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� Ni–Nb mixed oxides were prepared
by evaporation method and
combustion synthesis (CS).
� Ni–Nb catalysts were tested in the

oxidative dehydrogenation of ethane
to ethylene.
� CS sample showed a very good

performance in terms of activity and
stability levels.
� Both catalysts presented constant

ethylene yields for 240 h in stream at
400 �C.
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Ni–Nb mixed oxides were prepared by two methods, conventional evaporation method and combustion
synthesis. With the latter technique, the mixed oxide can be quickly prepared from an aqueous solution
of metal precursors (oxidizers) and sucrose (fuel). The solids with a 0.15/0.85 Nb/Ni atomic ratio were
characterized by different techniques including X-ray diffraction, scanning electron microscopy, XPS
and Raman spectroscopy, and N2 adsorption–desorption measurements.

Ni–Nb mixed oxides were tested in the oxidative dehydrogenation (ODH) of ethane to ethylene. The
catalyst prepared by combustion synthesis (a technique that is simpler than evaporation method)
showed a good performance in terms of activity and stability levels when compared to the catalyst syn-
thesized by the evaporation method, even for long-term runs. Regarding the effect of the metal precursor,
nickel nitrate and ammonium niobate oxalate generated the better catalyst in both synthesis routes. Sur-
face activity for ethane consumption and ethylene formation was higher than that observed for the sam-
ple prepared by the evaporation method with the same metal precursors.

Both prepared catalysts presented almost constant ethylene yields for 120 h in stream at 400 �C and W/
F = 0.06 g s/cm3 (8% and 15% for combustion and evaporation synthesis, respectively) with a slight
decrease over time on stream (13% and 11%).

� 2014 Elsevier B.V. All rights reserved.
1. Introduction
Ethylene is a very important olefin in the petrochemical indus-
try; current world production is around 110 million tons per year
[1]. Twenty-one percent of ethylene is produced by steam cracking
of ethane, and the rest is mainly produced by thermal cracking of
petrochemical feedstocks such as naphtha, propane and gas oil [2].
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Production of ethylene from ethane can be carried out by ther-
mal or catalytic dehydrogenation processes. However, the thermal
process requires operating at high temperatures, with high energy
costs and undesired side reactions. The catalytic conversion of eth-
ane under oxidizing conditions is being studied nowadays as an
energy-saving method for producing ethylene. Lower reaction
temperatures and absence of thermodynamic equilibrium limita-
tions are some of the advantages offered by the catalytic route
for the oxidative dehydrogenation (ODH) of ethane.

Several catalytic systems have been employed for ethylene pro-
duction [3–5]. Mixed oxides present a good catalytic performance
in ODH [6–11]. Karamullaoglu et al. [6] investigated the oxidative
dehydrogenation of ethane and isobutane using chromium-vana-
dium-niobium mixed oxide catalysts with different compositions.
At 570 �C and with an O2/C2H6 feed ratio of 0.5, ethylene selectivity
of about 20% was obtained at a conversion level of 30% over a
Cr0.74V0.19Nb0.07 catalyst. López Nieto et al. [7] found that a Mo-
V-Nb-Te-O mixed oxide catalyst prepared by hydrothermal syn-
thesis presented selectivities to ethylene higher than 80% and eth-
ane conversions higher than 80% operating at relatively low
reaction temperatures (340–400 �C). This catalytic behavior was
attributed to the formation of a highly selective crystalline phase
Te2M20O57 (M = Mo, V, Nb).

NiO is an active but unselective catalyst in the ODH of ethane.
The addition of transition metals to the nickel oxide lattice showed
to be an effective approach to increase the selectivity in the ODH of
light alkanes. Solsona et al. [8,12] studied Ni–W and Ni–Sn mixed
oxides in the ODH of ethane. They proposed that nickel sites seem
to be the active centers for ethane activation, while the selectivity
to ethylene strongly change depending on the Ni/metal ratio. On
the other hand, the presence of acid sites facilitates the decompo-
sition of ethylene to CO2 during ethane oxidation. Heracleous and
Lemonidou [13] examined the effect of Li, Mg, Al, Ga, Ti, Nb and Ta.
Ni–Nb–O exhibited the best catalytic performance with a 46% eth-
ene yield at 400 �C, while Ni–Li–O presented the worst results with
an 8.4% yield. They postulated that dopants can increase or
decrease the unselective electrophilic oxygen radicals of NiO, lead-
ing to a lower or enhanced ethane ODH activity, respectively.

