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a b s t r a c t

In this study, non-stoichiometric redox compounds such as La2NiO4+ı, La2Ni0.95V0.05O4.07+ı and
La2Ni0.9V0.1O4.15+ı have been tested as oxidants in selective oxidation of propane, in order to judge the
suitability of these materials for a dense membrane reactor for selective propane oxidation. Reducibility
of the samples has been investigated using temperature programmed reduction in H2/Ar flow. The cat-
alysts’ activity and selectivity at 550 ◦C have been investigated employing sequential pulses of diluted
propane over the oxides.

Pulsing with propane induces step-by-step reduction of the oxide; consequently, the activity of remain-
ing oxygen decreases with the number of pulses, affecting the products distribution. It is observed that
at 550 ◦C on oxidized catalysts CO2 and H2O are the main products and the selectivity towards propy-
ver-stoichiometric oxygen
ulse test

lene is very low. At a certain reduction level, obtained after pulse 8 in our experiments, the production
of CO2 stopped without changing the amount of C3H6 produced. At this stage, also CH4 and C2H4 are
being formed. V-doped catalysts have shown a constant level of C3H6 production within a broad win-
dow of oxidation degree, while the performance of La2NiO4+ı, catalyst deteriorated drastically after just
a few pulses. CO, CH4 and coke deposits are formed with La2NiO4+ı, caused by the formation of metallic
Ni. Vanadium is able to prevent this phenomenon, thus drastically broadening the window of selective

oxidation of propane.

. Introduction

Selective oxidation of propane to light olefins is an important
esearch subject since the demand of such olefins is growing. In
he last few decades many catalytic systems have been investi-
ated for this reaction including alkali salts [1], metal molybdates
2] and metal vanadates [3]. Promising performance of V/MgO was
eported, showing 60% selectivity to olefins at 15% propane con-
ersion employing co-feed of gaseous C3H8 and O2 [4,5]. The major
hallenge in selective catalytic oxidation of alkanes is the fact that
he desired products are more reactive than the alkane reactant,
ausing domination of total combustion especially at high conver-
ion level.

One effective way to minimize deep oxidation is to avoid the
irect contact between products and reactants such as molecular

aseous oxygen. This approach can be used in a moving bed reac-
or [6] or in a catalytic dense membrane reactor (CDMR) [7]. In the
ast case, the membrane, as physical separator between products
nd oxygen, defines two separate compartments, where reaction
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E-mail addresses: L.Lefferts@utwente.nl, l.lefferts@tnw.utwente.nl (L. Lefferts).
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and regeneration occurs respectively. In case of oxidative dehydro-
genation of propane, the reactive side of the membrane is depleted
in oxygen. Regeneration of the membrane surface at reaction side
occurs via ionic permeation (O2− and/or O−) through the membrane
body, originated from oxidation of the membrane with molecular
oxygen at the regeneration side. At the same time, to counter-
balance the permeation of oxygen ions through the membrane
body, migration of electrons in opposite direction occurs. Compa-
rable ionic and electronic permeability rates are required to avoid
charge accumulation, slowing down the diffusion of oxygen ions.
If the reactivity of the surface oxygen and oxygen permeability are
matched, continuous operation of the membrane reactor with high
selectivity to olefins can be achieved. This would require tuning of
the material composition, temperature as well as concentrations of
propane and oxygen.

Suitable materials for this purpose are redox mixed metal oxides
with a well organized structure, able to provide oxygen ions for
oxidation reactions (Mars – Van Krevelen mechanism). Therefore

materials such as perovskite and related compounds have been
extensively studied for oxidative dehydrogenation of alkanes in
CDMR mode. The ideal perovskite structure, indicated as ABO3,
consists on a cubic arrangement of corner-sharing BO6 octahedra,
where B is a transition metal cation. The A-site ions, located in inter-

http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:L.Lefferts@utwente.nl
mailto:l.lefferts@tnw.utwente.nl
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Fig. 1. Schematic representation of perovskite structure.

titial position between the BO6 octahedra, are usually occupied by
n alkali, alkali earth or rare earth ion [8], as shown in Fig. 1 for
aNiO3.

