dissociatively and nondissociatively adsorbed specie
MBOH, leading eventually to the formation of acetate s
face species. The antisymmetric and symmetricνCOO vi-
brations occurring respectively at 1589 and 1430 cm−1 char-
acterize these high-temperature surface species. It is ob
from these results that both the RT and high-temperature
sorptive interactions of MBOH with MgO are driven by th
oxide basic sites (OH− and O2−), whereas Lewis acids stab
lize the resulting adsorbed species (MBO− and CH3COO−).

The corresponding gas-phase spectra (Fig. 5B) indicate
almost complete catalytic decomposition of MBOH mo
cules at� 200◦C; the diagnostic absorptions of the alcoh
observed in the RT spectrum (νOH at 3645 cm−1, νCH≡
at 3329 cm−1, and νCH3 at 2996–2892 cm−1 [55]) are
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completely absent from the� 200◦C spectra. Instead, th
high-temperature spectra display diagnostic absorption
acetylene (νCH≡ at 3290 cm−1 andνC≡C at 2129 cm−1

[45]) and Ac (νC=O at 1741 cm−1) molecules. According
to Lauron–Pernot et al.[57], the catalytic decomposition o
MBOH into Ac and acetylene molecules is indicative of
exposure on the surface of strong basic sites.

3.2.4. AcOOH/MgO
IR spectra taken of surface species resulting from AcO

adsorption on MgO between RT and 200◦C (Fig. 6A) are
very similar in showing elimination of theνOH absorption
(at 3749 cm−1) of surface Mg–OH groups, displaying, i
stead, a broadνOH absorption (around 3612 cm−1) of asso-
ciated OH groups, and anotherνOH absorption (3481 cm−1)
due, most probably, to isolated AcOOH molecules. T
also similarly monitor a set of three very strong absorptio
two of these are evidently broad (at 1594 and 1436 cm−1),
and the third (at 1349 cm−1) is very sharp. The three o
them are due toνCOO− vibrations of acetate groups; th
two broad ones are reminiscent of surface acetates[5],
whereas the sharp one is due toνsCOO− of bulk acetates
(Fig. 1). The higher-frequencyνasCOO− absorption is mos
probably shrouded by the two broad absorptions[45]. The
weak absorptions at 1245 cm−1 and the two very shar
absorptions at 1054 and 1032 cm−1 are similar to those
displayed forδCH/νC–O/νC–C vibrations of bulk acetate
(Fig. 1). Admittedly, however, one cannot exclude w
certainty a contribution fromδOH vibrations of nondisso
ciatively adsorbed AcOOH molecules to the absorption
1245 cm−1 [42]. νCH3 vibrations relevant to these vario
types of AcOOH adsorbed species are shown to absorb
3012–2936 cm−1.

Hence, the spectra obtained between RT and 200◦C sup-
port conclusions regarding the adsorption of AcOOH
MgO in two different modes: (i) nondissociative adsorpt
in the form of hydrogen-bonded AcOOH molecules m
abundantly at RT (Eq.(3)) and (ii) dissociate adsorption
the form of surface acetate groups (Eq.(4)). Moreover, they
indicate absorption of AcOOH molecules, leading even
ally to the formation of bulk acetates (Eq.(5)), as shown by
the following equations:

CH3COOH(g) + Mg–OH(s) → CH3

=O

C–O –H........HO–Mg(s),

(3)

CH3COOH(g) + Mg2+
(s) + O2−

(s) → CH3COO−. . .Mg2+
(s)

+ HO−
(s), (4)

2CH3COOH(g) + MgO(b) → Mg(CH3COO)2(b) + H2O,
(5)

where b= bulk. When the temperature is increased
400◦C, the spectrum obtained (Fig. 6A) indicates persis
tence of theνCOO− absorptions of surface acetates (at 15
and 1430 cm−1) with considerable band narrowing, and
t

Fig. 6. In situ IR spectra taken at beam temperature of irreversibly adso
species (A) and the gas phase of acetic acid on MgO at the temper
indicated.

