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Isotope Studies in Oxidation of Propane over Vanadium Oxide

Pierre Kube,"? Benjamin Frank,*” Robert Schlégl,”® and Annette Trunschke

Abstract: The oxidation of propane has been studied over silica-
supported vanadium oxide and polycrystalline, bulk MoVTeNb oxide
with M1 structure. Temperature-programmed reaction experiments
were performed, and the reactivity of propane molecules labeled with
deuterium and °C, respectively, was analyzed under steady-state
conditions. The measurement of kinetic isotope effects reveals
fundamental differences in the activation of propane over the two
catalysts. The reaction network of consecutive and parallel reactions
of the formed propylene is comparable. However, oxygen insertion
into the CHO group of acrolein under formation of acrylic acid is faster
over M1 than oxidation at the CH, group and decarbonylation to
acetaldehyde. In contrast, the latter process is preferred over silica-
supported vanadium oxide resulting in lower selectivity to unsaturated
oxygenates.

Introduction

The activation of C-H bonds in small alkane molecules has
been widely investigated in chemistry in general and specifically
in heterogeneous catalysis with the intent to use the large na
gas reserves of our planet economically in the synthe
chemicals.I"! Theoretical and kinetic studies of selective oxidation
and oxidative dehydrogenation of alkanes with molecul
over metal oxide catalysts disclosed an intricate
parallel and consecutive reactions that limits th
towards desired olefins or unsaturated oxygenat
studies of oxidative dehydrogenation (ODH) o
supported vanadium oxide catalysts the rea
however, usually condensed and presented as a
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ealed that hydrogen i
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is affected by favouring specifi
pathways rs. High barriers in the multiste|
pathways to carbon oxide, i.e., deceleration of th
corresponding,reaction(s), may then result in increased selectivit
propen:lerein we investigate the reaction network i

tion over bulk mixed MoVTeNb oxide (M1) and :
(mesoporous silica SBA-15) vanadium oxid:
model catalyst (6V/SBA-15) by temperature
med reaction and steady-state experiments using isotop:
ts. The reaction conditions are limited to fat, dr

these reacWon conditions the selectivity to undesired carbo
oxides is higher over silica-supported vanadium oxide compare:
to M1.¥ Factors that determine selectivity in the oxidation ¢
hain alkanes over vanadium oxide catalysts are discusse
on the comparative analysis of the reaction network ove

CH,=CH-COOH

co co,

Scheme 1. Simplified reaction network in oxidative dehydrogenation of propan
over vanadium oxide catalysts (black symbols) and minimum extension base
on detected gas phase intermediates™ ® (blue symbols) and the suppose
C;H surface / gas phase intermediate (red).

Results and Discussion

Oxidative dehydrogenation of propane was performed in
temperature-programmed  experiments by increasing the
temperature stepwise (Fig. 1). Each individual data point
presented in Figs.1a-b is the average of 3-5 measurement points
in steady state at the corresponding reaction temperature. Steady
state confirms that the corresponding products are formed
catalytically. The reaction products in the gas phase were
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analysed by gas chromatography. Conversion and selectivity as a
function of temperature are shown in Fig. S1. A multitude of
products was observed over both catalysts. The types of products
are the same over M1 and 6V/SBA-15, with the exception of
propionic acid that was only detected over 6V/SBA-15. However,
the relative concentrations and the temperatures, at which the
individual products appear first, differ.

Propene is the first product detectable over both catalysts at a
temperature as low as 120°C. The low temperature clearly
indicates that C-H activation is not the major problem on
vanadium oxide catalysts. At higher temperature (160-180°C)
acetone appears as second product, whereas the concentration
of propene and acetone is higher over M1 compared to 6V/SBA-
15. It is not possible to conclude from the present experiments
whether acetone and propene are formed via the same iso-
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propoxide surface intermediate or whether iso-propoxide as
probable precursor of acetone is formed after re-adsorption of
propene. It has to be noted at this point that the sensitivity of the
thermal conductivity detector (T used for analysis of the
carbon oxides is lower compared nsitivity of the flame
ionization detector (FID) applied for anal drocarbons and
oxygenates. Consequently, the fact t

VTeNb oxide.®! CO, is
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likely  from

] —m— ethylene —e— propylene > b
14 acetaldehyde —v— acetic acid » <

3 —#— propionic acid »

] —e— acrylic acid —e— acrolein 5‘/‘
0.1 { —*— propionaldehyde 0)