These materials allow easy redox transformations due to the
resence of redox metals (V, Ni, Mo, Bi, Fe). Synthesis conditions,

ike calcination temperature, partial pressure of oxygen, heating
nd cooling rate, affect the structure as well as the amount of oxy-
en in the samples, and consequently the amount of vacant sites.

In the case of LaNiO3, it was shown that under oxidative
tmosphere the perovskite structure is stable up to 850 ◦C [9,10].
xceeding that temperature, the material reversibly decomposes
o NiO and La2NiO4, which shows a modified perovskite struc-
ure called K2NiF4-type structure. In the case of K2NiF4 structure,
he material possesses a double layer structure: Ni, octahedrally
oordinated, is present in the perovskite layer; and La, tetragonally
oordinated, is present in a rock-salt layer, as shown in Fig. 2.

Such changes in crystallographic structure obviously influence
he thermodynamic activity of oxygen ions in the oxide. In fact,
he re-arrangement of the material in the double layer structure
nables the formation of “interstitial oxygen” in the inter-layer
osition. This can bring about oxygen over-stoichiometry. As a
esult, K2NiF4 structure materials have one extra crystallographic
ype of oxygen ions which might have different thermodynamic
ctivities as compared to strongly bonded lattice oxygen ions. The

aterial is conventionally represented as La2NiO4+ı, where ı cor-

esponds to the amount of over-stoichiometric interstitial oxygen;
i2+ is partially oxidized to Ni3+ in order to compensate for the
xtra negative charge [11–13].

Fig. 2. Schematic representation of K2NiF4 structure for La2NiO4.
A: General 378 (2010) 144–150 145

In addition, the chemical and physical properties of K2NiF4-
type materials can be modified by adding dopants [14]. Structural
distortion and variation of activity of oxygen species depend on
ionic radius and valency of the dopant [15]. It was reported [16]
that structural stability of Eu2NiO4 can be increased by adding Sr
as dopant. Substitution of Ni2+ with V5+ in La2NiO4 brings extra
positive charge to the material, which must be compensated with
additional oxygen ions in interstitial positions or in oxygen vacant
sites. To the best of our knowledge, the influence of addition of V
on the reactivity of O2− ions with propane was not addressed in the
literature.

Reactivity of oxygen species can be elucidated from propane
pulse experiments. Strictly speaking these are not catalytic exper-
iments; nevertheless, we are using the term catalysts for brevity
reasons. During the propane pulses the catalyst provides oxygen ion
species to the reaction, increasing the reduction level of the mate-
rials with the number of pulses. Oxygen is not present in the gas
phase, in contrast to classical co-feed catalytic test with propane
and oxygen, and regeneration of the surface sites does not occur
during the propane pulses, except for O2− delivery from the bulk
of the oxide. The consequent depletion of oxygen active species
implies changes in the reactivity of the remaining oxygen species
in the catalyst. In this way the influence of the reactivity of the
oxygen species on conversion and selectivity can be determined. In
addition, reaction pathways which involve gas phase oxygen and
adsorbed oxygen are avoided.

In this study the variation of propane conversion and selectivity
to olefins as a function of the reduction degree of La2NixV1−xO4+ı

catalysts is reported. The role of V in enhancing the selectivity
towards propylene is discussed.

2. Experimental

2.1. Catalyst preparation

La2NiO4+ı (LN), La2Ni0.95V0.05O4.07+ı (LNV-05) and
La2Ni0.9V0.1O4.15+ı (LNV-10) were prepared via sol–gel method
using EDTA as chelating agent [17]. The appropriate amount of
V2O5 (Merck) was dissolved in diluted HNO3 (Merck) at 80 ◦C
under stirring for 1 h. A stoichiometric amount of La(NO3)3

•6H2O
(Merck), Ni(NO3)2

•6H2O (Merck), EDTA and NH4OH solutions
were added and the obtained solution was heated for 2 h under
stirring. After drying at 230 ◦C, foam-type material was formed
and pyrolysis took place after spontaneous ignition. The resulting
solid mixed metal oxides were milled and calcined in air, slowly
increasing temperature (1 ◦C/min) up to 1050 ◦C. The resulting
materials were finally ball milled in acetone for 5 h and dried at
80 ◦C. The materials were sieved and particles size of 0.1–0.3 mm
was used for all experiments.

