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Alpha phase of NiMoO4 promoted with alkaline (K and Cs) and
alkaline earth (Ca, Sr, and Ba) metals has been studied for the
oxidative dehydrogenation of butane. The catalysts were character-
ized by BET; X-ray diffraction; atomic absorption; inductively cou-
pled plasma spectroscopy; Fourier transform infrared and Raman,
X-ray photoelectron, and ultraviolet-visible diffuse-reflectance
spectroscopic techniques; and CO, temperature-programmed des-
orption. The molybdate structure remains intact after doping. How-
ever, while for the Ca-, Sr-, and Ba-doped catalysts, new species were
detected as oxide and peroxide compounds, only traces of alkali
metals were found in the bulk of the catalysts, for the same load-
ings of promoter. For both catalyst series, rate of butane conversion
decreases with increasing promoter content and also with increas-
ing ionic radius of the promoter element. A decrease of surface area
accounts for this trend. Catalyst surface basicity and selectivity to
dehydrogenation products appear to be closely related. In fact, in-
creased selectivity to C4 products has been observed upon promoter
incorporation, specially for K and Cs. An overdoping effect was
detected for barium-doped catalysts which exhibits a maximum of
basicity at 9% promoter loading. Higher levels of promoter seem
to decrease the surface basicity and the Cy4’s selectivity. At such
Ba contents the formation of three-dimensional barium compound
crystallites occurs, decreasing the amount of adsorbed CO». Alka-
line earth-promoted NiMoO4 appeared to be very promising cata-
lysts for butadiene formation, being almost twice more selective to
butadiene than the undoped counterpart, for the same conversion.
(© 1997 Academic Press

1. INTRODUCTION

Olefins and aromatics are largely used as raw materi-
als in industrial processes (1, 2). A strong market pressure
compels to an increasing optimization of the present pro-
cesses. Cost reduction can be obtained either by setting up
new engineering concepts or by using cheaper raw materi-
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als (particularly alkanes) combined in some cases with the
use of more sophisticated catalysts. In fact, in the past years,
there has been a clear tendency to use light alkanes for the
direct production of oxygenates via partial oxidation or for
the production of olefins via dehydrogenation or oxidative
dehydrogenation (ODH) due to the large availability and
low price of natural gas (3, 4).

In this work we investigate the ODH of butane to olefins
and butadiene. In spite of the number of reports in the liter-
ature on this matter (5-13), the optimization of the catalysts
and the adequate knowledge of the factors that control se-
lectivity and the required details of the mechanisms are still
challenging problems (14-18).

Unpromoted molybdate compounds have been widely
used as ODH catalysts (12, 19, 20). In the past years, alkali
promoters have been used to improve the catalytic perfor-
mance of molybdate systems in oxidative reactions (21-24)
and some of them are even mentioned as promoters for
industrial processes, in particular potassium and rubidium.
It has been reported that the alkaline promoters decrease
the conversion for ODH of propane in the sequence: non-
promoted > Li > K > Rb-promoted catalysts in a particu-
lar system (V20s/TiO, and MoO3/TiO,), whereas propene
yields and selectivities increase at equal conversion in the
same order (25). We have reported that the alkali promot-
ersina and B phases of NiMoO4 behave similarly: reducing
the catalytic activity of n-butane but increasing the selectiv-
ity to butenes and butadiene (21). This catalytic behavior
is influenced by the concentration and basicity of promot-
ers. The effects have been attributed to interaction of the
alkali promoters with the catalyst surface. It has already
been suggested that the acid-base character of the oxide
ions at catalyst surface must play an important role for the
ODH of butane (26, 27).

Some investigations have also been undertaken on the
use of alkaline earth promoters for different processes such
as oxidative coupling of methane (28, 29) or ODH reactions
(13, 30-32). The use of such kind of promoters is not only
related to their catalytic performances, structure, and ba-
sicity but also to their high stability. Our work is focused
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on the use of alkaline earth promoters on NiMoO, for the
ODH of butane. A comparison between alkali and alkaline
earth promoters effects was performed and the effects of
promoter loading investigated.