Ni–Nb mixed oxide catalysts exhibited high activity and selec-
tivity in the ODH of ethane operating at relatively low reaction
temperatures [10–14]. Heracleous et al. [10] reported an optimal
Nb/Ni ratio of approximately 0.15/0.85 with an overall ethylene
yield of 46% at 400 �C. NiO preferentially promoted a total oxida-
tion of ethane due to the electrophilic oxygen species O� present
on the nickel oxide surface. The authors proposed that the addition
of Nb to the structure in the NiO lattice reduces the O� concentra-
tion, limiting the total oxidation reaction and consequently
increasing the selectivity to ethylene [10,11,15].

According to Savova et al. [11], the formation of a solid solution
from both oxides would be limited to Nb concentrations below 1%.
They proposed that at low Nb content (up to 3–7%) a part of Nb
was spread on the surface of the NiO phase, where it reduced the
amount of accessible O� species. With a niobium loading in the
range of 7–15%, the active sites were not modified, and since the
specific surface area of the catalysts continued increasing, the eth-
ane conversion increased. This was explained in terms of a ‘‘mutual
protective effect’’ between NiO and Nb2O5 that prevents the crys-
tallization and/or the growth of NiO particles. With a Nb content
over 15%, the inactive NiNb2O6 phase was formed.

Considering these results, a lower O� species concentration on
the surface of the NiO active phase is key to increase the selectivity
in ethane ODH. Another way proposed to decrease the O� species
concentration was the partial reduction of the surface with an
organic acid thermally decomposed during catalyst preparation
[11]. Recently, a preparation method based on the slow oxidation
of a nickel-rich Nb–Ni gel obtained in citric acid was reported
[14]. The resulting material had a higher surface area than that
obtained by the traditional evaporation method. The most efficient
ODH catalysts obtained were those containing 3–4% Nb.

Ni–Nb–O mixed oxides are usually prepared by the evaporation
method from nickel nitrate and ammonium niobium oxalate. A
simple method for obtaining oxides is the combustion synthesis
or the self-propagating high-temperature synthesis [16]. This
method consists in inducing the spontaneous combustion of a
reactant mixture, placed in an appropriate gas medium. The mix-
ture must have a high chemical energy to produce combustion.
Sometimes the heat released by the combustion is not enough
for the entire reaction mixture to react. In those cases the combus-
tion may be induced by preheating reactants or by incorporating
additives to the reaction mixture [17]. Reaction times are very
short and the desired product can be obtained directly after the
combustion.

The aim of this study was to evaluate the possibility of using an
alternative technique, such as combustion synthesis, to obtain Ni–
Nb mixed oxides, active and selective for the ODH of ethane. This
method takes advantage of the chemical energy of the reactants,
involves few steps, and the reaction occurs quickly [18]. The use
of alternative precursors to obtain the mixed oxides was also
evaluated.
2. Experimental

2.1. Catalyst preparation

Ni–Nb–O mixed oxides were prepared by the evaporation
method (EM) as described in the literature [10], and by one-pot
combustion synthesis (CS). The latter was carried out by preparing
an aqueous slurry of the precursors with the addition of sucrose in
a ratio of 1 mol of sucrose per mol of mixed oxide. The total solids
content of the aqueous slurry was 20 wt.%. Sucrose was added to
provide the chemical energy needed for combustion. The slurry
was placed on a hot plate at 400 �C under continuous stirring until
dry. The resulting solid was then heated to 500 �C over the same
hot plate in order to obtain spontaneous combustion, yielding a
product in fine particulate form. Finally the solid was calcined in
flowing air at 450 �C for 5 h.

All the Ni–Nb oxides were prepared with a Nb/Ni molar ratio of
0.15/0.85. The precursor salts used in the reaction were: nickel(II)
nitrate hexahydrate (N2NiO6�6H2O, 99,999%, Aldrich), nickel(II)
acetate tetrahydrate (C4H6NiO4�4H2O, 99%, Aldrich), ammonium
niobate(V) oxalate hydrate (C4H4NNbO9�xH2O, 99,99%, Aldrich),
and commercial niobia (HY-340, supplied by CBMM-Brazil).

NiO was prepared by thermal decomposition of nickel acetate at
450 �C in air for 5 h.

2.2. Catalyst characterization

The metal content (Ni and Nb) was determined by inductively
coupled plasma (ICP). Catalysts’ surface areas were determined
by N2 adsorption at 77 K, using the multipoint BET analysis
method, with a Quantachrome NOVA 1200e apparatus.

X-ray diffraction (XRD) patterns were obtained using a Philips
PW1710 diffractometer, with a monochromatic Cu-Ka source
operating at 45 kV and 30 mA.