2.2. Characterization

The chemical composition of samples were determined by X-ray
fluorescence (XRF) using Philips (Panalytical) PW 1480 equipment.

Nitrogen adsorption measurements were carried out at −196 ◦C
with a Micromeritics Tristar system. Prior the adsorption mea-
surements the samples were degassed at 300 ◦C and 10−3 Pa for
24 h. The specific surface areas were calculated according to the
Brunauer–Emmet–Teller (BET) method.
The crystal structure of the materials was determined in air with
powder X-ray diffraction (XRD) using a Philips PW2050 (X’Pert-
APD) diffractometer with Cu K� radiation (� = 0.15406 nm). Data
were collected varying 2� between 5◦ and 75◦ with a step size of
0.005◦ and a step time of 1 s.
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between the two spectra is the change in relative intensity of the
main peaks at 2� = 31.4 and 32.7. These results are very similar to
the effect of Cu addition to LN [21]: the K2NiF4 structure is retained
and the ratio of intensities of the main peaks varies. The reason for
the latter observation is not known.

Table 1
Stoichiometric ratio. Properties of mixed oxide catalysts investigated.

Catalyst Stoichiometric ratio (XRF) Surface area (m2/g)

La Ni V

LN 2.0 1.01 – 2.3 ± 0.2
LNV-05 2.0 0.96 0.05 2.0 ± 0.2
LNV-10 2.0 0.90 0.10 2.0 ± 0.2
46 S. Crapanzano et al. / Applied Ca

Temperature programmed reduction (TPR) of the samples was
arried out with a home-built set-up, equipped with a TCD detec-
or. First, 40 mg of sample mixed with 40 mg quartz particles were
laced in a reactor with a 4 mm inner diameter and heated in a
ow of 5%O2 in He up to 500 ◦C (10 ◦C/min) and kept at 500 ◦C

or 1 h. Then the sample was cooled down to room tempera-
ure in the same atmosphere. At room temperature the flow was
hanged to 5%H2 in Ar and TPR was carried out with a heating
ate of 5 ◦C/min up to 980 ◦C. The TCD was calibrated via reduction
f NiO.

.3. Pulse experiments

Pulse experiments were carried out in a fixed-bed reactor
quartz tube, length 400 mm, internal diameter 2 mm) at 550 ◦C.
bout 35 mg of catalyst were packed between two quartz-wool
lugs (length approximately 10 mm each). The remaining volume
f the reactor was filled with quartz particles, in order to reduce
he void space and minimize gas phase reaction. Before each titra-
ion test, the catalysts have been pretreated in 10% of O2 in He flow
20 ml/min, 30 min) at 720 ◦C in order to remove any trace of water
r inorganic compounds physisorbed on surface and keep the cat-
lyst oxygen level as high as possible. The samples were cooled
own to reaction temperature under the same atmosphere and gas
ow was changed to He (3 ml/min).

After flowing pure He for 15 min, pulses of 300 �l at atmospheric
ressure containing 10% C3H8 in He were introduced and pulses
f a 10% mixture of O2 in He were used to reoxidize the catalyst,
fter exposure to C3H8 pulses. In all experiments, the regeneration
rocess was confirmed by subsequent propane pulses (not shown
ere) which always resulted in identical products distribution as
ompared to fresh material.