marked weakening of the absorptions due to bulk acetate
1349, 1245, 1054, and 1032 cm−1). The concomitantly con
siderably weakenedνCH3 absorptions (at 3012–2936 cm−1)
may owe most of their existence to the bulk rather t
surface acetates. It is worth admitting that contributions
νOCO vibrations of bulk and/or surface carbonate specie
the strong absorptions of the band structure at< 1750 cm−1

cannot be totally ruled out.
The corresponding gas-phase spectra (Fig. 6B) reveal

the persistence of diagnostic absorptions of free and di
ized AcOOH molecules with heating to 200◦C: νOH at
3585 cm−1 (free), νOH at 2985 cm−1 (dimerized),νC=O
at 1785 cm−1 (free),νC=O at 1736 cm−1 (dimerized), and
δC–H/νC–O/νC–C at 1518–1065 cm−1 (free and dimer-
ized) [45]. When the temperature is increased to 400◦C,
that is, to the temperature where decomposition of bulk
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etates is made prominent (Fig. 6A), the gas-phase spectru
obtained (Fig. 6B) indicates drastic weakening of the ac
absorption, with emergence of characteristic absorption
Ac (at 2974, 1736, 1430, 1365, and 1218 cm−1; cf. Ac di-
agnostic spectra inFig. 4B), CO2 (at 2341 cm−1), and CO
(at 2150 cm−1) molecules. These results were observed,
weakly, in a gas-phase spectrum obtained following h
ing at 300◦C (not shown). Accordingly, one can conclu
that the onset of AcOOH ketonization, both pyrolytica
(via bulk acetates) and catalytically (via surface acetat
commences near 300◦C.

3.3. AcOOH ketonization

3.3.1. Reaction behavior
Fig. 7 illustrates the reaction behavior of AcOOH ov

MgO as observed chromatographically in a flow re
tor (Fig. 7A) and IR-spectroscopically in a static reac
(Fig. 7B). The amount of AcOOH and its detectable pro
ucts (Ac and CO2) are graphically presented as a function
temperature inFig. 7A, and as a function of time at 300◦C in
Fig. 7B. Separation and estimation of water among the pr
ucts was not feasible with the analytical techniques app
However, two important observations may signify its f
mation: (i) the display of IR absorptions due to bending
1650 cm−1) and stretching (at 3612–3400 cm−1) vibrations
of O–H bonds of hydrogen-bonded and coordinated H2O

Fig. 7. Composition of the reaction mixture of acetic acid ketoniza
over MgO in a flow-reactor as a function of temperature (A), and in a
tic-reactor (at 300◦C) as a function of time.
molecules in spectra taken of adsorbed species establ
on the catalyst during the reaction (Fig. 6A), and (ii) the ob-
served product/reactant proportions (Fig. 7A), which do not
fit the reaction stoichiometry[5,7]

2CH3COOH→ CH3COCH3 + CO2 + H2O, (6)

unless production of water is considered.
Fig. 7A demonstrates a sudden, considerable consu

tion of the amount of the acid when it is allowed to flo
over the catalyst near RT, without detectable release of p
ucts. Hence, it is due solely to uptake by the catalyst sur
and bulk, as evidenced by the IR spectra shown inFig. 6A.
This behaviour is shown to continue to occur, but to a les
extent, at higher temperatures up to about 250◦C, where
the amount led of the acid is shown to remain unchang
Fig. 7A reveals three different temperature-dependent
haviors at higher temperatures: (i) at 250–300◦C, a mild
consumption of the acid, corresponding to a minute prod
tion of Ac and CO2; (ii) at 300–360◦C, a steep, considerab
consumption of the acid, corresponding to a proportiona
crease in the amounts of the products, particularly of the
molecules; and (iii) at> 360◦C, a steady consumption of th
acid, and a corresponding steady production of Ac and C2.
When it is correlated with results conveyed by the IR spe
shown inFig. 6, one may relate the accelerated ketonizat
at 300–360◦C to the observed decomposition of the cata
bulk acetate species, which has been formed, together
surface acetates, at the lower temperature regime. Thus
steady ketonization reached at> 360◦C can be considere
to be indicative of pure catalytic ketonization, in which t
surface reactions are the key player and the compositio
the reaction mixture is thermodynamically controlled. T
observed destabilization of bulk magnesium acetate and
intermediate bulk carbonate at> 300◦C (Figs. 2, 3, and 6)
lends strong support to the temperature-dependent rea
behavior described above.