Particle sizes of the NiO phase in the prepared catalysts were
calculated using the Scherrer equation:

L ¼ Kk
Bð2hcoshÞ ð1Þ

where L is the mean size of the ordered (crystalline) domains, K is a
dimensionless shape factor (0.9), k is the X-ray wavelength
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(k = 1.5418), B(2h) is the line broadening at half the maximum
intensity (FWHM), and h is the Bragg angle. Particle sizes were cal-
culated for the highest intensity peak (200). NiO phase lattice
parameters were calculated using the following equation:

a ¼ d:ðh2 þ k2 þ l2Þ
1=2

ð2Þ

where a is the lattice parameter, d is the interplanar spacing of the
crystal planes, and h,k,l are the Miller Indices. The equation was
applied to the highest intensity peak (200).

Temperature-programmed reduction (TPR) was carried out in a
conventional apparatus equipped with a thermal conductivity
detector (TCD). The samples were pretreated in flowing air at
300 �C for 30 min, followed by flowing Ar treatment for 30 min
at the same temperature. After cooling to 25 �C, the temperature
was raised to 600 �C at a rate of 10 �C/min in a 5% H2/Ar flow
(50 cm3/min).

The morphology of the samples was examined by scanning
electron microscopy (SEM) on a Jeol JSM 35CF microscope coupled
with energy-dispersive X-ray analysis (EDX).

The XPS measurements were conducted using a multi-tech-
nique system (SPECS) equipped with a dual Mg/Al X-ray source
and a hemispherical PHOIBOS 150 analyzer operating in the fixed
analyzer transmission (FAT) mode. The spectra were obtained with
pass energy of 30 eV, and the Mg Ka X-ray source was operated at
100 W. The working pressure in the analyzing chamber was less
than 2 � 10�8 mbar.

The Raman spectra were recorded using a LabRam HR-UV800/
Jobin-Yvon apparatus equipped with a thermal conductivity detec-
tor (cooled at 153 K with liquid N2) and an excitation source of
632 nm.
2.3. Catalytic tests

The ODH of ethane was performed in a fixed bed reactor oper-
ating at atmospheric pressure, with a reaction temperature varying
between 300 �C and 400 �C. To mitigate thermal effects and looking
for isothermal operation, the catalyst particles were mixed with an
equal amount of glass particles of small size (40 lm). The feedstock
consisted of a mixture of O2/C2H6/He with a 5/5/90 M ratio. The
catalyst weight-to-flowrate (W/F) used were equal to 0.06 and
0.54 g s/cm3 for flowrates of 40 and 20 cm3/min, respectively.
The reaction products were analyzed with an HP Agilent 4890D
Table 1
Nomenclature and catalyst preparation methods.

Preparation method Evaporation method (EM)

Catalyst NiNb-E1 NiNb-E2
Precursors - nickel nitrate

- ammonium niobate oxalate
- nickel acetat
- ammonium n

Table 2
Physicochemical characteristics the synthetized catalysts.

Catalyst Nb/Ni atomic ratio SBET (m2/g)

Chemical analysis* Surface#

NiNb-E1 0.13/0.87 0.10/0.90 81
NiNb-E2 0.12/0.88 0.13/0.87 56
NiNb-C1 0.12/0.88 0.12/0.88 25
NiNb-C2 0.10/0.90 0.05/0.95 13
NiO 0 0 30

* Determined by ICP.
# Determined by XPS.
gas chromatograph equipped with a TCD. Two columns were used
in the analysis, a Porapak QS and a Molecular Sieve 5 Å.

3. Results and discussion

3.1. Catalyst characterization

The catalysts were prepared with a molar ratio of Nb/Ni = 0.15/
0.85. This selected mixed oxide composition was reported to be the
optimum one towards the ODH of ethane, exhibiting the highest
levels of activity and selectivity to ethylene [10,11].

The different catalysts prepared in the present contribution
synthesized by the two methods already described and from vari-
ous precursor salts were named as depicted in Table 1.

The compositions, specific surface areas and structure charac-
teristics of the synthesized samples are shown in Table 2. The syn-
thesized solids presented amounts of Nb and Ni very close to the
desired optimal composition. The highest value of specific surface
area was obtained for catalyst NiNb-E1, approximately 81 m2/g, in
agreement with values reported in the literature [10,11]. Compar-
ing catalysts NiNb-E1 and NiNb-C1, which were prepared with the
same precursor salts, it can be observed that the sample prepared
by CS presented a lower surface area (25 m2/g) than that prepared
by EM (81 m2/g). This could be associated with the temperature
level reached during CS (1200–3200 �C, depending on the reac-
tion), which was considerably higher than that at which the syn-
thesized catalysts were exposed by the EM procedure. Since CS is
known as a very reliable and rapid method to produce catalysts
with low particle size and high specific surface area [16], the oper-
ating conditions (i.e., fuel loading) could be optimized in order to
increase the surface area.

