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The interaction of light hydrocarbons (methane, ethane, pro-
pane, propene, n-butane, isobutane, 1-butene, benzene, and tolu-
ene) with the oxidized surface of the spinel MgCr,0, (an active
hydrocarbon combustion catalyst) has been investigated by FTIR
spectroscopy in the temperature range 300-773 K. This interac-
tion results in the reduction of the catalyst and the production of
oxygen-containing adsorbed species. These species have been
identified by comparison with the spectra of oxygen-containing
species (alcohols, aldehydes, ketones, carboxylic acids, carbon ox-
ides) directly adsorbed on the surface. It has been concluded that
every hydrocarbon reacts at its weakest C~H bond on Cr"*=0
(n = 5 or 6) surface sites giving rise by hydrogen abstraction and
C-0 bond formation to alkoxy groups. These species are further
oxidized to carbonyl compounds and/or carboxylate anions and,
finally, carbon oxides. The earlier intermediates (alkoxides, car-
bonyl compounds) are detectable only with the most reactive hy-
drocarbons (propane, n-butane, isobutane, propene, I-butene, tol-
uene) while with the least reactive hydrocarbons (methane and
benzene), because of their too high activation temperature, only
the final intermediates are detectable (carbonates, carboxylates).
Molecular-level mechanisms for C—H cleavage and hydrocarbon
catalytic combustion are proposed. © 1995 Academic Press, Inc.

INTRODUCTION

The catalytic partial oxidation processes of olefins and
aromatics represent a prominent area of petrochemistry
(1, 2). Recently, the use of light alkanes for the direct
production of oxygenates via partial oxidation or for the
production of olefins via dehydrogenation or oxidative
dehydrogenation has become more and more attractive
because of the large availability and low price of natural
gas (3). On the other hand, attention is also focused on
the catalytic combustion of hydrocarbons in developing
new processes aimed to a limitation of air pollution (4, ).
Most of the above-mentioned partial oxidation processes
are performed using transition metal oxides as heteroge-
neous catalysts. In the case of catalytic combustion,
however, the possibility of using transition metal oxide

204

0021-9517/95 $6.00
Copyright © 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.

catalysts, much cheaper than noble metal-based cata-
lysts, is doubtful although hopeful.

In spite of the great interest in these processes, par-
tially conflicting opinions are reported in the literature
concerning several details of the mechanisms of partial
oxidation over oxide catalysts. Even much less is known
on combustion catalysis, according to Spivey (5). Among
the points still under discussion we can cite: (i) the reac-
tion scheme for total and partial oxidation; i.e., whether
total oxidation is competitive or successive to partial oxi-
dation; (ii) the nature of the oxygen active species (e.g.,
nucleophilic and electrophilic oxygen) in partial and total
oxidation; (iii) whether activation of the hydrocarbon in
the case of catalytic combustion is needed; (iv) the con-
figuration of the active sites and the mechanism for C-H
activation towards partial oxidation; (v) the configuration
of the active sites for C-H activation towards total oxida-
tion, if this activation is needed; (v) the role and the
nature of adsorbed and gas-phase partially oxidized inter-
mediates in total oxidation.

We recently undertook (6) a research program on al-
kane oxidation mechanisms at metal oxide surfaces, us-
ing FTIR spectroscopy. In the present paper we report
our data on the activation of a number of hydrocarbons
on an MgCr,0, aerogel. The catalytic activity of this ma-
terial in the combustion of propane and propene has also
been investigated in a flow reactor, confirming that
MgCr;0y is an efficient combustion catalyst, as reported
by Margolis several years ago for ethylene, propene, n-
alkanes, and benzene (7). So, MgCr,0, has been taken as
a model of transition metal-oxide combustion catalysts of
the chromite type, like a-Cr;O; (8), CuCr,O4 (7, 9),
ZnCr;O4 (9), and LaCrOs (10)). In spite of the unlikely
substitution of noble metal catalysts by transition metal
catalysts for combustion purposes, the possibility of hy-
drocarbon catalytic combustion over transition metal ox-
ides like chromites has been studied in recent years (5)
and can additionally give information in order to limit
nonselective processes upon selective oxidation. The aim
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of this work is to obtain additional information on the
above-cited still incompletely clarified topics.

EXPERIMENTAL

The preparation and the solid state and surface charac-
terization of the MgCr,04 aerogel (53 m?/g) have been
described previously (6, 11). XRD and FT-FIR analyses
show that the sample after activation consists of the
spinel-type phase MgCr.Oy4, very well crystallized, al-
though with excess oxygen at the surface.

