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On the mechanisms of light alkane catalytic oxidation and
oxy-dehydrogenation: an FT-IR study of the n-butane conversion
over MgCr,O, and a Mg-vanadate catalyst
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Abstract

The interaction of n-butane, 1-butene, 1,3-butadiene and of C, oxygenates on the surface of oxidized Mg-chromite and
Mg-vanadate catalysts has been studied by FT-IR spectroscopy. The results compare well with the catalytic behavior of these
materials one of which is a combustion catalyst (MgCr,0,) and the other is a rather selective oxy-dehydrogenation catalyst
{Mg-vanadate). A mechanism for these reactions is proposed.
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1. Introduction

The increased availability of light alkanes
from natural gas makes very attractive their use
as the feedstocks for the synthesis of chemicals
[1]. For this reason, the partial oxidation pro-
cesses of light alkanes are the object of increas-
ing interest. For several years n-butane has been
used for the synthesis of maleic anhydnde over
vanadyl phosphate (VPO) catalysts. This reac-
tion has been the object of several papers and
reviews [2,3].

Recently, the VMgO system (V,0,-MgO) has
been proposed as a promising one for the oxida-
tive dehydrogenation of alkanes [4] such as
butane to butene or butadiene [5,6]. The alkane
oxy-dehydrogenation reaction has also been re-
ported to occur promisingly over supported

vanadias [6,7]. On the other hand, n-butane
partial oxidation can also give rise to other
products. According to the literature, acetic acid
has been produced industrially by n-butane oxi-
dation over V,0,-TiO, catalysts [8] but also
furan, dihydrofuran [9], methyl-vinyl ketone,
methyl-ethyl ketone and crotonaldehyde [10] can
or could be produced.

Clearly, the main competitive reaction to be
avoided in all partial oxidation processes is the
catalytic combustion to CO,. On the other hand,
this reaction is of interest to abate butane if
present in waste gases and as a test reaction for
VOC abatement [11), and it has been investi-
gated, e.g. in the field of automotive catalytic
converters [12]. Knowledge on the activation
mode of light alkanes and on the mechanisms of
their catalytic oxidation over oxide catalysts is
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still imperfect. As a development of our previ-
ous studies [13-15] we investigated compara-
tively the activation of n-butane and its oxida-
tion over oxide catalysts having different cat-
alytic behaviors by IR spectroscopy.

2. Experimental

The preparation and the solid state and sur-
face characterization of the MgCr,0, aerogel
(53 m?/g) have been described previously [16].
XRD and FT-FIR analyses show that the sample
after calcination consists of the spinel-type phase
MgCr,0O,, very well crystallized, although with
excess oxygen at the surface. The preparation
and characterization of the MgO-V,0, (Mg:V
3:2 atomic ratio; 8 m?/g) catalyst has also been
reported [13,17]. The catalyst looks amorphous
to XRD analysis and appears to be predomi-
nantly constituted by a Mg,V,0,-like phase to
Raman analysis [17].

The IR spectra were recorded by a Nicolet
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Magna 750 and by a Nicolet 5ZDX Fourier
transform instruments, using pressed disks of
the pure powders, in an heatable cell connected
to a conventional gas-handling system. Activa-
tion before adsorption experiments has been
carried out by outgassing at 773 K.