When the precursor salts are compared, in the case of EM,
nickel acetate generated a catalyst (NiNb-E2) with lower surface
area than nickel nitrate (56 vs. 81 m2/g), which is the one generally
used. In the case of CS, the difference in surface area is more pro-
nounced. NiNb-C2, prepared using niobia, showed almost half the
surface area of NiNb-C1 (13 vs. 25 m2/g). This could be attributed
to the fact that Nb2O5 does not dissolve and it forms a suspension
with the nickel nitrate solution, and then when the combustion
takes place, this solid can act as a growth center. The NiNb-C1 cat-
alyst, synthesized from the ammonium niobate oxalate, which is
soluble at the beginning of the synthesis, presented an enhanced
area and smaller crystal size when compared to the values shown
by the NiNb-C2 sample.
Combustion synthesis (CS)

NiNb-C1 NiNb-C2
e
iobate oxalate

- nickel nitrate
- ammonium niobate oxalate

- nickel nitrate
- niobia

Pore volume (cm3/g) Lattice parameter (ÅA
0

) Particle size (nm)

0.182 4.1856 22
0.135 4.1860 18
0.049 4.1861 33
0.024 4.1869 45
0.056 4.1944 46
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As seen in Table 2, the catalysts prepared by EM presented
higher pore volumes (0.135–0.182 cm3/g) than NiO (0.056 cm3/g)
and the solids synthesized by CS (0.024–0.049 cm3/g).

XRD patterns were obtained for the mixed oxides and NiO, as
shown in Fig. 1. For the NiNb-E1, -E2 and C1 mixed oxides, peaks
corresponding to NiO and a broad background from 2h between
20� and 35� showing the presence of an amorphous Nb2O5 phase
were observed. The NiNb-C2 sample exhibited the presence of
crystalline Nb2O5 and small amounts of the NiNb2O6 phase. Very
weak signals corresponding to NiNb2O6 were identified in the
NiNb-E2, NiNb-C2 and NiNb-C1 samples.

Particle size and lattice parameters determined by XRD patterns
are shown in Table 2. The lattice parameter was 4.1944 Å for NiO,
and lower for the mixed oxides. The addition of Nb causes a con-
traction of the NiO lattice. A similar decrease in the size of the
NiO unit cell was discussed in terms of a possible substitution of
Ni2+ by Nb5+ [10]. Particle size of the catalysts prepared by EM
(22 and 18 Å) was lower than that presented by NiO (46 Å) and
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Fig. 2. TPR profiles of the studied catalysts.
CS solids (33 and 45 Å). Particle size for NiNb-C1 (33 Å) also was
lower than that for NiO. On the other hand, NiNb-C2 and NiO
showed similar crystal sizes. The behavior of NiNb-E1, -E2 and
C1 catalysts is typical of this kind of mixed oxides with similar
metal content [10,11]. In fact, the addition of niobium in the nickel
oxide lattice inhibits crystallization. In the case of NiNb-C2, the
two phases (NiO and Nb2O5) can be partially segregated and the
crystallization of NiO occurs freely, generating large crystals, as
in the pure oxide.

TPR patterns of the mixed oxides, and NiO as reference, are
shown in Fig. 2. Pure NiO presented a profile with a maximum
H2 consumption at 450 �C. The samples containing Nb showed a
shift in the peak towards lower reduction temperatures, in agree-
ment with the literature [10]. NiNb-E1 and NiNb-C1 showed the
highest H2 consumption at 400 �C. In the case of NiNb-E2 and
NiNb-C2, the maximum consumption occurred at 430 �C. Nb addi-
tion weakened the NiAOANi bonds, as the oxygen can be removed
at lower temperatures than in pure NiO [10].

It was verified that Nb2O5 is irreducible under the conditions
used in the TPR experiment.

Ni–Nb–O samples prepared by CS showed narrow peaks. On the
other hand, broad peaks were observed for mixed oxides synthe-
sized by EM. For NiNb-E1, the broad peak extended to about
600 �C. This high temperature shoulder was ascribed to the reduc-
tion of Ni–O–Nb hetero-linkages in samples prepared by EM with
low Nb content [10]. NiNb-C2 presented a second wide peak at
550 �C that could be assigned to reduction of NiNb2O6 [19,20],
present in this sample. This second peak was not observed for
NiNb-C1 or NiNb-E2, where NiNb2O6 was also detected by XRD.