The time-dependent reaction behavior at 300◦C (Fig. 7B),
the temperature at which bulk acetate and carbonate sp
commence to decompose, indicates a steep consumpti
almost 80% of the acid within the first 10 min of the react
lifetime, followed by a slow consumption of the remaini
amount (20%) over the following 10 min. Corresponding
both Ac and CO2 are produced in different magnitudes b
display similar time-dependent behaviors. As the amoun
Ac is shown to shoot up to ca. 60% within the first 2 m
the amount of CO2 also steeply increases, reaching 20
Afterward, the amount of Ac continues to increase, tho
gradually, reaching almost 100% after the elapse of 20
of the reaction, and the amount of CO2 also undergoes
gradual increase, up to ca. 40%, over the same time
> 20 min, the time-dependent behaviors of the amount
Ac and CO2 are different. Whereas the amount of Ac und
goes a continuous but gradual decrease with time, drop
back to ca. 70% after the elapse of 75 min, the amoun
CO2 shows, conversely, a two-step increase, reaching 1
over the same period of time. In the first step, at 20–23 m
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Fig. 8. Reaction rate and selectivity of acetic acid ketonization over M
as a function of temperature.

the amount of CO2 jumps from 40 to 75% and then remai
almost constant until the elapse of ca. 50 min, where
second step commences, gradually increasing the amou
CO2, to 100%.

Recall that at 300◦C, the temperature at which bulk ma
nesium acetate is at the verge of thermal destabilization
isothermal consumption of AcOOH (Fig. 7B) can still be at-
tributed to its joint catalytic and pyrolytic ketonization. T
almost complete consumption of AcOOH within the fi
10 min may be attributed to both adsorption and absorp
of its molecules by the catalyst. On the other hand, the ti
dependent production behaviors of Ac and CO2 should also
account for their further surface reactions. Accordingly,
gradual decrease in Ac at> 20 min can be correlated we
with the IR results shown inFig. 4. In other words, the los
in concentration of Ac can be ascribed to its adsorption,
subsequent aldol-condensation-type of reaction and ox
tion into surface acetates, as monitored in the spectra sh
in Fig. 4A. These adsorptive interactions may lead to a
lease of CO2 into the gas phase, following the establishm
of equilibrium concentration of CO2 over a wide range o
time (23–48 min), which may explain the second step in
production of CO2 (at> 50 min,Fig. 7B). The first step (20–
23 min,Fig. 7B), on the other hand, may be ascribed to C2
production at the expense of formation and subsequen
composition of carbonate species (Fig. 3). This may explain
the early low (nonstoichiometric) production of CO2.

3.3.2. Reaction rate and selectivity
Fig. 8demonstrates the total reaction rate (mmol h−1 g−1

cat)
and selectivity (%) obtained for AcOOH ketonization ov
MgO as a function of temperature in the flow reactor. I
obvious from the results that the reaction commences
250◦C at a moderate rate until the temperature of 300◦C is
reached. At this temperature range, the Ac selectivity of
reaction is markedly higher than the CO2 selectivity. When
the reaction temperature is increased, the reaction ra
steeply enhanced, reaching a maximum value near 35◦C.
In the meantime, the Ac and CO2 selectivities of the reactio
converge, reaching their closest approach near 325◦C, and
remain as close over the higher temperature regime. T
f

-

r

,

both the dramatic change in the reaction rate and the i
pendent changes in the reaction selectivity are compa
with the observed changes of the reaction behaviors
function of temperature (Fig. 7A), accounting for the occur
rence of two different types of ketonization reaction. T
is in the sense that the production of Ac and CO2 from one
and the same reaction route would have been reflected in
and the same pattern of Ac and CO2 selectivity change as
function of temperature.