E acetone

1 —e— allyl alcohol
0.01{—<—co02
ij——cCo *

1E-3—§ (Y

1E-4 ¢

1E-5{ ¢

1E-61 : :
100 200 300
temperature (°C)

d
-154
_18_
Ea = 100 kJ mol”
£ 211
§ 24
@
-27_
1.6x10°  2.0x10°  2.4x10°
T (1/K)

ed oxidation of propane (heating rate 1K/min, measurement isothermal every 20 K) over a) M1 (C3Hs/O./He = 10/5/85, W/F =
| min'w), and b) 6V/SBA-15 (C3Hs/O,/He = 10/5/85, W/F = 1.33 g s mi", Meat = 222 Mg, Fiotar = 10 ml min'1); Arrhenius plots
(d) taking into account the overall rate of propane consumption calculated based on sum of the reaction products.
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The primary formation of carbon oxides (without desorption of
reaction intermediates) cannot be excluded based on the present
experiments. Indication for the latter process has been found on
M1,® and supported vanadium oxide catalysts."” Here, the
propylene selectivity increases with increasing vanadia loading,
which has been attributed to coverage of unselective support

sites,'"” or to the higher activity,'® and/or a modified
reducibility”"° of supported polyvanadate species.
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Scheme 2. Low-temperature (a) and high-temperature (b) formation of acr
acetone and propionaldehyde; Low-temperature oxidation via propylene,
occurs mainly on silica-supported vanadium oxide; High-temperature™ allylic
oxidation occurs on both M1 and silica-supported vanadium oxide ang requires
at least V,O, trimers.

Acrolein also starts to form already at 200°C ov,
Acrolein formation occurs here together with
temperature offset of + 20 K with respect to aceto
oxide has been proposed as a common intermedia
formation of acrolein and acetone in density functi

active sites. Although propene oxide h
gas phase in the present experime

temperature range in whic
might be, therefore, possible

(200-300°C) oxi
species at the su
ative dehydrogenation
lic oxidation of propylene at higher
eme 2b). In the low-temperature
aldehyde may be formed as
isomerization pro ne oxide." Indications for the
participation of peroxide species in oxidative dehydrogenation of
propane over supported vanadium oxide catalysts have been
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found recently by experiment,"? and theory."® Such a change in
the shape of the acrolein formation curve is not observed over M1,
which is in agreement with a low concentration of electrophilic
oxygen species on the surface o also at low temperatures
resulting in the dominance of the all

It is interesting to note that the sh
curves observed over M1 apd 6V/SB
similar. The slopes of the
at higher temperatures additio
formation.

ely, are very
at 300°C indicating that
esses contribute to CO;

The next group
and CO arising at
due to the detecti
and at 300°C over

es acetaldehyde, ethylene,
for CO of + 20 K perhaps
etector) over 6V/SBA-1"
o the disintegration of th:
ch lower temperature ove
mposition pathways are nc
the present experiment. It is interesting t
pearance of acetaldehyde, ethylene an
CO co cid formation, whereas a temperatur
difference o observed over 6V/SBA-15 betweel
first detection of these products and the formation of acrylic acic
The reason;mnt be that acetaldehyde is a common intermediat

°C (withan o
limit of the TC

directly retrievabl
note that over M1 th

t may be ed starting from acetone, acrolein,!'™ as well a
lic aci¥ (Scheme 3, Scheme S1). In particular, th
position pathways of acrolein to CO4 and acrylic acid t
e and CO4 may share a joint C2 surface intermediat
3, Scheme S1).

of the acrylic acid evolution curves (steep slope
are compaiyble over the two catalysts. Formation starts at 400°(
over 6V/SBA-15. The curve is shifted by 100 K to lowe
temperatures over M1 indicating that in contrast to othe
nates formation of acrylic acid is particularly facilitated ove

Acetic acid occurs only above 400°C over both catalysts an
e curves progress in parallel to the acrylic acid formation curve
confirming previous results that acetic acid might be formed b
decomposition of acrylic acid.®! But it cannot be excluded the
acetic acid is also formed by oxidation of adsorbed C2 precursor
formed in acrolein decomposition (Scheme 3, Scheme S1). C.
and C3 precursors are then apparently oxidized to th
corresponding acids in the same temperature range. Acetic aci
could also be formed by oxidation of re-adsorbed ethylene, whic!
is formed in C-C bond splitting reactions that occur already ¢
lower temperatures (see ethylene evolution curves in Fig. 1
However, this is less likely, since the slope of the ethylen
evolution curves are not affected by the onset of acetic aci
formation (Fig. 1). Acrylic acid is either more slowly formed c
faster decomposed to acetic acid over 6V/SBA-15 compared t
M1, because over the former catalyst the concentration of aceti
acid is higher than the concentration of acrylic acid whereas th
reverse situation is observed over M1.