SEM micrographs of the prepared catalysts are shown in Fig. 3.
Both NiNb-E1 and NiNb-E2 samples presented a similar morphol-
ogy to that of nickel oxide, showing a cluster of small particles. It
is important to point out that both oxides and NiO were prepared
by EM. The samples synthesized by CS exhibited a more compact
structure, due to the probable coalescence of the small particles,
specially for NiNb-C2.

The quantitative results of the XPS studies are shown in Table 2.
The values of the surface composition were estimated from the Ni
2p and Nb 3d signals, using the appropriate sensitivity correction
factors. As shown, the surface Nb/Ni atomic ratios were close to
the bulk ratios determined by ICP, except for the NiNb-C2 sample.
In this case, the Nb surface composition was lower than the bulk.
This could be the consequence of the higher segregation and the
existence of the pure oxides that were detected by XRD. The O 1s
spectra of the samples, shown in Fig. 4, were used to identify the
coexisting oxygen species on the surface of the catalysts. The spec-
tra was deconvoluted into four peaks. These were assigned to O2�

lattice oxygen bounded to Ni2+ at 529.3–529.8 eV [21] and to Nb5+

at 530.0 eV [22,23]. The signal around 531 eV was attributed to
oxygen from CO3

2� [24], from an OH� group bounded to Ni or Nb
cations [25], and oxygen atoms adjacent to Ni vacancies (consid-
ered as ‘defective oxygen’) [26]. Higher binding energies (at
531.5–532.5 eV) were ascribed to organic contamination in NiO
[26] and O� species [27]. NiNb-C2 sample showed differences from
the rest of the synthesized catalysts. A decrease in the intensity of
the peak centered at 530 eV corresponding to O2� lattice bounded
to oxygen Nb5+ was observed. The decreasing of the signal corre-
sponds to the lower surface concentration of niobium observed
for NiNb-C2. XPS spectra of Ni 2p and Nb 3d were measured and
analyzed, but no remarkable difference was observed between
the catalysts.

Fig. 5 shows the Raman spectra of the Ni–Nb–O catalysts and
pure oxides. In the Nb2O5 spectrum (thermally pre-treated as the
EM mixed oxides), the sharp band near 650 cm�1 is related to
vibrations of low distorted NbO6 octahedra [28–31] typical of the
TT-Nb2O5 phase. The shoulder at 770 cm�1 and bands at



Fig. 3. SEM micrographs of the studied catalysts.

J. Santander et al. / Chemical Engineering Journal 255 (2014) 185–194 189
200–300 cm�1s are related to the symmetric and antisymmetric
stretching mode of the Nb–O–Nb linkage (high wavenumber
region) and the associated bending modes (low wavenumber
bands) [28].

The spectrum of pure NiO displays Raman peaks due to a Ni–O
stretching mode at 515 cm�1 (TO and LO modes) and near
1000 cm�1 (2LO modes) [32]. The shoulder at 400 cm�1 is related
to the non-stoichiometry of the material [33]. In addition, vibra-
tions at 690 and 1060 cm�1 were detected, indicating the presence
of surface carbonates. Broad bands near 1400 and 1500 cm�1 are
due to monodentate surface carbonates [34].

For NiNb-C1, the spectrum was very similar to that of Nb2O5,
typical of Nb2O5 TT crystalline phase, with a second shoulder at
900 cm�1. The Raman band at 900 cm�1 is due to the small concen-
tration of Nb@O surface sites after the thermal treatment [28]. The
band at 500 cm�1 is related to the Ni–O stretching mode in NiO.

For NiNb-C1 and NiNb-E1 and E2, the spectra show the band at
500 cm�1 associated with NiO, with a lower intensity than in the
pure oxide. The addition of Nb to NiO caused the occurrence of
the centered band at 840 cm�1. This band is attributed to stretch-
ing vibrations of slightly distorted NbO6 octahedra in amorphous
Nb2O5 [11]. It is also related to bridging NbAOANb bonds of
surface species and/or vibrations of bridging NiAOANb bonds
located on the surface of the NiO structure [10].
3.2. Catalytic activity

3.2.1. Catalytic performance in ODH of ethane
The ethane conversion obtained in the catalytic ODH reaction in

the 300–400 �C temperature range is presented in Fig. 6. NiNb-C2
showed the lowest paraffin conversion (25% at the highest temper-
ature), followed by NiO. Nb2O5 pure oxide (thermally pre-treated
as EM catalysts) had no catalytic activity in the studied tempera-
ture range. The behavior of NiNb-C2 catalyst can be associated
with both the high Nb2O5 concentration in the sample and the
low surface area. The modification of NiO with Nb generated a cru-
cial change in the catalytic activity. NiNb-E1 catalyst, prepared as
reported in [10], showed the highest conversions at the studied
temperatures (57.0%), followed by NiNb-C1 with 44.5% at 400 �C.
At the same temperature, ethane conversion for NiNb-E2 was
39.4%, slightly lower that for NiNb-C1.