3. Results and discussion
3.1. n-Butane combustion over MgCr,0,

The IR spectra obtained upon the interaction
n-butane with the surface of oxidized
MgCr,0,, , are shown in Fig. 1. A reaction is
observed starting from 423 K. At this tempera-
ture the strongest bands are observed near 1590
and 1440 cm™! and, together with a weaker
band at 1355 cm ™', can be assigned to acetate
species (COO~ asymmetric and symmetric
stretching and CH, symmetric bending, respec-
tively), in agreement with the spectra obtained
upon the dissociative adsorption of acetic acid
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Fig. 1. FT-IR spectrum of the surface species arising from the interaction of the Mg-chromite catalyst with n-butane at 423 K (a), compared
with the spectra of adsorbed acetates (b), formates (c), 2-butanone (d) and 2-butanol (e) over the same surface. Diagnostic bands: A,
adsorbed 2-butoxide: B. adsorbed 2-butanone: C. adsorbed acetates: D. adsorbed formates.
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(Fig. 1b). However, the sharp doublet at 1385
and 1355 cm™' suggest that formate species are
also present (CH deformation and COO~ sym-
metric stretching), that participate also to the
band near 1590 c¢cm~! (COO~ asymmetric
stretching). These species are again identified
for comparison with the spectra of formates
obtained by formic acid adsorption (Fig. lc).
Moreover, 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 = O stretching, asymmetric and
symmetric CH, bendings, and C-C-C asym-
metric stretching, respectively), that has also
been adsorbed over the same surface, as shown
in Fig. 1d. A further sharp band at 1025 cm™"
is assigned, 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 adsorbed 2-butanol (Fig.
le). The above assignment finds support on the
evolution of the spectra upon further heating. In
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fact, the bands assigned above to the ketone and
to the alkoxide disappear by heating at near 473
K, while those associated to acetate species
grow in intensity. The formation of sec-
butoxy-species and of 2-butanone from n-butane
oxidation is also substantiated by the observa-
tion that very similar spectra (but not identical)
are found upon oxidation of 2-butanol (Fig. 2),
2-butanone (Fig. 3) and n-butane on this sur-
face. Starting from the alcohol, the bands as-
signed to the 2-butoxy-species decrease strongly,
although they are still visible, at 423 K when
the bands due to adsorbed 2-butanone rise their
maximum and those due to acetate species are
already evident. Both starting from n-butane
and from 2-butanol at 473 K the bands of
adsorbed 2-butanone are still present, rather
weak, while those due to acetate species grow at
least up to 573 K, but later decrease with the
appearance of water and CO, in the gas phase
and of water and carbonates on the surface. This
agrees with the catalytic behavior of Mg
chromite, that is an effective combustion cata-
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Fig. 2. FT-IR spectra of the surface species arising from the adsorption and oxidation of 2-butanol over the Mg-chromite catalyst at
increasing temperature: outgassed at room temperature (a), 373 K (b}, 423 K (c), 473 K (d), 523 K (e). Diagnostic bands: A, adsorbed
2-butoxide: B. adsorbed 2-butanone; C, adsorbed acetates.
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lyst for several light alkanes in the range 620-
770 K [15,18].

To verify the mechanism of n-butane oxida-
tion, we also compared the spectra of C, oxy-
genates functionalized at C(1) (1-butanol, bu-
tyraldehyde and butyric acid) and of C; oxy-
genates functionalized at C(1) (1-propanol, pro-
pionaldehyde and propionic acid) and we did
not find evidence of their presence among n-
butane oxidation products.

On the other hand, the main difference be-
tween the spectra obtained upon n-butane oxi-
dation and those obtained upon oxidation 2-
butanol and 2-butanone is the detection, starting
from butane only, of formate ions. These species
are not detected from C, oxygenates functional-
ized at C(2). The presence of this C, fragment
without a corresponding C, fragment, only from
n-butane, can only be interpreted assuming that
something occurs during the C-H activation
step at C(2) (so before the production of the
2-butoxide from butane) that gives rise to a
parallel way that can produce C, fragments.

In our previous studies [14,15] we have pro-
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posed that C—H activation over Mg chromite
occurs at surface 02 -Cr®"-0?" centers with
a ‘concerted’ mechanism giving rise to the
breaking of the C—-H bond with the consequent
production of an OH and an alkoxide and the
assumption of two electrons by the cation, so
reduced (formally) to Cr**. This mechanism
finds support in the present data. In this case
CH activation occurs at C(2) in the case of
n-butane because the C-H’s at C(2) are those
associated to the smaller dissociation energy.
The results discussed above (in particular
with respect to the observation of formates upon
n-butane oxidation) can be rationalized assum-
ing that the mechanism is not a concerted one,
but interaction of the alkane with the oxidizing
centers can give rise first to the formation of a
‘quasi free’ carbenium ion that only later ap-
proaches to an oxide anion to produce the
alkoxide. So, the 2-butyl cation is produced by
n-butane oxidation, but it can later isomerize in
part to the tert-butyl cation before to give rise
to the alkoxide. As we have shown elsewhere
[15] the terz-butoxy species (in this case pro-
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Fig. 3. FT-IR spectra of the surface species arising from the adsorption and oxidation of 2-butanone over the Mg-chromite catalyst at
increasing temperature: outgassed at room temperature (a), 373 K (b), 423 K (c), 473 K (d), 523 K (e), 573 K (f), 623 K (g).
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duced by skeletal isomerization) gives rise, by
further oxidation, to two formate and one ac-
etate species, so justifying the formation of
formate species from n-butane too (Scheme 1).