Remarkably, allyl alcohol, which is an intermediate of propene
allylic oxidation, is still detectable over both catalysts at
temperatures above 400°C when the molecule reaches sufficient
high concentration in the gas phase revealing that allylic oxidation
is a common pathway over both catalysts.

Finally, a pathway via adsorbed n-propoxide resulting in
propionaldehyde (occurrence above 300°C) and propionic acid

3
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(detectable only over 6V/SBA-15 above 400°C) is operative over
both catalysts as well. Formation of propionaldehyde at low
temperature by isomerization of propylene oxide cannot be
excluded.

The rate of overall propane consumption calculated based on
the sum of products has been plotted as a function of 1/T (Figs.
1c-d). The function is overall linear for both catalysts (R* = 0.9985
for M1, and R? = 0.9949 for 6V/SBA-15) indicating that significant
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changes in the reaction network do not occur in the studied
temperature range at points where new products appear in the
gas phase meaning that all detected products might belong to a
single complex reaction network ching out from propane.
Slight deviation occurs at low temp over 6V/SBA-15 for
the reasons discussed above (Sche The apparent
activation energies (Figs. 1c-d) agree i
for M1 8 and SBA-15-sup,
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major principal similarities and differe
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ture range 100-4

r indicates the ™

In summary, grammed experiments
reaction products (11 over M1 and 12
table by gas chromatography in the
and consequently involved in the
tion over both, M1 and 6V/SBA-
15 catalysts. A hypothetical reaction network that includes all
intermediates detected so far in the gas phase under the specific

reaction conditions applied in the present experiments is

products detected in the gas phase (blue) over M1 and 6V/SBA-15 in dry fee

during temperature-programmed propane oxidation; Furthermore, the results of the experiments with C
-labelled carbon atom) have been integrated into the Scheme; A version of the Scheme that highlight
in the reaction networks over 6V/SBA-15 and M1 is presented in the Supporting Information ( Scheme S1).

presented in Scheme 3. The experimentally proven reaction
intermediates are highlighted in blue. Surface intermediates have
been proposed based on spectroscopic studies of selective and
total oxidation catalysts.I"”? The type of products detected and the
shape of the product evolution curves are strikingly similar at
normal reaction temperatures of propane oxidation (300-400°C)
suggesting that the same global reaction network predominates
over the two catalyst systems, but the rate constants of individual

4
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reaction steps differ. However, at temperatures below 300°C
differences are observed in particular with respect to acrolein
formation. Hydrogen-abstraction under formation of propylene
occurs already at very low temperature over both catalysts
followed by oxyhydration/oxidation to acetone or allylic oxidation
to acrolein. Acrolein formation and cleavage of C-C bonds are
reactions particularly favoured over 6V/SBA-15, while acrylic acid
formation is favoured over M1.

Based on the assumption that the entire reaction network in
propane oxidation over M1 and 6V/SBA-15 is similar, differences
in the selectivity of the overall reaction result from differences in
the activation energy of individual reaction steps. In the following,
we have analysed kinetic isotope effects (KIE) based on rates of
overall propane consumption and propylene formation. If the
abstraction of the first hydrogen atom in adsorbed propane is rate
limiting, the rate of propane consumption must be affected by
deuteration. To verify whether hydrogen abstraction in methylene
position is the rate-limiting step of the overall propane oxidation,
propane consumption rates were measured using C3Hs and 2,2-
C3D2He, respectively. Similarly, the impact of splitting a C-H bond
in methyl position was studied comparing 2,2-C3D,Hs and CsDs,
respectively. Rates extrapolated to zero conversion determined in
contact time variations at T=400°C (Figs. S2-S3) have been used
(Tab. 1) to calculate the KIE (Tab. 2).

In agreement with isotope studies of propane ODH over
zirconia supported vanadium oxide catalysts,” the substitution of
H by D in methylene position affects the overall consumption r,
of the substrate over 6V/SBA-15 (Tab. 1) resulting in a signifj
KIE of 1.45 (Tab. 2) and revealing that C-H activation of
methylene hydrogen in propane affects the propane con
rate also over silica-supported vanadium oxide. Deu
methyl position has no effect resulting in a KIE of
agreement with the literature.