However, experiences not shown in the present manuscript
revealed mass transfer limitations when operating at 400 �C for
the most active catalysts (NiNb-E1 and NiNb-C1) in the operating
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conditions of Fig. 6. Conversely, operation at 350 �C did not present
mass transfer limitations at the flowrates selected in all experi-
ences. Fig. 7 presents a catalytic test performed under a high
enough flowrate to assure kinetic control (F = 40 cm3/min at W/
F = 0.06 g s/cm3). Operation at these conditions led to ethane con-
versions at 400 �C of 16 and 11% for NiNb-E1 and NiNb-C1,
respectively.

Table 3 shows ethylene selectivity at 350 �C for the different
catalytic samples along with the correspondent conversion
attained. NiO and NiNb-C2 presented the lowest selectivities of
19% and 24%. Such low values are typical of Ni oxide; the segrega-
tion of Nb2O5 in NiNb-C2 led to the similar behavior. NiNb-E2
showed intermediate selectivity of 55%, while the selectivities of
NiNb-E1 and NiNb-C1 were 81 and 79% respectively. The difference
in selectivity for both evaporation catalysts could be ascribed to
the purity of the Ni precursor salt used for each sample, as already
referenced in Section 2.1, although no significant differences were
measured in Ni/Nb surface ratio (see Table 2). In general, samples
showed a slight decrease in selectivity with increasing conversion.

Ethylene yields at 350 �C are reported in Table 3. The value for
NiNb-E1 (23.2%) is in agreement with those reported in the litera-
ture [10,11]. The change of the Ni precursor salt (nickel acetate for
nickel nitrate) in NiNb-E2 resulted in a pronounced drop in ethene
yield (9.1%). As expected, NiNb-C2 presented an ethene yield (2.3%)
very close to that of pure NiO (2.7%). Catalyst NiNb-C1 showed a
yield of 13.8%.

Specific surface activities for both ethylene formation and eth-
ane consumption at 350 �C are also shown in Table 3. It can be
observed that NiO exhibited a higher surface reactivity for ethane
activation compared with the Ni–Nb mixed oxides prepared by
evaporation method (EM), with a poorer ethane selectivity, in
agreement with values reported elsewhere [10,11,35]. On the other
hand, the performance of NiNb-C1 was remarkable, showing the
highest intrinsic rates of ethane consumption (2.7 � 10�8 mol/
m2 s) and ethylene formation (2.1 � 10�8 mol/m2 s). The combus-
tion synthesis generated a more active catalytic surface when com-
pared to NiO in terms of ethane activation, and more effective in
ethylene formation. This catalytic performance could be associated
to a better utilization of the active sites due to a higher accessibility
of the reagents to the catalyst surface, considering the observed
similarities in the chemical aspects of the surface but observed dif-
ferences in the morphological properties.
3.2.2. Study of catalyst stability
The stability of the prepared mixed oxides was evaluated by

means of long-term reaction tests. The catalysts were subjected
to reaction for 120 h, without interruption, at 400 �C. Catalytic
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Fig. 7. Ethane conversion as a function of temperature in the ODH reaction
(operating conditions: O2/C2H6/He = 5/5/90, F = 40 cm3/min, W/F = 0.06 g s/cm3).

Table 3
Ethane conversion (X), selectivity (S) and yield (Y) in ethylene, and specific surface
activity for ethylene formation (rC2H4) and ethane consumption (rC2H6) at 350 �C
(operating conditions: O2/C2H6/He = 5/5/90, F = 20 cm3/min, W/F = 0.54 g s/cm3).