2. EXPERIMENTAL

2.1. Catalyst Preparation and Characterization

The «¢-NiMoOy catalyst (with Ni/Mo atomic ratio of 1)
was prepared by coprecipitation reaction, following the
method described by Mazzocchia et al. (5), using 0.25 M
solutions of Ni(NO3),-6H,O and H,Mo00,. A series of
NiMoO, promoted by alkaline earth metals (Ca, Sr, and
Ba) and alkali metals (K and Cs) was prepared by adding
3 g of pure nickel molybdate to 30 ml of deionized water
containing the appropriate concentration of dissolved alka-
line or alkaline earth nitrate to obtain a promoter loading
of 3% (atomic ratio metal/Mo); in the case of Ba, the load-
ing was varied between 3 and 12%. Each resulting slurry
was stirred overnight at 353 K, filtered, dried, and crushed
(particle size 0.25 mm). The catalyst was then calcined in
air at 823 K for 2 h prior to use.

The catalysts were characterized using appropriate tech-
niques. BET surface area measurements were performed
with a Micromeritics ASAP 2000 instrument. X-ray diffrac-
tion (XRD) patterns were recorded at room temperature
with a Rigaku apparatus using the Cu Ko radiation (Ni fil-
ter) at 2°/min. The bulk composition of the catalysts was
determined by inductively coupled plasma spectroscopy
(ICP) on a Perkin Elmer Plasma 400 and atomic absorp-
tion (AA) on a Perkin Elmer 4100 ZL. IR spectra of the
catalysts were recorded with a Perkin Elmer 1600 FTIR
spectrometer. Photoelectron spectra were acquired with a
Fisons Escalab 200R spectrometer equipped with a hemi-
spherical electron analyzer and Mg Ko 120 W X-ray source.
The powder samples were pressed into small aluminium
cylinders and then mounted on a sample rod placed in a
pretreatment chamber and outgassed at room temperature
for 1 h. The pressure in the ion-pumped analysis chamber
was below 3 x 10~° Torr (1 Torr =133.33 Pa) during data
acquisition. The spectra were collected for 20 to 90 min,
depending on the peak intensities, at a pass energy of 10 eV
(1 eV =1.602 x 107° J). The C1s, Ols, Mo3d, and Ni2p
peaks were recorded for all the samples, and Ca2p, Sr3d,
Ba3d, K2p, or Cs3d for the promoted samples. The inten-
sities were estimated by calculating the integral of each
peak after smoothing and subtraction of the background.
All binding energies (BE) were referenced to the C1s line
at 284.9 eV, which gave BE within an accuracy of 0.1 eV.
FT Raman spectra were obtained with a Brucker Raman
spectrometer (exciting line, 1064 nm). Around 40 mW of
laser output at the source was used with a spectral reso-
lution of 4.0 cm~. UVDRS spectra were recorded with a
Cary 1 ultraviolet-visible Varian spectrophotometer with
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a diffuse-reflectance accessory. Samples were placed in
quartz cells and were scanned against a pure barium sul-
fate standard.

The basicity of the catalysts surface was studied by CO,
TPD technique. A blank experiment carried out in He flow
until 650°C showed that between 550 and 650°C the de-
tector signal is negligible. Consequently, about 0.25 g of
catalyst was pretreated in each experiment by heating the
sample in He flow until 550°C to clean the surface, but
avoiding transition to the metastable g phase which is al-
ready present at 595°C (20). After this process, the catalysts
were saturated in CO; at 30°C, purged during 20 min in He
flow, and then CO, was desorbed by heating at 10°C/min in
aHe flow of 1 cm®¥swith on-line gas analysis performed with
the TC detector of a Shimadzu GC-8A gas chromatograph.

2.2. Steady-State Catalytic Activity Studies

Steady-state experiments were carried out in a fixed-bed,
continuous-flow tubular quartz reactor and the products
separated and analyzed using an on line Shimadzu GC-
8A gas chromatograph with two columns as described else-
where (21). The catalyst (0.3 g) was mixed with inert quartz
(50-70 mesh) in a volume ratio of 1:4 catalyst to quartz.

The feed for these experiments was a mixture of 4%
n-butane, 8% oxygen, and 88% nitrogen and the contact
time (W/F) was 11.2 geat - h - (Molc,,,) L. The ODH of bu-
tane was studied in the temperature range 375-525°C at
atmospheric pressure. For comparisons on equal conver-
sion levels, the temperature was varied to keep conversion
of butane constant (near 4%) for each catalyst. Blank runs
showed that under the experimental conditions used in this
work, the homogeneous reactions can be neglected.