Table 1. Propane consumption rates, propylene formation
selectivity to propylene over the two catalysts obtained in contac
variation experiments (W/F = 0.02-0.06 g s ml” for M1, and 0.30-1.34 g s m
for 6V/SBA-15) in the feed C;Hs/O,/He = 10/5/85 at T=400°C with different
isotopes after extrapolation to zero propane conversion (raw data showrji

the Supporting Information, Figs. S2-S3).
*1 0-7

* -/
catalyst Reactant reso™10
[molg” s
CH;CH,CH,3 1.86
6V/SBA-15

CH3CD,CHjs A 1.2

CD30D20D3N4

CH3CH,CH;s Z\ 18.5 L4 89
M1 CH:,“ 14.0 \ 8.7 62

In n of the methylene as well as the
methyl group affects propane consumption over the
M1 catalyst resulting in a KIE for methylene of 1.49 and for
methyl of 1.55. In case of fully deuterated propane the rate is
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further decreased yielding an overall KIE of 2.31. This means that
the hydrogen atoms in methylene as well as methyl position are
simultaneously involved in the consumption of propane by rate
determining process(es). Parallel ation of iso-propoxide that
requires C-H activation in methyle ition and n-propoxide
that requires C-H activation in methyl should not be
responsible for the observed effect, sin
formed over 6V/SBA-15 to imilar

and S1), but here the deut
impact.

nt (compare Figs. 1a-b,
the methyl group has no

Table 2. Kinetic isotope,

cts (KIE) in pri consumption and propylene
formation calculated b on the rates provi in Table 1.

‘Jpes 'IE (C3) KIE (C3=)
QMK 49 172
HaC

,CHa/ 1.01 2.84
6V/SBA-15 CONCD;
ﬂ 150 487
CD,CD,CD%

Catalyst

CH3CH,CHy/ 1.49 2.13
CH3CD,CHjs
CH3CD,CHy/ 1.55 1.10
CD;CD,CD3
CH3CH,CHy/ 2.31 2.34
CD;CD,CD3

The results may be interpreted in terms of a different structur

and the second hydrogen atom, respectively. For bette
stration, the part of the reaction network (Scheme 3) the
eems to predominate propylene formation is enlarged i
Scheme 4 and the differences between M1 and 6V/SBA-15 ar
highlighted in blue and green, respectively. Over M1 the limitin:
case might be a simultaneous mechanism, which seems to be nc
unlikely over Mo oxide containing catalysts according to DF
calculations using MosOs model clusters."® Our experiment:
numbers agree well with calculated KIEs from a 2 + 4 pathway il
which both methyl and methylene C-H bonds are simultaneousl
involved. However, the calculated barrier for the correspondin:
transition state (48.3 kcal/mol) is higher compared to th
experimentally determined value of 34 kcal/mol.”) The 2 + .
mechanism corresponds to a concerted heterolytic C-H activatiol
(two-electron process) in which all in all 6 electrons are involve:
simultaneously including both metal atom and oxygen atom of .
M=0O species as active site. The one-electron hydrogel
abstraction under formation of a radical is, however, the
energetically most feasible pathway in propane activation over
MosOs model clusters,'® and also over vanadium oxide.!"!
Therefore, quasi-simultaneous H-abstraction on neighbouring
M=0 sites (Scheme 4) might be taken into consideration as an
explanation for the KIEs measured over M1. Such a mechanism
has not been studied by theory so far. The high density of
propane adsorption sites on the surface of M1™ might render
such a mechanism possible. Interestingly, a high density of

5
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oxidising sites has been reported to favour propylene formation
instead of C-C bond cleavage reactions on vanadium-based
oxides.”%

Furthermore, we analysed the rates of propylene formation
albeit interpretation of the corresponding data is less
straightforward, since formation of propylene requires the
abstraction of two hydrogen atoms that must occur via several
elementary steps. Interestingly, the selectivity to propylene is
affected in a different way by isotope labelling over 6V/SBA-15
and M1 (Tab. 1). Consecutive reactions of the formed propylene
are neglected in the following discussion of the difference, since
the selectivity to propylene Sci-, was determined based on
extrapolation to zero propane conversion. Still, parallel reactions
of propane may affect propylene formation rates at zero
conversion, but the selectivity of propylene approaches
approximately 90% at X=0% in the reaction of native propane
over both catalysts due to parallel formation of n-propoxide and
its further oxidation (Tab. 1). By using fully deuterated propane
the selectivity to propylene drops to 27% compared to the
reaction of native propane (87% propene selectivity) over
6V/SBA-15. After abstraction of the first D atom in the reaction of
CsDg, a C3D7 intermediate is formed on 6V/SBA-15 that reacts in
the second step either to fully deuterated propene by another D
abstraction at the neighbouring methyl group (ks in Scheme 1) or
to undesired by-products via an unspecified pathway (kz in
Scheme 1). The ratio of the corresponding two rate constants