FTIR spectra have been recorded with a Nicolet
Magna 750 instrument, using conventional IR celis con-
nected with evacuation-gas manipulation apparatus. The
pure catalyst powder was pressed into self-supporting
disks that were calcined at 723 K for 2 h and later out-
gassed at the same temperature for 1 h before adsorption
experiments. The threshold oxidation temperature of the
different hydrocarbons has been measured as the temper-
ature at which oxidized surface species become detect-
able upon contact of the catalyst with the hydrocarbon
gas.

Catalytic activity in propane and propene oxidation
was measured with a I-cmi.d. pyrex glass U-tube reactor
charged with 0.1 g of the catalyst, with He: hydrocar-
bon: oxygen mixtures 88:2: 10 at a total flow rate of 100
cm?/min. Product analysis was performed with a HP 5890
gas cromatograph. Liquid adsorbates were from Carlo
Erba (Milano, Italy), while gases were purchased from
SIO (Milano, Italy).
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RESULTS

In Fig. 1 the “‘light-off™’ curves relative to propene and
propane oxidation over our MgCr;0O, aerogel catalyst are
shown. No products different from carbon oxides and
water were observed under these conditions. In spite of
the limits of this kind of representation of catalytic com-
bustion activity, underlined recently by Hubbard er al.
(12), these data unequivocally show that our catalyst is
active in hydrocarbon combustion in the same tempera-
ture range of other chromite catalysts (7-10) as well as of
other transition metal oxides like, for example, LaCoQO;
(13); however, it is less active than noble metal-based
combustion catalysts (12, 14). A more detailed study of
hydrocarbons combustion over this catalyst in a flow re-
actor is now in progress.

In Fig. 2a the FTIR spectrum of an activated pressed
disk of the catalyst is shown. It presents a complex series
of absorptions in the region between 1010 and 800 ¢cm™!
and is completely opaque below 800 cm~!. This cutoff is
due to the lattice vibrations of the MgCr,O, spinel-type
phase. The complex absorption at higher frequencies is
associated to the Cr==0 stretching modes of chromate
species involving higher valency chromium species (most
probably Cré*, although a participation of Cr** is not ex-
cluded, as proposed by Klissurski et al. (15) for a-Cr,03).
This excess oxygen at the surface gives rise to p-type
semiconducting MgCr,04., (11, 16). Accordingly, these
absorptions completely disappear by reduction treat-
ments, €.g., with hydrogen (11) or organic compounds,
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FIG. 1.

Conversion of propene (circles) and propane (triangles) as a function of temperature over MgCr,0, aerogel catalyst.
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FIG. 2.
outgassing at 623 (b) and 773 K (c).

that produce stoichiometric MgCr,04. This is shown in
Fig. 2b after contact of the catalyst with acetaldehyde
vapour (1 Torr) at 623 K. The aldehyde burns in part and
in part remains adsorbed on the catalyst surface in the
form of acetate ions (bands near 1600, 1430, and 1350
cm~!, in Fig. 2b, represent asymmetric and symmetric
COO stretchings and CHj; bending, respectively) and, si-
multaneously, the above-cited bands, associated to the
oxidized catalyst surface sites, are eroded almost com-
pletely. Acetate species later are overoxidized to carbon-
ates and gas-phase CO,, in the temperature range 573—
773 K.

So, the bands in the region 1010-800 cm™!, present in
the spectrum of the oxidized catalyst, but not in that of
the stoichiometric ‘‘reduced’” MgCr,0y, catalyst, allow us
to monitor the oxidation state of the catalyst surface.
These bands are reduced fast or completely by organic
compounds (hydrocarbons and oxygenates) and hydro-
gen in the temperature range 573-773 K, but are also
restored in this temperature range by contact with oxy-
gen or air. This shows that in the range 573-773 K (at
which MgCr,0, acts as an efficient propane combustion
catalyst, see Fig. 1) the catalyst redox cycles are fast.
These data strongly suggest that: (i) the oxidation reac-
tions we observe by IR and we will discuss below repre-
sent adequately what occurs upon catalytic combustion
in flow reactor steps; (ii) these oxidation reactions occur
at the expense of lattice oxygen of the oxidized surface
that can be restored by air under the same conditions,

FTIR spectra of the oxidized MgCr,0O,., catalyst disk after activation (a), and after following interaction with acetaldehyde gas and

thus implying a Mars—van Krevelen-type (redox) oxida-
tion mechanism (17).