3.3.3. Reaction type
The reaction behavior, rate, and selectivity changes

scribed above imply the occurrence of acid ketonization o
MgO via two overlapping routes: the pyrolytic and cataly
routes. In the pyrolytic route, AcOOH molecules are
sorbed, leading to the formation of bulk magnesium ace
(Eq.(5)), which is, subsequently, thermally decomposed
leasing Ac and CO2 molecules into the gas phase. In t
catalytic route, on the other hand, AcOOH molecules are
sociatively adsorbed in the form of surface acetates (Eq.(4)),
which are activated on the surface for conversion into g
phase Ac, CO2, and H2O molecules. The formation an
subsequent decomposition of bulk and/or surface car
ate species in the pyrolytic or the catalytic route may a
be assumed to indicate intermediate precursor specie
the production of CO2 molecules. Therefore, bulk magn
sium acetate and carbonate compounds were thermall
alyzed, and their solid- and gas-phase decomposition p
ucts were chromatographically and spectroscopically id
tified and quantified, in an attempt to characterize reac
events and products involved in the pyrolytic route. Con
quently, it is hoped that those involved in the catalytic ro
may be discerned.

Fig. 9 exhibits TG (and corresponding DTG) curves o
tained for bulk MgCO3 (Fig. 9A) and its physical mixture
with bulk Mg(CH3COO)2 · 4H2O (Fig. 9B) in an air at-
mosphere. TheFig. 9B inset, moreover, shows a DTG cur
obtained (at 300–400◦C) for the acetate compound only, in
nitrogen atmosphere. The results presented inFig. 9A show
the magnesium carbonate compound to decompose in
steps maximized at 250 and 438◦C in the air atmosphere
In the same atmosphere, the mixture of the carbonate
acetate compounds gave rise to TG and DTG curves
solving the previously observed decomposition steps of
acetate compound (Fig. 2C) as occurring at almost the sam
temperatures (82, 130, and 357◦C) and the major decompo
sition step of the carbonate compound as occurring at al
100◦C less than the pure compound (i.e., at 336 instea
438◦C; Fig. 9A). This indicates beyond doubt that in the c
existence of acetate bulk species the decomposition o
carbonate bulk species is markedly enhanced. Eventu
the carbonate compound, which is thermally more sta
than the acetate compound, decomposes just a bit e
than the acetate compound (Tmax = 336 and 357◦C). Thus,
when they coexist, the decomposition courses of the car
ate and acetate compounds overlap.
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Fig. 9. TG (and DTG) curve obtained on heating (at 20◦C/min) small portions (10–15 mg) of bulk magnesium carbonate (A) and its physical mixture with
magnesium acetate (B) in the atmosphere of air (50 cm3/min) (the inset DTG curves was obtained in nitrogen atmosphere), and GC-determined conce
of the indicated (C) gas phase decomposition products of the magnesium acetate as a function of temperature.
mal

and
om-
igh-
atter
der-

ix-
r
d

e-
ition

f an

sur-

ns

rp-
stic

of
e of

se
When carried out in an nitrogen atmosphere, the ther
decomposition of the acetate compound is shown (Fig. 9B,
inset) to exhibit two mass loss steps maximized at 333
360◦C. The low-temperature step is assigned to dec
position of the acetate into carbonate, whereas the h
temperature step is assigned to decomposition of the l
into MgO. The relative magnitudes of mass losses un
taken via the two steps are closer to that shown for the m
ture of acetate and carbonate (Fig. 9B) than that observed fo
the pure acetate compound (Fig. 2C) when it is decompose
in air. These results indicate that the formation of interm
diate carbonate compound during the acetate decompos
into MgO is considerably hampered in the presence o
oxygen (air) atmosphere.
In line with the results presented inFigs. 2 and 9
(A and B), in situ IR spectra taken of the gas phase
rounding a sample of Mg(CH3COO)2 · 4H2O, which has
decomposed inside the IR cell upon heating to 480◦C, are
compared inFig. 10. The spectra taken from RT to 200◦C
are similar in displaying nothing but diagnostic absorptio
of dimerized AcOOH molecules (seeFig. 6B for authentic-
ity). At 250–400◦C, the spectra show the AcOOH abso
tions to weaken gradually, with the emergence of diagno
absorptions of Ac (at 1368, 1218, and 1092 cm−1) and CO2

(at 2336 cm−1) molecules. At the higher temperature
480◦C, the spectrum obtained monitors the emergenc
detectable absorptions due to CO (at 2150 cm−1) and CH4

(at 3016 and 1308 cm−1) molecules, largely at the expen
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of some Ac molecules. Hence, the detectable, primary
phase decomposition products of the test acetate comp
are AcOOH, Ac, and CO2 molecules.