The products distributions were monitored by sampling on-
ine with a heated capillary to a quadrupole mass spectrometer
Pfeiffer AG Balzers, OmniStar) equipped with Channeltron and
araday detectors (2–200 amu). Prior to each experiment, the frag-
ent pattern of diluted propane and diluted oxygen were recorded

nd compared with the fragment pattern of products gas mixture
o qualitatively identify the product distribution. Water, propane,
xygen and carbon dioxide were identified monitoring m/z = 18, 29,
2 and 44, respectively, since no other possible products show addi-
ional significant contribution to those m/z signals. To determine
resence of methane, ethane, ethylene and propylene, two or three
/z signals were monitored for each compound. Because of the sim-

larity in fragmentation patterns and the consequent contribution
f several products to the same m/z signal (cross-contamination
ffect), matrix-type calculation was performed. In this way, for-
ation of CO was also determined via m/z = 28, although many

ompounds as propane, ethylene and carbon dioxide contribute to
/z = 28. These additional contributions were taken into account

nd subtracted from m/z = 28, resulting in no significant detection
f CO but small amount cannot be excluded. Attempt to determine
roduction of H2 was done by following m/z = 2 but unfortunately
egative intensity of that signal was obtained (signal below the
S detection limit) which made the detection of H2 unreliable.

his procedure allows quantitative determination of propane and
xygen conversion only, with an experimental error of about 5%.

As the formation of products could not be quantified,
nly semi-quantitative comparison of selectivity patterns, called
apparent selectivity”, will be reported. The apparent selec-
ivity is based on the integrated area of peaks of the

orresponding m/z signals of each compound versus time
n stream, divided by total integrated areas of all carbon
ontaining products (e.g. for methane: A(m/zCH4 )/A(m/zCH4 ) +
(m/zC2H6 ) + A(m/zC2H4 ) + A(m/zC3H6 ) + A(m/zCO) + A(m/zCO2 )). In
ase of methane, ethane, ethylene and propylene, which were mon-
A: General 378 (2010) 144–150

itored using two or three m/z signals, only the most intense signal
was included in the figures.

The possible contribution of gas phase reaction was checked by
pulsing propane in the reactor filled with quartz particles only. The
conversion of propane was below the detection limit and therefore
we can exclude gas phase initiation during the pulse tests.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Chemical composition and surface area (BET and XRF
analysis)

The stoichiometric ratio of metals in the catalyst, measured with
XRF analysis, is presented in Table 1 together with surface area
values, according to N2 physisorption.

The observed compositions are in a good agreement with
the compositions expected based on the preparation procedures.
Assuming specific oxidation state for each metal (La3+ and Ni2+ for
LN and La3+, 90% of Ni2+ + 10% of Ni3+ and V5+ for LNV10) the stoi-
chiometric amount of oxygen can be calculated. The materials have
similar, relatively small BET surface areas. This is important for our
study because it implies that the diffusion distance between sur-
face and bulk of the oxides is similar. Moreover, the surface areas
exposed during the pulse experiments are equivalent. Liu and Au
[18] reported a slightly higher value of 9.3 m2/g for LN, which is
probably due to the lower sintering temperature used in that study
(800 ◦C).

The X-ray diffraction patterns obtained for LN and LNV-10 are
shown in Fig. 3.

Both LN and LNV10 samples are clearly crystalline and all peaks
(except one) were assigned to single K2NiF4 tetragonal structure
typical for this type of materials [19,20]. The main difference
Fig. 3. XRD patterns of fresh LN (a) and fresh LNV-10 (b). XRD pattern in the range
27 < 2� < 31 is shown in the insert.
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C H + 10O ⇒ 3CO + 4H O (1)

T
Q

ig. 4. Temperature programmed reduction on three fresh samples: LN (a), LNV-
5 (b) and LNV-10 (c) in H2 (ramp 50–980 ◦C). In the insert, TPR profiles at high
emperature are highlighted.

An extra peak at 2� = 26.6 was observed in the case of LNV-10
see Fig. 3, insert). Based on XRD-database [ICDD 2006], this peak
annot be assigned to any of the individual- or mixed oxides pos-
ibly present (oxides of La, V and Ni) as well as metallic Ni. The
ssignment of this peak remains unknown at this time. It should be
ention that no contaminants were detected on XRF analysis and

nly a very small peak related to Mg was present on XPS (not shown
ere). However, the extra peak at 2� = 26.6 cannot be assigned to
g, based on XRD-database.