propane. The decrease in propylene selectivity in the conv
of fully deuterated propane over 6V/SBA-15 points at a reaction
pathway competitive to selective C-D activation in
intermediate, which is not decelerated by isotope exc
which does not involve D-C bond splitting. C
reactions with gas-phase oxygen via alk
hydroperoxyalky! radicals,?" or fast attack of ads
the carbon backbone of CsD- in the adsorbed
(Scheme 4). By using CH3CD,CHj3 instead of native pr
selectivity to propylene is only slightly affected over 6V/SB
(Tab. 1), because only the first step from CH3;CD,CH; to
CH3;CDCHjs, which determines activity, but not selectivity, inv
D abstraction. Propylene is formed i
abstraction of H from the methyl

determines the selectivity to propene in the isotope exchange
experiments in the limiting case of zero per cent convers*

slightly diminished selectivity of
propane (Tab. 1). Trends in
propylene formation rate

M1 exhibits a
deuteration of the methyle
undesired by-products (Tab.
determined over.
conversion is inv.
position. That me
retards the overall re
the transifgon states and

the methylene or methyl
deuteration of propane
on, but will not interfere the structure of
rmediates, which is reflected in equal
native propane (89%) and fully
ro propane conversion (Table 1).
Other than on 6V/SBA-15, ction of the carbon skeleton of
the Cs;D- intermediate does not occur preferentially. No change in
the kik, ratio (Scheme 1) is in agreement with a low

10.1002/cctc.201700847
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concentration of electrophilic oxygen species and adsorbed
oxygen on the surface of M1. The equal selectivity in the
experiments with native and fully deuterated propane,
respectively, also support that con tive reactions of propylene
(at least reactions that involve C- itting, such as allylic
oxidation) are indeed negligible undey plied boundary
conditions of zero propane conversi

and 6V/SBA-15 is easily
raction mechanism is

higher number of propane
mpared to 6V/SBA-15.1
osition a simultaneou-
g to faster abstraction ¢
ation n-propyl species a
products and carbon oxide

adsorption sites o
Upon exchange
mechanism is no |
methyl hydro tha
precursor of s
(Schemes 3-4).

4 +0,
CH,

NCH_CH,

_OH
i
(0]
ot )
V,0,/8i0, -
ol M1 4,

CH; CH; sl

propane

Table 3. Propane conversion and product selectivity in dependence of steam
addition (10 vol%) to the feed at 400°C, W/F = 0.06 g s mI"' (M1), and 1.34 g
sml’ (6V/SBA-15) and C3Hgs/O,/He = 10/5/85.

M1 6V/SBA-15

H,O DO H,O DO
X [%] 1.8 1.8 2.0 2.1
T'oropane consumption,0
(mmol g™ h™) 4.81 4.82 0.247 0.255
S (propene) [%] 65.8 70.4 77.8 78.1
S (acrylic acid) [%] 30.0 25.0 0.2 0.2
S (acetic acid) [%] 1.3 1.5 5.3 5.2
S (C2) [%] 0.1 0.1 0.2 0.2
S (CO) [%] 2.0 2.2 9.9 9.7
S (CO,) [%] 0.8 0.9 6.7 6.7
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It should be noted that re-establishment of the active catalyst
surface after hydrocarbon oxidation (after first half of the catalytic
cycle) can also influence the KIE. The rate constant for re-
oxidation of an oxygen vacancy on the catalyst surface, which is
formed during formation of H,O from two OH groups, should be
the same for (partially) deuterated and native propane. However,
the (formal) rate constants of catalyst dehydration likely differ
among each other depending on the degree of deuteration of the
hydrocarbon substrate, as deuteration of the surface depends on
the deuterium content of the substrate and dehydration of the
surface in the final step of the catalytic cycle involves necessarily
the cleavage of an O-H/O-D bond. The impact of catalyst re-
oxidation on the reaction rates was investigated by adding H.O or
D0 to the feed of native propane and oxygen under steady state
conditions to modify the concentration of surface OH or OD
groups (Tab. 3). Switching from H,O to D,O does not change the
activity of both catalysts, indicating that catalyst dehydration does
not affect KIEs obtained with deuterated propane. The selectivity
pattern is not affected over 6V/SBA-15 in a measurable way. For
M1, selectivity of acrylic acid is slightly higher in H,O compared to
D,O at the expense of all other products. This indicates direct
involvement of water in a kinetically relevant step of acrylic acid
formation or vital H/D exchange in the intermediate product
propene, which results in deceleration of allylic oxidation as a
consequence of the KIE for C-H/C-D bond cleavage. In any case
the observation implies the existence of an additional kinetically
relevant step in the reaction network, which is located within the
path from propylene to acrylic acid.