When the oxidized catalyst disk is put into contact with
methane gas, the spectrum of the catalyst is not modified
at all up to 773 K, showing that reaction does not occur
below this temperature. At 773 K an interaction occurs,
shown by the decrease of the absorptions in the region
1010-800 cm ™! (shown as negative bands in the subtrac-
tion spectrum in Fig. 3), by the detection of gas-phase
CO; (band at 2340 cm™! with the typical PR rotovibra-
tional contour), and, finally, by the detection of new ab-
sorption bands associated to adsorbed species. These
bands (Fig. 3) are found at 1630 cm~! (with a shoulder
near 1610 cm™'), 1520, 1405, and 1222 cm™!; the last one
is very weak. According to the detection of gas-phase
CO,, the bands at 1520 and 1405 cm~! can be assigned to
surface carbonate species, probably of the bidentate
type, while those at 1610 and 1222 cm™! (together with a
further component masked near 1450 cm~') can be as-
signed to bicarbonate ions (18). The band at 1630 cm™! is
associated to adsorbed water, responsible also for a
broad absorption in the region 3500-3000 cm™'. From
these data we conclude that methane molecules can burn
by reaction with the surface. This reaction is observed at
773 K, and, under these conditions, only the final prod-
ucts of these reactions are observed; i.e., CO,, carbon-
ates, water, and the reduced catalyst.

If contact of the activated catalyst with ethane gas is
carried out, the reaction is observed at much lower tem-
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FIG. 3. FTIR spectrum of the species arising from methane oxidation over MgCr,0,., and successive evacuation at 773 K. The spectrum of the
activated catalyst disk has been automatically subtracted.

perature (Fig. 4). With 150 Torr of ethane gas the forma- gether with a weaker component at 1350 cm™!, closely
tion of adsorbed species and the erosion of the bands correspond to those of acetate species, either produced
associated to chromate species are observed already at by acetic acid adsorption or, alternatively, by ethanol and
423 K. The most intense bands due to adsorbed species acetaldhyde oxidation on the same surface (compare with
are observed at 1600 and 1440 cm~!. These features, to- Fig. 2). A weak band at 1385 cm™! and a shoulder near

0.04

0.02

0.003
-0.02
-0.04
.06
-o.osé
-0.10

3

-0.12

-0.144

Absorbance

3
~0.16 3

-0.18—3

-0.20

N ————
2000 1900 1800 {700 1600 1500 1400
Wavenumbers (cm-1)

Yy

TV T Y T T

e
1300 1200 1100

FIG. 4. FTIR spectra of the species arising from ethane oxidation over MgCr,0,., and successive evacuation at 423 (a), 523 (b), and 573 K (c).
The spectrum of the activated catalyst disk has been automatically subtracted. (*) Bands due to adsorbed acetaldehyde.
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1580 cm~' could be associated to traces of formate ions
(asymmetric and symmetric COO stretchings) produced
by deeper oxidation. The identification, in this case and
in the following ones, of carboxylate species has been
confirmed by the analysis of the spectra of these species
produced by dissociative adsorption of the corresponding
acids (formic, acetic, propionic, acrylic, butirric, metha-
crylic, crotonic acids (6)). Other sharp peaks at 1470 and
1304 cm~ !, together with broad and stronger absorptions
centered near 1180 and 1060 cm™!, can tentatively be
assigned to dioxy-ethylydene species ~O-(CH;)CH-0O~,
an adsorbed form of acetaldehyde similar to dioxy-meth-
ylene —O~CH,-0O- species produced by formaldehyde
adsorption and widely described previously (19).

With further heating the last adsorbed species disap-
pear. Acetate species burn on this surface in the tempera-
ture range 573-773 K, giving rise to CO, and water,
and completely reduce the catalyst surface. These data
indicate that ethane catalytic combustion on this sur-
face occurs with the intermediacy of acetate species,
which later undergo further oxidation up to carbon
oxides. However, acetaldehyde is likely an earlier inter-
mediate.