Catalyst X (%) S (%) Y (%) rC2H4 (mol/m2 s) rC2H6 (mol/m2 s)

NiNb-E1 28.3 81.8 23.1 1.1 � 10�8 1.3 � 10�8

NiNb-E2 16.4 55.6 9.1 5.9 � 10�9 1.1 � 10�8

NiNb-C1 17.8 77.3 13.8 2.1 � 10�8 2.7 � 10�8

NiNb-C2 9.5 24.3 2.3 6.6 � 10�9 2.7 � 10�8

NiO 14.0 19.1 2.7 3.0 � 10�9 1.8 � 10�8
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Fig. 8. Ethane conversion and ethylene selectivity and yield as a function of time-
on-stream for NiNb-E1 (operating conditions: O2/C2H6/He = 5/5/90, F = 40 cm3/min,
W/F = 0.06 g s/cm3, T = 400 �C).
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Fig. 9. Ethane conversion and ethylene selectivity and yield as a function of
reaction time in the ODH reaction over NiNb-C1 (operating conditions: O2/C2H6/
He = 5/5/90, F = 40 cm3/min, W/F = 0.06 g s/cm3, T = 400 �C).
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tests were performed under kinetic control conditions (F = 40 cm3/
min at W/F = 0.06 g s/cm3). The NiNb-E1 and NiNb-C1 samples
were chosen for the stability test due to their better catalytic per-
formance compared to the rest of the catalysts studied. Conversion,
selectivity and ethylene yield as a function of time are presented
for both catalysts in Figs. 8 and 9, respectively.

In the case of the NiNb-E1 sample (Fig. 8), it was observed that
both initial selectivity (84%) and conversion (19%) showed a
decrease over time-on-stream (3.5% and 8%, respectively after
120 h). Thus, the ethylene yield after the test presented a drop of
11%. For NiNb-C1 sample, Fig. 9 shows a total decrease of 18% in
conversion (with an initial value of 10%) and an increase of 1.3%
in selectivity over time-on-stream. Since both variables affect the
yield, the sample exhibited a drop after 120 h of reaction (from
8% to 7%).

In order to evaluate the performance of the catalysts in operat-
ing conditions leading to a higher ethylene yield, the samples were
tested at a lower flowrate of F = 20 cm3/min for W/F = 0.54 g s/cm3,
although operation under pure kinetic control could not be
assured.

In the case of the NiNb-E1 sample (Fig. 10), it was observed that
both selectivity (72%) and conversion (61%) remained constant
over time-on-stream. Thus, the ethylene yield after the test was
similar to the initial value (44%). Focusing the behavior of NiNb-
C1 catalyst, Fig. 11 shows a total decrease of 18% in conversion
(from 44% to 36%) and an increase of 9% in selectivity (from 73%
to 80%) over time. Since both variables affect the yield, the sample
exhibited only a slight drop after 240 h of reaction (from 32% to
29%). After reaction, the samples were named NiNb-E1R and
NiNb-C1R.
The spent catalysts (after 240 h on stream) were characterized.
The stability of the phases present in the studied oxides was deter-
mined by analyzing X-ray diffraction patterns before and after the
reaction (Fig. 12). For catalyst NiNb-E1, the appearance of the
NiNb2O6 phase was observed after the test. In the case of the sam-
ple NiNb-C1, a slight increase in the intensity of the peaks corre-
sponding to the NiNb2O6 phase was observed during the test.
The formation of the NiNb2O6 phase was reported by Savova
et al. [11] for similar catalysts at 380 �C.

Regarding the TPR profiles, it was observed that the samples
analyzed after reaction presented a shift towards higher tempera-
tures (of 10 �C for NiNb-E1 and 40 �C for NiNb-C1) compared with
the results obtained for the fresh catalysts (see Fig. 13). The shoul-
der in the NiNb-E1 sample transformed into a second wide peak at
550 �C in NiNb-E1R, which can be ascribed to NiNb2O6 reduction.
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Fig. 10. Ethane conversion and ethylene selectivity and yield as a function of time-
on-stream for NiNb-E1 (operating conditions: O2/C2H6/He = 5/5/90, F = 20 cm3/min,
W/F = 0.54 g s/cm3, T = 400 �C).
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Fig. 11. Ethane conversion and ethylene selectivity and yield as a function of
reaction time in the ODH reaction over NiNb-C1 (operating conditions: O2/C2H6/
He = 5/5/90, F = 20 cm3/min, W/F = 0.54 g s/cm3, T = 400 �C).
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Fig. 13. TPR profiles of the mixed oxides before and after reaction.

Table 4
Surface Nb/Ni atomic ratio and morphological properties for mixed oxides before and
after reaction (operating conditions: O2/C2H6/He = 5/5/90, F = 20 cm3/min, W/
F = 0.54 g s/cm3, T = 400 �C).

Catalyst Surface Nb/Ni atomic ratio* SBET (m2/g) Pore volume (cm3/g)

NiNb-E1 0.10/0.90 81 0.182
NiNb-E1R 0.10/0.90 44 0.128
NiNb-C1 0.12/0.88 25 0.049
NiNb-

C1R
0.13/0.87 20 0.047

* Determined by XPS.
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The temperature shift was also related to the formation of this
phase.