.1.2. Temperature programmed reduction (TPR)
The TPR profiles of LN, LNV-05 and LNV-10 are shown in Fig. 4.
Two distinctive reduction steps are visible at ∼300 and 650 ◦C

or all samples, typical for K2NiF4-type of materials. The measured
atterns are similar to what has been reported in literature for
a2NiO4+ı [18,19,22]. In addition, V-doped samples show the pres-
nce of a small reduction peak in the temperature interval between
50 and 980 ◦C (see insert in Fig. 4). As the area of the high tem-
erature peak (peak C in Fig. 4) is proportionally increasing (from
.09 to 0.20 mmol/g) with the V loading (5% versus 10%), this peak

s related to reduction of V present in the sample. Based on typical
eduction profiles for bulk V2O5 in literature [23,24], this peak is
ssigned to reduction of V4+ to V3+.

Table 2 presents a quantitative evaluation of the TPR profiles
hown in Fig. 4. The first reduction step (peaks A in Fig. 4) of LN
orresponds to removal of 0.37 mmol O per gram (see Table 2).
aez Puche et al. [25] assigned the low temperature reduction of
a2NiO4+ı to removal of over-stoichiometric oxygen, related to the
resence of Ni3+, based on electron diffraction patterns and TGA
nalysis. Therefore, we also assign the low temperature peak in
PR to removal of over-stoichiometric oxygen and reduction of

3+ 2+
i to Ni . Consequently, the initial composition of the mate-
ial (at room temperature) is La2NiO4.15. This is in good agreement
ith results of Bassat et al. [26], who reported comparable com-
osition (La2NiO4.16) based on TGA data under identical reductive
tmosphere.

able 2
uantification from TPR. Temperature range where the reductions occurs and amount of

Catalyst Peak A Peak B

Onset T (◦C) Offset T (◦C) Removed oxygen
(mmol/g)

Onset T (◦C) Offset T (

LN 132 ± 10 379 ± 20 0.37 ± 0.02 498 ± 20 725 ± 15
LNV-05 165 ± 15 410 ± 20 0.40 ± 0.02 525 ± 20 765 ± 15
LNV-10 207 ± 20 436 ± 20 0.42 ± 0.02 545 ± 20 775 ± 15
A: General 378 (2010) 144–150 147

The amount of atomic oxygen removed from the LN sample dur-
ing the reduction around 650 ◦C (see Table 2), as calculated based on
the amount of molecular H2 consumed, was 2.5 mmol/g, which is in
a good agreement with complete reduction of Ni2+ to Ni0. After this
reduction step, the final composition of the material is Ni0 + La2O3,
in full agreement with literature [22] and confirmed with XRD
measurements (not shown). No further reduction at temperatures
higher than 750 ◦C was observed for La2NiO4+ı.

Addition of V causes the low temperature reduction peak to shift
to higher temperature as compared to LN (Fig. 4b and c). The onset
and offset temperature of the first peak was shifted up by 30 and
60 ◦C for the LNV-05 and LNV-10, respectively (Table 2).

It has been reported [16,27] that the insertion of Sr as dopant in
a K2NiF4-type oxide (Pr2CoO4 and Eu2NiO4) affects the reduction
profile of the materials, in agreement with our observation.

The fact that the low temperature reduction peak is shifted
to higher temperature with increase in V loading is additional
evidence that the low temperature peak is related to over-
stoichiometric oxygen. If this peak would have been due to
reduction of amorphous NiO, as proposed in literature [22,28], no
shift in temperature would be expected, because it is not reason-
able to assume that the reducibility of a separate amorphous NiO
phase would be influenced by the presence of vanadium.

The presence of V also stabilizes the mixed oxide regarding
reduction to Ni0 (reduction peak B in Fig. 4) whereas the onset
temperature is slightly shifted to higher value. Surprisingly, exper-
imentally observed amounts of oxygen removed for LNV-05 and
LNV-10 (2.47 and 2.42 mmol/g, respectively – B peak, Table 2)
are higher than theoretical values assuming complete reduction
of Ni2+, which would result in 2.37 and 2.25 mmol/g, respectively.
This difference may be caused by an additional contribution due
to the reduction of V (V5+ to V4+), which was reported to occur at
650–700 ◦C for bulk V2O5 [23,24].