The formation pathways of carbon oxides during pr
oxidation were studied by means of pulse experiments with *C-
labelled/unlabelled propane/oxygen mixtures at T=4
schematic illustration of the experimental procedure is
the Supporting Information (Scheme S2). The app
propane contains the '*C atom in 2-position (lab
Schemes 3, 5). The products of the pulse ex
analysed by mass spectrometry after pre-s
product mixture into permanent gases (CO, CO.,
hydrocarbons (CsHs, CsHs), and acids by packed columns
experiment description see Supporting Information). Propane
conversion and product selectivity are summarized in Tabfan4.
The conversion of propane has be adjusted for the
catalysts by choosing appropriate col

Table 4. Propane conversion and prod
=0.06gsml" (M1),and 1.34gs ml”

selectivity for native
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does not differ between native and '*C-2-propane. The propylene
selectivity measured over the two catalysts was only slightly
affected by isotope labelling.

In the experiments with the u reactant, CO and CO;
are formed in almost equal amounts
which is reflected in a selectivity ratj
greater than 0.5 (Table
changes only slightly whe ed propane, resulting in

8 for M1. The observed

CO and CO,. But when
stinct differences in the
talysts become obviou

reaction pathways
the "C-labelled r
origin of CO and

(Scheme 5). ‘

M1 6V/SBA-15
CH CH,
Co‘é cI;H:>‘ co, CO é c|:|4|2>:co2

En, En,

eme 5. P#inant origin of carbon oxides over M1 (blue) or 6V/SBA_1
n); Line tMkness of arrows reflects the selectivity presented in Table 4.

M1 the carbon in methylene position contributes slightl
ation compared to the carbon in methyl positiol
y the higher "*CO/("*CO+'CO,) ratio of 0.7F
whereas C®, preferentially originates from one of the termine
carbon atoms (Table 4, Scheme 5). The opposite pattern i
observed over 6V/SBA-15, i.e., CO originates mainly from th
position and CO; from the methylene position, respectivel

he observation that the majority of CO, formed over M1 i

abelled indicates that the Cs; intermediate to CO
redominantly bears a terminal functional group that contains tw:
oxygen atoms (e.g., a carboxylic acid group). The C3 acid i
acrylic acid, since propionic acid is not formed over M1 under th:
applied reaction conditions (Fig. 1a). The elimination of unlabelle:
CO, (decarboxylation) from acrylic acid gives a residual C:
fragment.

-substituted propane in propane oxidation in a feed of C3Hs/O,/He = 10/5/85 at T=400°C; W/

Catalyst Reactant Feed S (C3He) s(®co) | s(®co,) | s(®co) | s(®coy) Sico Sico
(Cs) 3/O,/He [%] [%] [%] [%] Sico +Suco, | Sico* S

L -

M1 CiHs Nss 4.0 69.4 15.9 14.6 - - 0.52 -
68.1 7.2 13.8 8.2 2.8 0.34 0.75

6V/SBA-15 65.3 19.2 15.4 - - 0.55 -

10/5/85 62.8 15.3 9.1 47 8.2 0.63 0.36

r at the carbonyl group or at the  above, ethylene might be a quite stable end product.

methyl carbon, and ethylene are the C2 products primary formed
either from acrolein or acrylic acid (Scheme 3). As discussed

Acetaldehyde can be either oxidized at the methyl group and
subsequently decarbonylated to give adsorbed methoxy species

7
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or it is further oxidized to acetic acid by oxygen insertion into the
C-H bond of the CHO group. Acetaldehyde, which is labelled at
the carbonyl group, yields labelled CO by decarbonylation and
an unlabelled surface methoxy group. The latter may be
oxidized to formate species, which finally form CO by
decarbonylation or CO, by decarboxylation, both unlabelled
(Scheme 2, top).