Interaction between the activated catalyst surface and
higher alkanes, like propane, n-butane, and isobutane, is
observed to occur in the temperature range 373-423 K.
The interaction of propane with this catalyst has been the
object of a previous detailed study (6). The surface spe-
cies produced by this interaction (Fig. 5a) in the range
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373-423 K are characterized by strong bands at 1590,
1440, 1385, and 1355 cm™!, due to a mixture of acetate
and formate species, while the weaker bands near 1700,
1240, and 1095 cm ™! are due to adsorbed acetone (Fig.
5b). This assignment is based on the comparison of these
spectral features with those of any hydrocarbon or oxy-
genate adsorbed species that could be formed by propane
oxidation and, in particular, of adsorbed acetone. These
data support the idea that acetone is the primary detect-
able oxidation product of propane, which is later oxi-
dized at C,—C;, giving rise to a mixture of formates and
acetates that later produce carbon oxides as final prod-
ucts.

A strictly similar situation is found for n-butane inter-
action with the surface of oxidized MgCr,O,., (Fig. 6).
Also in this case the strongest bands are observed near
1590, 1440, and 1355 cm™! and can be assigned to acetate
species. However, sharper bands near 1690, 1475 (very
weak), 1385 (sharp and rather strong), and 1175 cm™! are
also found and all correspond to evident features in the
spectrum of adsorbed methyl-ethyl ketone (C=0
stretching, asymmetric and symmetric CH; bendings,
and C-C-C asymmetric stretching, respectively), as
shown in Fig. 6. A further sharp band at 1025 cm™! could
be associated, together with a broader absorption in the
range 1150-1100 cm~' to C-0 and C-C Stretchings of 2-
butoxy species, by comparison with the spectrum of ad-
sorbed 2-butanol (Fig. 6¢). The formation of sec-butoxy
species from n-butane is also substantiated by the obser-

1500 1400 1300 1200 1100
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FTIR spectra of the species arising from propane oxidation over MgCr,0,., at 423 K (a), and of the adsorbed acetone over the same

surface at room temperature (b). The spectrum of the activated catalyst disk has been automatically subtracted. (¢) Bands due to adsorbed acetone.
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FIG. 6. FTIR spectrum of the species arising from n-butane oxidation over MgCr,O,., at 423 K (a); FTIR spectra of the adsorbed 2-butanone
(metyl ethyl ketone)} (b) and 2-butanol (c) over the same surface at room temperature. The spectrum of the activated catalyst disk has been
automatically subtracted. (%) Bands due to adsorbed 2-butanone; (°) Bands due to adsorbed 2-butoxy-groups.

vation of the same spectra by oxidation of 2-butanol and
n-butane at higher temperature on this surface, both giv-
ing acetate species by C,—-C; oxidative bond breaking.

So, while the interaction of methane only shows the
final products of oxidation (carbon oxides and water) and
that of ethane provides mainly evidence of a terminal
intermediate species (acetates), the interaction of the
more reactive C; and C, linear alkanes is more informa-
tive, giving definite evidence of earlier intermediates,
1.e., the ketones acetone and methyl ethyl ketone. In the
case of n-butane interaction the formation of an even
earlier intermediate, 2-butoxide, can be suspected. To
obtain more evidence of the very first stages in hydrocar-
bon activation, the interaction of isobutane, propylene,
and l-butene, expected to be even more reactive, has
also been investigated.

The spectra of the adsorbed species arising from the
interaction of isobutane with the surface of the catalyst at
373 K are shown in Fig. 7, where they are also compared
with the spectra of adsorbed terbutanol. The most evi-
dent species formed by isobutane interaction with the
catalyst surface are again formates (bands at 1590, 1385,
and 1350 cm™'), relatively more intense than in the pre-
vious cases, and acetate species (bands at 1560, 1430, and
1355 cm™!, relatively less intense than in previous cases).
This provides evidence of the oxidative breaking to two
C-C bonds of isobutane, giving rise to two C, fragments
(formates) and one C, fragment (acetates). However,

weak but evident bands are also observed at 1245 and
1190 cm™!. These bands are associated to C-C and C-0O
stretchings of rer-butoxide species (20, 21) and closely
correspond to the bands produced by ter-butanol disso-
ciative adsorption (Fig. 7c). It is remarkable that ter-buta-
nol oxidation on our catalyst gives rise to the same bands
produced also by isobutane, and assigned to acetate and
formate species, with the same intensity ratios. This indi-
cates that the C—H bond of isobutane is first broken and a
C-0 bond is formed, giving rise to ter-butoxide species.
These species evolve by breaking of a C-C bond to for-
mate and acetone, which, under the same conditions
quickly transforms to acetate and formates. So, each iso-
butane molecule gives rise to two formate and one ace-
tate species.