We have also investigated the interaction of
1-butene and butadiene over the same surface,
but the observed spectra are very different (see
Figs. 4 and 5) from those observed upon inter-
action with butane. In fact, the spectra obtained
from 1-butene contain bands that can be as-
signed to 1-buten-2-oxide species (C~O stretch-
ing at 1019 cm™') and to methyl-vinyl ketone
(bands at 1667, 1634 and 1173 cm™', C=0,
C = C and C-C stretchings, respectively). The
detection of these species can be interpreted as
an evidence of the allylic oxidation mechanism
occurring, also in this case, with the breaking of
the weakest C—H bond (the allylic one) and the
formation of the corresponding allylic alkoxide
species. This species can later be oxidatively
dehydrogenated to the corresponding carbonyl

compound, methyl-vinyl ketone. The behavior
of MgCr,0, with respect to 1-butene oxidative
transformation is similar to that previously found
for FeCrO, [19], an active industrial oxy-dehy-
drogenation catalyst for butene [20]. On the
other hand also MgCr,0, is active for the syn-
thesis of butadiene from butene oxy-dehydro-
genation although with lower selectivity than
FeCrO; and than ferrite and chromite-ferrite
spinels [20]. In any case the above data strongly
imply that olefins are not intermediates in the
combustion way of n-butane, because adsorbed
allylic species are not found upon n-butane
oxidation.

These data support the previous ones con-
cerning propane and propene combustion over
this catalyst [14] as well as those reported by
Yao [21] that showed that olefins and alkanes
burn with different mechanisms over chromia.
The following reaction scheme is proposed for
n-butane combustion over Mg chromite.

CO CH3COOH

co, co,

> N
o
-»> NN
o
»> HooC

Scheme 1. Proposed reaction pathway for butane and butene oxidations over MgCr,0, and Mg-vanadate.
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Fig. 4. FT-IR spectra of the surface species arising from the adsorption and oxidation of 2-butanol over the Mg-vanadate catalyst at

increasing temperature: at 373 K (a) and 453 K (b).

The results discussed here, concerning oxida-
tion of C, compounds, support the previous
proposal on alkane combustion mechanism
[14,15]. C—H activation occurs on both n-butane
and 1-butene at the weakest C—H bond, that in

both cases is that in secondary position. So,
sec-butoxy species are formed from rn-butane
and 1-buten-2-oxides from 1-butene. The alkox-
ides rapidly oxidatively dehydrogenate to the
ketones that later undergo a C—C bond breaking
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Fig. 5. FT-IR spectra of the surface species arising from the adsorption and oxidation of 1-butene at room temperature (a) and at 523 K (b)

over the Mg-vanadate catalyst.
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giving rise carboxylate species, acetates from
n-butane and, likely, mainly acrylates from 1-
butene. This can occur in the temperature range
300-473 K, so it represents a fast sequence at
the combustion temperature of near 773 K. Ac-
etate species, instead, are stable up to 573 K,
and burn in the range 573-773 K; this agrees
with the light-off temperature of near 623 K for
light alkane combustion over this catalyst.

A secondary way from n-butane involves
previous skeletal isomerization to give rise
tert-butoxide that later are oxidized to give rise
to two formate and one acetate species. For-
mates decompose fast giving rise to CO while
acetates behave as reported above.

3.2. n-Butane oxy-dehydrogenation over Mg-
vanadates

The interaction of Mg-vanadates with butane
does not give detectable adsorbed species, al-
though it is certainly effective above 623 K
according to the formation of gas-phase carbon
oxides and to the decrease of transmittance of
the sample likely due to its reduction.

However, the surface of this catalyst is reac-
tive towards oxygenate compounds even at very
low temperatures. In Fig. 4 the spectra of sec-
butanol adsorbed on the Mg vanadate catalyst
are reported. The adsorption of the alcohol is
almost completely dissociative, as shown by the
almost complete absence of the OH deformation
mode near 1280 cm™' typical of coordinated
sec-butanol, and to the presence of the strong
C--0/C-C modes near 1100 cm ™' due to sec-
butoxy-species. The bands near 1460 and 1380
cm ™! are assigned to the asymmetric and sym-
metric deformations of methyl groups, that near
1420 cm ™! to the scissoring mode of the methy-
lene group and that at 1335 cm ™' is the defor-
mation mode of the methyne group. The alcoho-
lates are progressively destroyed with the ap-
pearance of small amounts of methyl-ethyl ke-
tone near 450 K, evidenced by the sharp band
near 1700 cm™!, but disappear completely at
near 523 K. On the other hand, also the interac-