The labelled "*C atom in acetic acid formed over M1 is
primarily located in the methyl group, as indicated by mass
spectrometry (Fig. 2). The mass spectrum of pure native acetic
acid (Fig. 2a) displays two major fragments corresponding to a
carboxylate CO,H" species (m/z 45) and a CH3CO" species (m/z
43), which are also present in the pre-separated acetic acid
fraction of the product mixture observed in oxidation of native
propane (Fig. 2b). Peaks due to "*CHsCO" or CH3"*CO"* (m/z 44),
CO.H* (m/z 45) and "*CO,H" (m/z 46) are observed when
labelled "*C-2-propane is pulsed. The measured intensity ratio of
these three peaks can be simulated by a
BCHsCO,H:CH5"*CO,H  ratio of 3:1 indicating preferred
formation of acetic acid with the ">C atom located at the methyl
position. This means that either acrolein or acrylic acid is

10.1002/cctc.201700847
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labelled surface methoxy group is further oxidized to labelled CO
or CO,, respectively (Scheme 2, bottom).

All decomposition reactions o
and acrylic acid outlined in Scheme 3
the product distribution observed over
temperature-programmed

oxygenates acrolein
ur in parallel, but

al combustion products
indicate differences in

igh concentration of
ferential formation
of unlabelled CO;
acrylic acid via ox
group is faster th
decarbonylati
acetaldehyde

C-H bond of the CHO
inyl group followed by
surface species and

as indicated by the increased
O. For clarity, the corresponding section
0 Scheme 6 and the major differences
-supported vanadium oxide (green)
are highlighted.

preferentially attacked at the terminal methylene group, but acrolein + 0> acrylic acid
attack at the central carbon is also possible, but less likely. 2CH~ 20 i 2CH~ _~20
4 a 0
43 .
16 45 2 §Vv,0,/Si0,
| 60
0.8 ~CH,
] H +CO
| | e} OH
O B e e
5 1 43 b
= 1.6+ 45 Sc, e 6. Major differences in consecutive reactions of acrolein over M1
© (gil) and 6V/SBA-15 suggested by the distribution of "*C in the formed
o 1 60 bon oxides.
el
& 08
£
<Z‘3 1 || Similarly, over M1 the common intermediate acetaldehyde
0.0 4 e seems to be faster oxidized at the CHO group under formation
| 44 ¢ of acetic acid. In contrast, over 6V/SBA-15 the methyl group of
1.6 1 45 acetaldehyde is faster oxidized followed by decarbonylation of
i o1 the corresponding surface intermediate.
0.8 . An interpretation of the increased abundance of labelled CO,
i 6 over 6V/SBA-15 is less straightforward. The decomposition of
II | || adsorbed acetone may contribute more significantly to labelled
0.0 A P e CO; over 6V/SBA-15, whereas acetone formed over M1 is more
40 45 50 55 60

m/z

Figure 2. Mass spectrum of 2.6vol-%
the acid fraction of i
and "C-2-propane (c
20/5/75 (blue) and 1
increased in the correspol
acid analygis.

tic acid in He (a), mass spectrum of
e oxidation of native propane (b),
F =0.3gsml" and Co/O,/He =
red); e content in the feed was
experiments to increase the reliability of acetic

Acetic acid that co abelled methyl group releases
unlabelled CO, in a decarboxylation reaction. The residual

stable. In addition, differences in the decomposition of the final
surface formate (Scheme 2, bottom right) either via
decarboxylation or decarbonylation may contribute to the
observed pattern.

Summary and Conclusions

In summary, the measurement of kinetic isotope effects in
propane oxidation revealed essential differences in the
activation of the propane molecule over M1 and silica-supported

8
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vanadium oxide, respectively. Whereas over silica-supported
vanadium oxide the abstraction of the first hydrogen atom at the
methylene group of the C3Hg molecule is rate limiting, activation
of propane over M1 clearly involves both, methyl and methylene
groups, simultaneously in rate-limiting process(es). The
difference has no significant impact on the network of
consecutive reactions of the formed propylene, but it may
explain the lower barrier measured over M1 and the
corresponding difference between M1 and 6V/SBA-15 in
propane consumption rate that comprises one order of
magnitude.! At usually applied reaction temperatures (300-
400°C) the overall reaction network in propane oxidation seems
to be similar over silica-supported vanadium oxide and M1 with
the allylic oxidation of propylene being the predominant pathway
since the intermediate allylic alcohol has been detected over
both catalysts. The final product of the allylic oxidation over M1
is acrylic acid, while the reaction essentially terminates with
acrolein formation over silica-supported vanadium oxide.
Acetone formation via oxihydration or oxidation of propylene is a
minor parallel pathway. Carbon oxides are mainly formed by
decomposition of the main selective oxidation products acrolein
and acrylic acid, which are preferentially attacked at the terminal
methylene group under formation of the common decomposition
product acetaldehyde. Differences in the preferred degradation
pathways of acetaldehyde have been revealed by pulse
experiments using '*C-2-propane. Over silica-supported
vanadium oxide acetaldehyde seems to be preferenti
oxidized at the methyl group followed by decarbonyl
whereas oxidation to acetic acid followed by decarboxylafion is
the favoured reaction path over M1.