The spectra relative to the interaction of 1-butene with
the catalyst (Fig. 8) provide definite evidence of the for-
mation of adsorbed methyl vinyl ketone (bands at 1667,
1634, and 1173 cm™!, due to vC=0, vC=C, and vC-C
(22)) as the most evident product already at room temper-
ature. A further band observed at 1019 cm ™!, due neither
to 1-butene nor to methyl vinyl ketone, is likely associ-
ated to the C-0O stretching of a 2-but-3en-oxide, analo-
gous to the C~O stretching of allyl alcoholates. This
result parallels that obtained by propene adsorption and
oxidation on this surface studied previously (6) that
showed acrolein and also allyl alcoholate species as the
first products. However, allylic oxidation of 1-butene oc-
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FIG. 7. FTIR spectra of the species arising from isobutane oxidation over MgCr,0,., and successive evacuation at 423 (a) and 323 K (b); FTIR
spectrum of ter-butanol adsorbed at room temperature over the same surface (c). The spectrum of the activated catalyst disk has been automati-
cally subtracted. () Bands due to adsorbed terbutoxy-groups.

curs apparently even faster than that of propene, being of MgCr,04,, are reported. Benzene oxidation is detect-
observed already at room temperature, instead of near able only above 573 K, giving rise to carboxylate species,
373 K. certainly arising from the oxidative breaking of the aro-

In Fig. 9 the spectra of the adsorbed species arising matic ring. The oxidation of toluene is much faster, being
from the oxidation of benzene and toluene on the surface observed already near 423 K, but being very fast at 473

Absorbance

LA s A S S A B S St e B S SO AN L AN BN AN Snb UL Rt S St

2000 1900 1800 1700 1600 iﬁ 1400 15” 1200 1100
Wavenumbers (cm-1)

LA JN S S NI AN (e SN S Jmn S Se

FIG. 8. FTIR spectra of the species arising from l-butene oxidation over MgCr,0,., and successive evacuation at 300 (a), 373 (b). and 573 K
(c). The spectrum of the activated catalyst disk has been automatically subtracted.
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FIG. 9. FTIR spectra of the species arising from toluene oxidation over MgCr,0,., and successive evacuation at 483 (a) and 423 K (b); FTIR
spectrum of the species arising from benzene oxidation over the same surface at 623 K (¢). The spectrum of the activated catalyst disk has been

automatically subtracted.

K. The most evident products are benzoate species,
characterized by the asymmetric and symmetric COO
stretchings at 1560 and 1413 ¢cm~! and by ring vibrations
at 1598, 1495, 1448, 1305, 1180, 1065, and 1020 cm ™!, in
agreement with Refs. (23 and 24). However, at 423 K two
additional bands at 1684 and 1653 cm™!, certainly due to
the C=0 stretchings, and at 1457, 1315, 1213, and 1171
cm~! are observed : they correspond to typical bands of
adsorbed benzaldehyde (24, 25).

The data concerning oxidation of benzene and toluene
agree with the higher reactivity of C-H benzylic groups,
similar to that of allylic C~H bonds of propene and 1-
butene, and with the much lower reactivity of aromatic
ring C—H bonds with respect to aliphatic saturated C~H
bonds (except those of methane, which are extraordinar-
ily inactive).

DISCUSSION

a. The Activation of Hydrocarbons on the MgCr,O,
Combustion Catalyst

Our data show that the hydrocarbons studied are oxi-
dized by the surface of MgCr.O,.,, giving rise to ad-
sorbed partial oxidation products, which later are more
deeply oxidized, giving rise finally to carbon oxides
(Scheme !). The temperatures at which these reactions
are observed are lower than or at most similar to those at

which it behaves, like chromia (8) and other chromites (7,
9), as deep oxidation catalysts for hydrocarbons. The
interaction of the catalyst with the more reactive hydro-
carbons (1-butene, propene, isobutane) shows clearly,
among the oxidation products, the formation of alkoxides
(but-3-en-2-oxides, allyl alkoxides, and isobutoxides, re-
spectively), i.e., the products of the breaking of a C—H
bond of the hydrocarbon and of the corresponding pro-
duction of a C-0O single bond. When possible, these alk-

R-CH, -> R-CH, > R-GH
t (8} (8]
R N R - R 0
R-CH > R-CH R-C > o> o> o> C > CO
t 0 0 0ou OO s
1
R R /
R-C-R -> R-C-R
H Iy
SCHEME 1. Proposed oxidation pathways for molecules activated

at primary (methane, ethane. propene, toluene), secondary (propane. n-
butane, 1-butene), and tertiary carbon (isobutane).
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oxides are later oxidatively dehydrogenated, giving rise
to carbonyl compounds (methyl vinyl ketone and acro-
lein from 1-butene and propene, respectively), while in
the case of rer-butoxides (that cannot be further dehydro-
genated at C,), oxidative C—C bond cleavage is observed.