Fig. 9C shows variation of the concentration (%) of t
gas-phase decomposition products (AcOOH, Ac, and C2)
of the bulk acetate compound as a function of the dec
position temperature. The results indicate, in line with th
exhibited inFig. 10, that the release of detectable amou
of the products occurs near 225◦C, that is, following de-
hydration of the acetate (Mg(CH3COO)2 · 4H2O, Fig. 2C).
At higher temperatures, the amount of AcOOH decrea
steeply at 225–250◦C, but gradually at> 250◦C. In con-
trast, the amount of Ac remained largely unchanged u
340◦C, when it decreased steeply to an almost cons
value until it reached a temperature of 425◦C. On the other
hand, the amount of CO2 increased steeply with temperatu
up to 250◦C, then gradually up to a constant value with
further temperature increase to 340◦C. Above 340◦C, the
amount of CO2 increased steeply again, reaching anot
constant value at 360◦C.

The above results (Fig. 9C) may help us to characteriz
the pyrolytic course of AcOOH ketonization. It is shown
commence near 225◦C by the production of Ac and CO2,
where the latter product is initially markedly taken up
freshly generated MgO particles to form, most likely, b
and/or surface carbonate species (Fig. 3). Near 340◦C, the
Ac molecules are markedly used up in adsorption and
face reactions as the generation of MgO is, expectedly,
siderably enhanced around this temperature (Fig. 2C). MgO
is most probably formed at the expense of intermediate
bonate compound (the product of CO2 absorption). Thus, th
observed upsurge in the production of CO2 at 340–360◦C
must have been associated with the thermal decompos
of the intermediate carbonate compound. These conclus
are supportive of suggestions put forward[7] regarding the
concurrence of pyrolytic ketonization during the cataly
ketonization of AcOOH on MgO.

3.3.4. Reaction mechanism
The results presented above provide strong indicat

of the ketonization of AcOOH vapour over MgO both p
rolytically and catalytically at� 225◦C. The pyrolytic route
commences at 225◦C after the absorption of AcOOH mole
cules and the formation of bulk magnesium acetate spe
which occurs readily and quantitatively (in 2 h) near RT,
described by Eq.(5). It involves, most likely, the formation
and subsequent decomposition of intermediate bulk an
surface carbonate species, as depicted in the following
tion pathways:

Mg(CH3COO)2(b)
I→ CH3COCH3(g) + MgCO3(b)
II→ CH3COCH3(g) + CO2(g) + MgO.

The strong MgO tendency toward AcOOH absorpt
(Fig. 2B) is motivated primarily by the strong basicity (io
d

s

,

-

icity) of the oxide. Of course, the known dehydration
tivity of MgO [58] would also promote the acid absorptio
The ketonization pathway I finds stronger support from
present results than the pathway II.

On the other hand, the catalytic ketonization is show
occur detectably at� 300◦C, probably after the advance
the pyrolytic ketonization and the consequent generatio
free MgO surfaces. The initial step of the reaction see
to be the adsorptive interaction of AcOOH molecules w
MgO surfaces, leading to the formation of surface ace
species (Eq.(4)). Subsequently, the catalytic ketonizati
route may involve the following reaction pathways:

2CH3COO−. . .Mg2+
(s) + 2OH−

(s)
I→ CH3COCH3(g) + CO2(g) + H2O(g)

+ 2Mg2+
(s) + 2O2−

(s)
II→ CH3COCH3(g) +CO3

2−. . .(Mg2+)2(s)

+ H2O(g) + O2−
(s) .

The IR evidence for the involvement of isolated Mg–O
groups (Fig. 5A) lends strong support to the suggestion
their contribution to surface reactions of the adsorbed ac
species, leading to either pathway I or pathway II. Com
ibly, studies performed on the transformation of benza
hyde, via a Cannizaro-type reaction, into benzyl alcoho
MgO surfaces have been assumed by Haffad et al.[59] to
indicate the high reactivity and mobility of Mg–OH group
Moreover, IR spectra obtained by Malinowski et al.[60] for
steamed and deuterated MgO showed the persistence o
and combined surface Mg–OH, with heating to 600◦C, and
the persistence of the combined Mg–OH with further he
ing to 1300◦C. The present results, indicating the therm
instability of surface carbonate species at> 300◦C (Fig. 3),
may also indicate pathway I over pathway II.