When analyzing the morphological properties of the solids
(Table 4), the decrease in specific surface area (46%) and pore vol-
ume (30%) in NiNb-E1R is evident. In the case of NiNb-C1R, the
reduction in specific area was lower (20%) and the pore volume
remained almost constant.

The quantitative results of the XPS studies indicated that the
Nb/Ni surface ratio for the spent catalysts remained constant. As
shown in Fig. 14, spectra of fresh and spent catalysts did not show
significant changes in the relative intensity of the coexisting oxy-
gen species. XPS spectra of Ni 2p and Nb 3d did not show notice-
able differences between spent and fresh catalysts.

Fig. 15 shows Raman spectra of the fresh and spent Ni–Nb–O
catalysts. The more notable difference is the appearance of strong
bands at 1350 and 1585 cm�1 associated with highly disordered
graphitic carbon species [36,37] and derived from undesired reac-
tions of hydrocarbon species on the catalyst surface.

Both spent catalysts showed a color change, from black for the
fresh samples to green powders after reaction, which indicates the
presence of stoichiometric NiO.
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In summary, in the case of the catalyst prepared by EM, no
change in activity or selectivity was observed after 240 h of reac-
tion. Although, there was an important decrease in specific surface
area, that could be associated with the presence of carbon (Raman,
see Fig. 15). The formation of the NiNb2O6 phase was also observed,
without changes in the surface composition. On the other hand, in
the case of the mixed oxide prepared by CS, a slight decrease in
yield (3%) was observed, with no changes in the surface area or
composition, and notably without the formation of carbon.

These observations highlight an important reduction in surface
area for the NiNb-E1R catalyst that does not correlate with the
observed constancy in activity.
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Fig. 15. Raman spectra of the mixed
As referenced, Savova et al. [11] studied the stability of the
mixed oxide under similar operating conditions (380 �C for
290 h). They observed a mild deactivation of the mixed oxide with
time on stream, and also a decrease in the specific surface area of
the catalyst. However, they concluded that both events were not
coupled, and deactivation may be ascribed to the formation of
the crystalline phase NiNb2O6.

Skoufa et al. [38] investigated the catalyst deactivation at 400 �C
for 100 h, and reported the same behavior: slight catalyst deactiva-
tion accompanied by a �40% reduction in surface area. Unlike pre-
vious reports [11], the formation of NiNb2O6 was not observed.

Experiences not shown in the presented manuscript revealed
mass transfer limitations when operating at 400 �C in conditions
of Fig. 10 (feed flowrate = 20 cm3/min) and kinetic control in con-
ditions of Fig. 8 (feed flowrate = 40 cm3/min).

For the former case, no change in activity or selectivity was
observed for the catalyst prepared by EM after 240 h of reaction,
but these results shown an apparent activity since the experience
was not performed under pure kinetic control. Under these condi-
tions, observed reaction rates are independent of the concentration
of active sites. In contrast, Fig. 8 shows that the activity of NiNb-E1
was variable during the stability test. In the latter condition, the
slight activity loss observed for NiNb-E1 catalysts could possibly
be associated with the carbon formation during reaction. Regard-
ing the formation of the crystalline phase NiNb2O6 during reaction
and its relationship with catalyst deactivation, the results were not
conclusive. In fact, the formation of the phase NiNb2O6 was
observed for NiNb-E1R, but no changes were observed for NiNb-
C1R. However, the NiNb-C1R sample also presents a decrease in
conversion.
4. Conclusions

The catalyst prepared by combustion synthesis, a technique
that is simpler than the conventional evaporation method, exhib-
ited a good activity and stability compared with those observed
for the catalyst synthesized by the evaporation method, even for
long-term tests. Regarding the effect of the metal precursor, nickel
nitrate and ammonium niobate oxalate generated the better cata-
lyst in both synthesis routes.
1500 1750 2000 2250
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oxides before and after reaction.
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The catalysts synthesized in the present work showed an
almost constant ethylene yields for 120 h in stream at 400 �C at
W/F = 0.06 g s/cm3 (8% and 15% for combustion and evaporation
synthesis, respectively) with a slight decrease over time on stream
(13% and 11%).

Surface activity for ethane consumption and ethylene formation
were higher than those observed for the sample prepared by the
evaporation method and with the same precursor drug. This cata-
lytic performance could be associated to a better utilization of the
active sites due to a higher accessibility of the reagents to the cat-
alyst surface, considering the observed similarities in the chemical
aspects of the surface but observed differences in the morphologi-
cal properties.

The experimental results suggest that further improvements in
the NiNb-C1 mixed oxide, especially increasing surface area, can be
expected upon optimization of the preparation method.
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