With less reactive hydrocarbons the alkoxides are not
observed, but carbonyl compounds are directly seen.
This is the case of acetone from propane, 2-butanone
from n-butane, benzaldehyde from toluene, and probably
(this is not proved here) acetaldehyde from ethane. In the
case of the least reactive hydrocarbon, methane, CO, and
carbonates (and water) are the only observed products;
from benzene carboxylates arising from ring breaking are
obtained.

This behaviour is understood if one takes into account
that the overoxidation temperature of the partial oxida-
tion surface products (alkoxides, carbonyl compounds,
carboxylates) is similar in all cases while the activation
temperature of the C—H bonds of the different hydrocar-
bons differs significantly. So, with the most reactive hy-
drocarbons, activated already at 300-423 K, all interme-
diates can be found. In contrast, with the less reactive
hydrocarbons the activation step (C-H bond breaking)
occurs at such a high temperature that all or some of the
intermediates are already overoxidized and, correspond-
ingly, cannot be detected.

Indeed, the temperature at which the oxidized prod-
ucts become detectable is rather well correlated with the
energy for C-H bond dissociation, as summarized in Ta-
ble 1; so, weaker C—~H bonds are cleaved at lower tem-
peratures, with few exceptions. The easier reaction ob-
served with benzene with respect to methane (in contrast
to the lower Egy; of the latter) can be explained assuming
that unsaturated hydrocarbons (olefins and aromatics) in-
teract molecularly more strongly with the surface and

TABLE 1

C-H Bond Dissociation Energies and Threshold Oxidation
Temperature of Hydrocarbons on MgCr;04 4

Threshold oxidation

Hydrocarbon Eg,, (kcal/mol)* T (K)
CeHs—H 110 623
CH;-H 104 773
CH,-CH,-H 98 473
(CH;),CH-H 95 423
CH;—CHz—(Cﬂg)CH—H <95¢ 423
(CH;);C-H 92 423
CH2=CH—CH2—H 88 373
Cs¢H,-CH,-H i 85 423
CH,=CH-(CH;)CH-H <88 300

2 From Ref. (47).
5 Qur estimates.
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this could favour C—-H bond scission. On the other hand,
the interaction of localized w-type orbitals (those of ole-
fins) can be stronger with respect to that of delocalized #-
type orbitals. This can explain the slightly lower reactiv-
ity observed for toluene with respect to propene and
1-butene.

According to this correlation, the position at which C-
H bond cleavage occurs in every molecule is that of the
weaker C—H bonds. This explains the activation at the
secondary carbon of propane and n-butane, the activa-
tion at the tertiary carbon in the case of isobutane, and
the activation at allylic positions in the cases of propene
and 1-butene and at benzylic position in the case of tolu-
ene. Interestingly, this leads to a completely different
oxidation way in the cases of alkanes with respect to the
corresponding alkenes (that are activated at different po-
sitions), as discussed previously in the case of propane
and propene oxidation (6).

In conclusion, the present data strongly support the
idea that the interaction of hydrocarbons with the cata-
lyst surface occurs with breaking of the weaker C-H
bond with the corresponding formation of a C-0O bond,
giving rise to an alkoxide. These alkoxides later undergo
further oxidation giving, when possible, carbonyl com-
pounds and, even later, carboxylate species as the result
of oxidation of aldehydes or C-C bond breaking on ke-
tones.

This viewpoint agrees with that arising from the data
reported by Boreskov (26) that showed that the logarithm
of the paraffin combustion rate over cuprous oxide lin-
early ccrrelates with the C—H bond energy. Boreskov
also reported that the oxidation rates for light hydrocar-
bons follows the trend olefines > aromatics > paraffins
(26). We obtained similar trends with a different tech-
nique, which allowed us also to propose a detailed molec-
ular mechanism, and using a different transition metal
oxide catalyst. The carboxylate species, already recog-
nized as intermediates in hydrocarbon catalytic combus-
tion on metal oxides (26-28), are very evident due to
their relatively high stability and to the strong intensity of
their IR bands, but they are only final intermediates.