3.2. Pulse experiments

3.2.1. LN
The propane conversion over LN during pulse experiments at

550 ◦C is shown in Fig. 5.
The conversion gradually decreased during the first 13 pulses of

propane from 40% at the first pulse to below 5% from the 8th pulse
onwards, which is due to consumption of oxygen in the oxide. The
conversion suddenly increased to ∼50% when continuing pulsing
with propane.

The product distribution when pulsing propane over La2NiO4+ı

at 550 ◦C, as well as the re-oxidation of the catalyst by pulsing O2,
are shown in Fig. 6. CO2 and H2O are observed as main products
when pulsing propane over freshly oxidized material, indicating
deep oxidation with oxygen provided by La2NiO4+ı (Eq. (1)).
3 8 CAT. 2 2

where OCAT. indicates the oxygen released from the catalyst.
The products mixture contains also CH4, C2H4 and C3H6, demon-

strating that both cracking as well as dehydrogenation reactions

oxygen removed per gram of fresh material.

Peak C

◦C) Removed oxygen
(mmol/g)

Onset T (◦C) Offset T (◦C) Removed oxygen
(mmol/g)

2.50 ± 0.1 – – –
2.47 ± 0.1 790 ± 20 Until end 0.09 ± 0.01
2.42 ± 0.1 800 ± 15 Until end 0.20 ± 0.01
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ig. 5. Propane conversion profile during the titration test on La2NiO4+ı at 550 ◦C.
arrier gas (He) flow rate, 3 ml/min; propane pulses, 10% C3H8 in He; sampling loop
or pulsing, 300 �l.

ontribute (Eqs. (2)–(4)).

3H8 + OCAT. ⇒ CH4 + C2H4 + OCAT. (2)

3H8 + OCAT. ⇒ C3H6 + H2 + OCAT. (3)

3H8 + OCAT. ⇒ C3H6 + H2O (4)

he formation of C3H6 may be explained by selective dehydro-
enation of propane with formation of H2 (Eq. (3)) or by oxidative
ehydrogenation of propane, forming water (Eq. (4)). Probably
xidative dehydrogenation contributes since H2O was always
etected; however we cannot rule out formation of H2O via oxi-
ation of H2. The contribution of dehydrogenation remains unclear
ince H2 could not be monitored. It should be mentioned that the
ormed C3H6 might be further converted to deep oxidation prod-
cts since at the reaction temperature used (550 ◦C) olefins possess
igher reactivity in oxidation reaction than paraffins [29].

The CO2 production diminished rapidly with the number of
ulses (Fig. 6) and decreased below the detection limit after 7th
ulse, while formation of propylene was approximately constant,
hus increasing the selectivity towards propylene.

After pulse 12 the products distribution changed with a sud-
en increase in propane conversion. No C H , C H and H O were
3 6 2 4 2
bserved at this stage, instead only CO and CH4 were observed.
dditionally, coke was deposited on the catalyst surface, as will be
iscussed in more detail below. After the titration test, the catalyst
as regenerated by pulsing oxygen (Fig. 6, right hand side). The

ig. 6. Products distribution during the titration test on La2NiO4+ı at 550 ◦C (left
and side) and regeneration profile of the catalyst by O2 pulse (right hand side).
arrier gas (He) flow rate, 3 ml/min; propane pulses, 10% C3H8 in He; oxygen pulses,
0% O2 in He; sampling loop for pulsing, 300 �l.
A: General 378 (2010) 144–150

pulses 1–4 resulted in complete oxygen consumption and forma-
tion of CO2, testifying that carbon was deposited on catalyst surface.
O2 level reached a plateau value, equal to blank O2 pulses, after
pulse 6, indicating complete regeneration of the samples. However,
no CO2 was detected during regeneration by pulsing oxygen after
exposing the sample to only 11 pulses of propane. Therefore, car-
bon deposition took place exclusively after the drastic change in
selectivity and the sudden increase of propane conversion level.
We suggest that at this moment Ni2+ starts to reduce to Ni metal,
forming CO and CH4 according to Eq. (5) (overall equation); it is
important to note that the ratio of intensities of CO and CH4 in Fig.
6 cannot be compared quantitatively. Ni metal is well known to
easily form coke deposits as well as carbon nanofibers [30].