tion of l-butene and of butadiene over this
surface is extremely weak. The interaction with
1-butene is molecular at room temperature (Fig.
5a) and, in these conditions, the adsorbed butene
molecules is characterized by a weakening of
the C = C bond, whose stretching is found at
1630 cm™! with respect to 1643, 1647 cm™!
for the two conformers in the gas. Reactive
adsorption is observed only near 523 K (Fig.
5b), with the formation of carboxylate species,
characterized by bands at 1590 and 1420 cm ™',
due to the asymmetric and symmetric —COQO
stretchings. However, these adsorbed carboxyl-
ate species disappear by further heating at 673
K, due their complete combustion and /or des-
orption of partly oxidized fragments. The same
bands observed after contact with 1-butene are
also found after contact with 1,3-butadiene but
at significantly lower temperatures.

These results show that polar molecules like
the alcohols do react with the surface of Mg
vanadates, giving raise to dissociative adsorp-
tion, while further dehydrogenation also can
occur (although perhaps to a limited extent).
However, the reactivity of this surface is by far
weaker than that of Mg-chromite where the
alcohols are oxidized to ketones in part already
at room temperature, ketones are very strongly
bonded and further transform to carboxylate
species and finally completely decompose.

The behavior observed upon butane interac-
tion with Mg-vanadate is justified by the fact
that at the temperature at which this interaction
really occurs (above 623 K) the resulting par-
tially oxidized surface species desorb or further
transform very fast. The behavior observed upon
2-butanol adsorption suggests that the main way
of its transformation is its dehydration to n-
butene, that should occur completely already
near 523 K, giving rise to gas-phase olefin and
adsorbed water. This agrees with the very weak
reactivity of the olefin with Mg-vanadate, that
does not give rise to any detectable reaction
(including the hydration observed fast over other
catalysts like vanadia-titania) up to 550 K. So,
over Mg-vanadate the butane activation could
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occur just with the same mechanism as on the
Mg chromite, i.e. with the formation of an
2-butoxide as the result of the weakest C-H
bond scission. However, at the temperature at
which this reaction occurs over this very poorly
active catalyst, the alkoxide very rapidly dehy-
drates to the olefin n-butene. Being the olefins
rather unreactive towards Mg-vanadates they
can be recovered as the main useful product,
while in part they produce CO, via ketone-
acetates. The key step determining selectivity is
the evolution of the alkoxides that over the
vanadate can in part decompose to the olefin
while over the chromite are mainly oxy-dehy-
drogenated to the ketone.

4. Conclusions

The above experiments allow us to propose a
reaction pathway for n-butane oxidation and
oxy-dehydrogenation over Mg-chromite and
Mg-vanadate respectively. The data are consis-
tent with the hypothesis that the reaction mecha-
nism is the same on the two catalysts. If this is
true, the different behavior of the two catalysts
is explained by the different rates of two alter-
native steps on the two surfaces, i.e. the dehy-
dration or the oxy-dehydrogenation of the 2-
butoxide intermediate. So, the evolution of the
surface intermediate 2-butoxide is proposed to
play the role of ‘selectivity determining step’,
using an expression proposed by Kung and
co-workers [6], where the oxy-dehydrogenation
route diverges from the combustion route. The
low activity in oxidation and the significant
basicity with absence of Brgnsted acidity typical
of Mg vanadate are likely main factors favoring
the production of butene from the 2-butoxy-
species. On the contrary, the weak Brgnsted
acidity of oxidized Mg-chromite [16] is likely
responsible for blocking on the surface the 2-
butoxide species and the high oxidizing power
of Cr®" causes its rapid oxy-dehydrogenation to
the ketone and the following C-C bond break-
ing that finally produces CO,.

The same mechanism proposed for the com-
bustion catalyst Mg-chromite apply also to cata-
lysts that allow important yields in acetic acid
from n-butane, like vanadia-titania [8,13] that
accordingly also show a medium-high Brgnsted
acidity. Being acetate ions intermediates in the
combustion way it seems reasonable that the
production of acetic acid can be favored by
addition of steam in the reactant mixture and by
adjusting the reaction conditions, such as, e.g.
by increasing space velocity.
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