b. On the Mechanism of Catalytic Combustion on
Transition Metal Oxides

The present data, obtained on a combustion catalyst,
strongly support the previous proposal by our group (29),
based on experiments carried out on selective oxidation
catalyst, that unselective ways are essentially consecu-
tive to both selective oxidation and oxy-dehydrogenation
paths. In fact, we show here that at the surface of this
combustion catalyst, light alkanes and alkenes as well as
aromatics produce adsorbed partial oxidation com-
pounds. These species are formed in the absence of



HYDROCARBON CATALYTIC COMBUSTION OVER MgCr,0,

dioxygen (either gas-phase or adsorbed), totally at the
expense of the oxidized catalyst surface sites. So, the
present data, according also to those previously pub-
lished on the same catalytic system (6), support the idea
that hydrocarbon total oxidation over this combustion
catalyst occurs with the intermediacy of absorbed selec-
tive oxidation products. So, we propose the following
conclusions: (i) total oxidation on transition metal oxides
can be consecutive to partial oxidation; (ii) the same oxy-
gen species (nucleophilic oxygen, i.e., O’ ions on oxi-
dized cationic sites) can be involved in both partial and
total oxidation; (iii) discrimination between partial and
total oxidation mainly depends on whether desorption of
the partial oxidation product is faster or slower than its
overoxidation.

This view is also supported by the remark that efficient
selective oxidation processes mostly involve very stable
products where charges are largely delocalized, like un-
saturated cyclic anhydrides (phthalic and maleic anhy-
dride) and unsaturated aldehydes (acrolein) or nitriles
(acrylonitrile) (1, 2). All these products can be obtained
with high selectivities and yields probably because they
are very stable to overoxidation, under the given condi-
tions.

This picture is partially in disagreement with that of
Haber (2, 30), which assigns selective oxidation to nucle-
ophilic oxygen species (O?" lattice oxide ions) and com-
bustion to electrophilic oxygen (Q,, O3, and O37). Our
study confirms that lattice oxygen performs selective oxi-
dation, but suggests that it can also be involved in nonse-
lective combustion ways. This does not exclude the pos-
sibility that electrophilic oxygen is also involved
(together with nucleophilic oxygen) in a different com-
bustion way or, perhaps, in some particular steps over
this or other catalysts.

A different view, apparently conflicting with that of
Haber, has been recently reported by Kung and co-work-
ers (31), who proposed the existence of a ‘‘selectivity
determining step,”’ where bifurcation between selective
oxy-dehydrogenation path and oxygen-containing com-
pound production (including combustion) should occur
on vanadia-based catalysts. According to Kung this bifur-
cation is related to the availability (or not) of bridging V-
O-V oxygens. In contrast to both, Oyama et al. (32)
proposed that bifurcation between selective dehydro-
genation and combustion on vanadia catalysts occurs
starting from two different adsorbed hydrocarbon species
on the same sites.

Our viewpoint is somewhat in agreement with that of
Kung, because the evolution of alkoxides (either towards
the olefin, by elimination, or towards the ketones, by
dehydrogenation) can just play the role of a “‘selectivity
determining step’” over some systems like, for example,
Mg vanadates oxy-dehydrogenation catalysts (29, 32).
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c. On the C-H Cleavage Step on Transition Metal
Oxide Surfaces

The above view implies that the hydrocarbons are acti-
vated towards both selective and total oxidation by C-H
bond cleavage. This cleavage necessarily occurs, in our
system as well as on other transition metal oxides, at a
reducible cation—oxide anion couple. The results of this
interaction necessarily are: (i) one hydrogen leaves as an
H* on the surface and probably links to an oxide ion
giving rise to an hydroxy group; (ii) the alkyl group links
to another oxide ion, giving rise to an alkoxy group; (iii)
two electrons are assumed by the cation that is conse-
quently reduced (Scheme 2). However, this result can be
obtained in different ways, two of which are the simplest;
(1) the primary interaction of the C-~H bond occurs at
surface oxide ions, via the interaction of the nonbonding
orbitals of surface O oxide species with the C-H o *
antibonding orbitals of the hydrocarbon molecule, as pro-
posed by different authors (2, 30, 33-35); (ii) the primary
interaction of the C-H bond occurs at surface coor-
dinatively unsaturated transition metal reducible cations.