The most important differences in the reaction
propane oxidation under the studied conditions o

differences in the reaction network over the two

popular opinion in oxidation
stability of C-H bonds in sub

has been proposed t
activation over vanadiu
nucleophilic oxygen and vanadyl oxygen has been
one.l"®* % The formation of
ound in the product mixture

mperatures perhaps via

to be

vanadi 0 M1 due to the different electronic
struct as outlined in detail recently.
Finally, formation requires  particularly  high

temperatures, especially over silica-supported vanadium oxide.
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This implies that oxygen atoms, which are part of surface oxide
species, are involved in the corresponding reaction.

ver occurrence and
the surface of

Our results confirm that c
distribution of the various oxygen sp
vanadium oxide catalysts is the key iss
propylene
hilic oxygen species on
ed by pulsed operation

conditions.”” The

mation is more
rophilic oxygen species
propylene in 2-position
onsecutive oxidation to

implementation of
challenging, beca
and faces the co
under formation o
acetaldehyde
detailed anal

it requires
titive oxidation

Wely insert into the C-H bond of a
terminal CHO group. Is point we refer to the difference
between silica-supported vanadium oxide and M1 in the onset
mperaturtjacrylic acid formation. However, high selectivity

crylic ad@gfrequires in addition and primarily the optimization
rolein formation as well as the suppression of consecutive
ns such as the oxidative attack at the CH, group of acrylic

Experim®€ntal Section
Catalysts

sis, and detailed bulk as well as surface analysis of the two
sts have been described elsewhere.™

ropane oxidation experiments

Catalytic measurements were carried out in a self-constructed reactor
setup with plug-flow characteristics using 10 or 50 mg (M1) and 223 mg
(6V/SBA-15) catalyst. SiC was used to dilute the M1 catalyst for adjusting
the same bed length as for 6V/SBA-15. The reactor (inner diameter 4
mm) was equipped with a thermocouple for measuring the temperature
inside the catalyst bed. CsHg (Westfalen), C3Ds (Campro Scientific 99
atom% D, Sigma Aldrich 99 atom% D), 2,2-C3D,Hs (Sigma Aldrich 98
atom% D), "*C-2-propane (ICON Isotopes 99 atom% '°C), O, (Westfalen)
were used as reactants. The product gas mixtures were analyzed by
online gas chromatography (Agilent 7890) and online mass spectrometry
(QMA 400, Pfeiffer Vacuum). Separation of the gas pulses during *C-2-
propane experiments were achieved by using a self packed column
(Porapak™ Type Q 100-120 Mesh or Carbopack™ B-DA 80-120 Mesh)
located between reactor outlet and analytics. More details concerning the
performed experiments are provided in the Supporting Information
(Scheme S2 und corresponding explanation). Starting and reference
point for all measurements were a reaction temperature of 400°C and a
dry feed of 10% native propane, 5% oxygen and 85% He. H,O and D,O
(Sigma Aldrich 99.9 atom % D) were introduced into the reactant stream
via vaporizer at 140°C. The calculation of propane conversion and
product selectivity includes a correction for gas impurities in the initial gas
mixture (namely labelled propylene in labelled propanes). Isotopic
scrambling in propane in the gas phase as well as H/D exchange with the
catalyst surface can be neglected (Supporting Information, Fig. S5).
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COMMUNICATION

Roadmap to value or waste: The
reaction network of propane oxidation
over vanadium oxide catalysts was
analysed by using temperature-
programmed reactions and
experiments with D- and "*C-labelled
propane molecules. Propylene
formation and oxidation of acrolein
strongly depend on the nature of the
catalyst. Surface density of vanadyl
groups and nature of electrophilic
oxygen species are relevant with
regard to selectivity.
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