La2NiO4 + C3H8 → Ni0 + CO + 2CH4 + La2O3 (5)

The total amount of atomic oxygen consumed during regenera-
tion, involving both catalyst reoxidation and carbon combustion, is
0.180 mmol/g, while regeneration after only 11 pulses of propane
consumed 0.140 mmol/g oxygen only. Therefore it is affirmed here
that 0.14 mmol/g of oxygen was needed to reoxidize the catalyst
and 0.04 mmol/g oxygen is consumed by carbon combustion, CO
formation and reoxidation of Ni metal.

To conclude, propane conversion shifted from deep oxidation
to reasonable selectivity towards olefins when varying the amount
and consequently the reactivity of over-stoichiometric oxygen
species. Further removing of oxygen causes initiation of another
reaction pathway, forming CO, CH4 and coke, which is probably
due to Ni0 formation.

3.2.2. LNV
Doping LN with vanadium does not affect drastically the con-

version trend at the initial stage of the pulse experiment (Fig. 7), as
compared to Fig. 5. The activity of the materials diminished with
the number of pulses for all materials. Within the first 10 pulses LN
showed higher propane conversion than V-doped LN, denoting the
higher reactivity of oxygen ion species. Figs. 8 and 9 show the prod-
uct distributions during pulsing propane at 550 ◦C over LNV-05 and
LNV-10, respectively, as well as the re-oxidation of the catalyst by
pulsing O2.

Initially, the product distribution was similar to un-doped LN
catalyst: main products were CO2 and H2O (deep oxidation, Eq. (1)).
Similar to un-doped catalyst, the catalyst was depleted in oxygen
during pulsing propane, decreasing the catalyst oxidation degree as

well as the propane conversion. Continuing pulsing, the V-doped
catalysts showed a constant production of propylene (Eqs. (3) and
(4)), probably due to the decrease of chemical potential of remain-
ing oxygen in the slightly reduced catalyst. Also cracking products
(CH4 and C2H4) were constantly produced (Eq. (2)). In the case of

Fig. 7. Propane conversion profiles during the titration tests on La2Ni0.95V0.05O4+ı

(a) and La2Ni0.9V0.1O4+ı (b) at 550 ◦C. Carrier gas (He) flow rate, 3 ml/min; propane
pulses, 10% C3H8 in He; sampling loop for pulsing, 300 �l.
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ig. 8. Products distribution during titration test (45 pulses) of La2Ni0.9V0.1O4+ı at
50 ◦C (left hand side) and regeneration profile of the catalyst by O2 pulse (right
and side). Carrier gas (He) flow rate, 3 ml/min; propane pulses, 10% C3H8 in He;
xygen pulses, 10% O2 in He; sampling loop for pulsing, 300 �l.

NV-05 (up to 15 pulses of propane) and LNV-10 (up to 45 pulses
f propane) no drastic increase in conversion and sudden change in
roduct distribution were noticed when continuing pulsing, in con-
rast to LN. Stable performance was maintained in a much broader
indow of pulses as compared to LN.

The amounts of oxygen consumed during the regenera-
ion processes after comparable number of propane pulses (15
ulses for LNV-05 and LNV-10, 11 pulses for LN) were quan-
ified: 0.106 mmol/g for LNV-10, 0.110 mmol/g for LNV-05 and
.140 mmol/g for LN, which is the highest value despite the lower
umber of pulses. These results reveal that less oxygen is removed
uring propane pulses with increasing V content, in agreement
ith the TPR result in Fig. 4. The stabilizing effect of V therefore
oes not depend on the reducing agent used, hydrogen or propane.