Pestman et al.[7] have assessed general mechanisms
posed[61–63]for surface reactions involved in the cataly
ketonization of carboxylic acids. Based on their own
perimental results and some thermodynamic considerat
these authors have reached the following conclusions: (i
formation of ketene and ketenic-like (RR′C=C=O) interme-
diates in the reaction course may be excluded; (ii) abs
tion of α-hydrogen atoms from the acid molecule, or ace
surface species, is an essential step in the reaction co
(iii) the alkylidene carboxylate thus formed, oriented pa
lel to the surface, reacts with nearby carboxylate species
a hydrogen atom to give the ketone; and (iv) the rem
ing carboxyl groups form CO2. Although the present resul
can neither prove nor disprove these conclusions, they
stress the importance of surface carboxylate (acetate) sp
for the reaction and exclude the formation of ketene
ketenic-like species, at least at a detectable level, thro
out the reaction. The observed formation of minority C4
and CO molecules, which have been considered[61–63] to
be indicative of the contribution of ketene and ketenic-l
species to the reaction, is confined to the upper temp
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Fig. 10. In situ IR spectra taken at beam temperature of the gas p
decomposition products of bulk magnesium acetate at the temperatur
dicated (the insets are correspondingνCH peaks).

ture regime (� 400◦C) of the reaction (Fig. 10). Hence, they
could well be considered to be pyrolytic products of the
produced[54].

However, most of the observed consumption of Ac mo
cules over MgO at� 300◦C (Fig. 7B) is due to its adsorption
and further surface reactions (Fig. 4). In a previous investiga
tion [54] focusing on the surface chemistry of Ac on me
oxides, it was found that upon coordination to Lewis a
sites, Ac molecules are activated for aldol-condensat
type reactions. Accordingly, the following surface react
pathways may be suggested to undertake the observed
version of Ac molecules into the observed surface cond
sation products (Fig. 4A):

(CH3)2C=O. . .Mg2+
(s) + −HO (or O2−)(s)

→ CH2=C(CH3)–O−. . .Mg2+
(s)

enolate

+ H2O (or −HO)(s),

(CH3)2C=O. . .Mg2+
(s) + CH2=C(CH3)–O−. . .Mg2+

(s)
+ +H2O(s)

→ (CH3)2C(OH)–CH2–(CH3)C=O. . .Mg2+
(s)

diacetone alcohol

+ HO. . .Mg2+,
(s)
-

-

(CH3)2C(OH)–CH2–(CH3)C=O. . .Mg2+
(s) + �(s)

→ (CH3)2C=CH–(CH3)C=O. . .Mg2+
(s)

mesityl oxide

+ H2O(s),

where�(s) stands for reactive surface vacancy. Neither
the Ac condensation products above indicated was rele
into the gas phase. They are stabilized on the surface an
high temperatures, oxidized into surface acetate and car
ate species (Fig. 4A).

4. Conclusion

The results presented and discussed here indicate th
ketonization of acetic acid vapour over MgO into Ac, CO2,
and H2O occurs not only catalytically, but also pyrolytical
when MgO is converted partially or totally into bulk ma
nesium acetate at RT. The initial interactions of AcOO
molecules with MgO are both adsorptive and absorpt
The AcOOH absorption and the consequent formation
bulk magnesium acetate species are promoted by the
dent, strong basicity (ionicity) of MgO, despite its high la
tice energy (Mg–O bond strength)[7]. The bulk acetate thu
formed decomposes at� 225◦C into Ac, CO2, and H2O.
The CO2 may be a direct product of the acetate deco
position, or a decomposition product of intermediate b
and/or surface carbonate species at higher temperature
the other hand, the AcOOH adsorption results in the for
tion of surface acetate species, which are activated on
surface at� 300◦C to ketonization into Ac, CO2, and H2O.
The surface activation seems to require a synergy of a
base surface sites. The Ac molecules are adsorbed to
and are thereby activated for further aldol-condensation-
surface reaction. The condensation products are stabi
on the surface and hence are not desorbed into the gas p
Instead, they are oxidized into surface acetate and carbo
species.
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