The first model seems indeed to be very reasonable.
However, the higher the electron density at surface oxide
anions the higher the surface basicity. This should imply
that activation of hydrocarbons should be favoured on
basic catalysts, and should occur heterolytically, giving
rise to alkyl anions (that are later oxidized to alkoxy
groups). This view has been recently supported (36).
However, although strong solid bases are certainly active
in breaking C-H bonds (37), this can also occur (and
much better) at the surface of solid acids. It is well known
that solid Lewis acids are active in alkane isomerization
(37), like n-butane to isobutane transposition. On sul-
phated zirconia, recently Pinna et al. (38) elegantly dem-
onstrated that this reaction occurs at Lewis acid sites.

Accordingly, some of us related the catalytic activity in
alkane oxidation over vanadia-based catalysts to the
Lewis acidity of surface vanadium centers (29, 39, 40).
This implies the interaction of C—H bonds with the sur-
face cations instead of the anions. Moreover, in the case
of MgCr,0y,, as shown previously (6), and of chromia and
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SCHEME 2. Proposed mechanism of C-H bond cleavage at the

surface chromate sites of MgCr,Q,. .
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other metal chromites, the surface seems to have a pre-
dominantly acid character, with weak basicity.

On the other hand, the ability of reduced metal centers
to interact with C—H hydrocarbon bonds via hydrogen
bondings (41) and to cause C—H bond breaking by “‘ox-
idative addition’’ (42) is well-known. These interactions
are thought to primarily involve overlapping of d orbitals
of the metal with ¢ and o* orbitals of the C-H bond.
These overlappings cause the breaking of the C—H bond
and the formation of C—-M and M-H new bonds (oxida-
tive addition).

The possibility of the interaction of C-H bonds with
surface cations (in high oxidation state) in the case of
metal oxide surfaces was proposed earlier, on spectro-
scopic bases, by Sheppard and co-workers (43). An inter-
action of C—H methane bonds with Mg?* ions has been
demonstrated recently even on a very basic surface such
as MgO (44). Moreover, the overlapping of full and
empty d orbitals of some transition metal cations with
empty w* and full 7-type orbitals of olefins is well sub-
stantiated too by the formation of the so-called = com-
plexes of olefins with cations like Pt>*, Fe}*, Cu™, and
Cr?*, both on surfaces and in homoeneous complexes
(28, 45). Similar complexes, although labile, have also
been observed with d, cations like Ti** and Zr** (45, 46).

We propose here that C—H bond breaking on metal
oxides can occur via direct interaction of o and o* C-H
orbitals with d-type orbitals of transition metal cations.
This interaction is generally too weak to allow the detec-
tion of the molecular interacting species, but can be in-
voked to explain the mechanism of C—H bond breaking
on metal oxides. The oxidizing metal centers tend to as-
sume the couple of electrons, giving rise, with the coop-
eration of nearer oxide anions, to metal alkoxide and H*
ions (Scheme 2).

This scheme seems to us to be reasonable in view of
the known experimental data on alkane activation on
metal oxides, and implies a direct electron flow between
the oxidant (the cation) and the reducing agent (the hy-
drocarbon) without the intermediacy of the oxide anions.
This scheme, which should be taken as a tentative one,
emphasizes the role of coordinatively unsaturated cat-
ions in a Mars-van Krevelen-type mechanism (17) for
both selective and unselective oxidation catalysis on
transition metal oxides.

CONCLUSIONS

The conclusions of this work are as follows:

(i) Hydrocarbon C-H bonds are cleaved at the sur-
face of an oxidized MgCr,0,,, catalyst at Cr"*=0 sites
(n = 6 or 5), giving rise to alkoxy groups and reduced
Cr"-2+ centers.
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(i) These alkoxides are later further oxidized, giving
rise to carbonyl compounds and/or carboxylate species
that later burn to CO and CO,.

(iii) In every hydrocarbon molecule, the C-H bonds
broken first are those characterized by lower dissociation
energy.

(iv) The rate of C~H bond cleavage on different hydro-
carbons depends inversely on the C-H dissociation en-
ergy of the weakest C—H bond.

(v) The discussion of these data with previous data
concerning hydrocarbon activation and oxidation on dif-
ferent catalysts allowed us to propose that hydrocarbon
catalytic combustion on this transition metal oxide com-
bustion catalyst consists in a series of reactions predomi-
nantly successive to partial oxidation reactions, with nu-
cleophilic oxide ions as the active oxygen species.

(vi) A mechanism of C—H bond activation on transi-
tion metal oxides implying direct interaction of the C-H
bonds with coordinately unsaturated transition metal cat-
ions is proposed.
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