The apparent selectivity of olefins is shown in Fig. 10.
Unfortunately, the selectivity could not be calculated quantita-

ively since the product distribution was analyzed by MS without
full calibration. The apparent selectivity to olefin was lower than
0% during first three pulses for all three catalysts, due to mainly
O2 formation. It is clear that especially LN produced much CO2 ini-

ially, which in agreement with the observation that more oxygen is
eing removed from LN as compared to the V-containing catalysts.
ontinuing pulsing propane and reducing the catalyst, V-doped LN
howed an increase of apparent selectivity to olefin up to constant
alue (80%) for around 30 pulses while it suddenly decreased below

ig. 9. Products distribution during titration test (15 pulses) of La2Ni0.95V0.05O4+ı

t 550 ◦C (left hand side) and regeneration profile of the catalyst by O2 pulse (right
and side). Carrier gas (He) flow rate, 3 ml/min; propane pulses, 10% C3H8 in He;
xygen pulses, 10% O2 in He; sampling loop for pulsing, 300 �l.
Fig. 10. Apparent olefins (C2H4 + C3H6) selectivities during titration tests on LN (a),
LNV-05 (b) and LNV-10 (c). Only few error margin bars are shown in the figure as
they are constant (±5%) for the three different samples. Carrier gas (He) flow rate,
3 ml/min; propane pulses, 10% C3H8 in He; sampling loop for pulsing, 300 �l.

the detection limit for LN. LNV-05 also showed constant appar-
ent selectivity to olefin within 15 pulses (not tested further). It is
obvious that all three catalysts result in significant selectivity to
olefins when operated at optimal reduction degree. It is important
to note that the propane conversion levels are comparable and low
(typically 4%) under these conditions for all three catalysts. There-
fore, the small, though significant, differences in olefin selectivity
between the three catalysts (LNV-10 > LN > LNV-05) must be due to
differences in the ratios between the rate of activation of propane
versus the rate of activation of olefins for the three catalysts.

Therefore we conclude that vanadium contributes on reducing
the activity of oxygen species, reducing the amount of CO2 formed
(comparison of Figs. 6 and 8), consequently reducing the amount
of oxygen consumed, enhancing the selectivity towards olefins.
10% V as dopant in LN is required to achieve the highest yields to
olefins.

Contrary to what observed for LN, during the regeneration by
pulsing oxygen (Figs. 8 and 9, right hand side) after the titration
test, no CO2 formation was observed, denoting no carbon depo-
sition during propane pulses. This observation confirms that the
presence of V prevents formation of metallic Ni within the window
of operation in this study.

4. Conclusions

It was shown that over the oxidized materials, too high activity
of oxygen species was responsible for formation of deep oxidation
products (CO2 and H2O) for both doped and un-doped materials.
The scenario changed after partial removal of oxygen and conse-
quent decrease of reactivity of the remaining oxygen species: C3H6,
C2H4, CH4 and H2O were the only products detected with beneficial
effect on selectivity to olefins.

The presence of vanadium as dopant in LN enhances the
material stability towards reduction in H2. The stabilization of over-
stoichiometric oxygen positively affected the products distribution
in pulse experiment, as less CO2 was produced (and less oxygen
consumed), over deep-oxidized catalyst. Also the stability of lattice
oxygen, bonded to Ni atoms, was influenced by the dopant. It was
shown that the presence of V delayed the release of lattice oxy-
gen and the consequent formation on Ni0, responsible for drastic
detrimental change in reaction patterns (CO, CH4 and coke as prod-
ucts). Therefore, the V-doped catalyst showed much larger window
(more than 30 propane pulses) in which the selectivity towards

propylene was constant and promising, contrary to un-doped cat-
alyst.

Slightly reduced V-doped LN is a promising material for selec-
tive oxidation of propane if a specific reduction level of the catalyst
can be maintained during the process; e.g. by operating a cat-
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lytic dense membrane reactor with well balanced oxygen diffusion
ersus oxygen consumption at the propane side. LNV-10 is proba-
ly the best candidate as it showed the better selectivity towards
ropylene.
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