3. RESULTS

The NiMoOy prepared by coprecipitation yields a yellow-
green catalyst precursor, which is thermally activated for
2 h at 550°C in air flow to obtain the «-NiMoQO, catalyst
with a well-defined crystalline structure. Important struc-
tural differences between the precursor and the catalyst
are evidenced by XRD (Fig. 1). The nature of the catalytic
system required the use of a combination of complemen-
tary characterization techniques in order to understand the
structural and chemical features of the catalysts. All the
experimental techniques used to characterize the catalysts
(XPS, ICP, AA) showed a pure nickel molybdate compound
with an atomic ratio Mo/Ni=1. Moreover, no excess of
NiO or MoO3 was recorded by XRD, FTIR, or FT Raman
techniques.

Although in all cases the dopant solutions were prepared
to yield dopant loadings between 3-12% (metal/Mo molar
ratio), in the case of alkali metals ICP analysis detected
only traces of them in the bulk, but the preparation ra-
tio was found on the surface by XPS (21, 33). In the case
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of alkaline earth promoters the concentration correspond-
ing to preparation was observed. The recorded results are
compiled in Table 1. When comparing the effects of the dif-
ferent promoters it must be taken into account that along
this paper the catalysts are labeled by their programmed
preparation metal/Mo ratio.

3.1. Surface Area Analysis

The BET surface areas of the promoted catalysts were
found to decrease with respect to the unpromoted NiMoO,4
(Table 1). As observed in other studies with alkali promot-
ers (21, 25), BET area decreases as the ion size and the
concentration of promoters increase. It is noteworthy that,

TABLE 1

BET Areas and Atomic Ratios of the Unpromoted and Promoted
a-Phase Catalysts

Catalyst Sget (M?/g) M/Mo (ICP) M/Mo (XPS)

NiMoO, 44.1 — —

3% K-NiMoO, 33.3 Traces 0.025
3% Cs—NiMoO, 28.7 Traces 0.030
3% Ca—NiMoOy 37.1 0.030 0.014
3% Sr-NiMoO4 36.8 0.030 0.011
3% Ba—NiMoO, 35.2 0.029 0.020
6% Ba—NiMoO, 36.7 0.061 0.043
9% Ba—NiMoO4 35.2 0.091 0.041
12% Ba—NiMoO, 26.6 0.125 0.046

X-ray diffraction patterns at 21°C of NiMoO, precursor (A) and catalyst (B).

for 3% M—-NiMoO, catalysts, the alkali-promoted catalysts
exhibit a smaller surface area than the alkaline earth pro-
moted samples.

3.2. X-Ray Photoelectron Spectroscopy

In order to investigate the composition of the catalyst
surface, possible variations in the oxidation state, changes
in the electronic density of the Ni-Mo—O system and the
nature of surface species on these oxides, XP spectra were
recorded.

In a previous work (21), a shift to lower binding energies
was found in the Mo3d doublet upon alkali metal addition,
suggesting an increase of the average electron density in
the molybdenum atoms. No significant changes of the BE
of Mo3d, Ni2p, or Ols were observed due to the alkaline
earth promoters addition, though the BE of Ni2p follows
the sequence: unpromoted < Ca = Sr < Ba, but this trend is
not corroborated in Ba-promoted catalysts with higher Ba
loadings. The Mo3ds, and Ni2pz, BE for the unpromoted
catalyst (232.6 and 856.1 eV, respectively) are typical of the
Mo®*+ and Ni?* states. Quantitative XPS data are summa-
rized in Table 1.

3.3. X-Ray Diffraction

The stability of « phase in the temperature range used
for the catalytic experiments was checked by HTXRD (33).
This was done comparing the patterns obtained at ambient
temperature and 625°C.
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As already reported, the X-ray diffraction patterns
recorded for the alkali-promoted molybdates revealed no
changes when compared with the unpromoted «-NiMoO4
(21, 33), showing the characteristic principal line at
20 =28.7° (ASTM, 33-948). The same results were obtained
for the 3% alkaline earth-doped catalysts. Special mention
must be made about the Ba-doped catalysts in which two
different species, barium oxide and barium peroxide, are
present. The X-ray diffraction patterns of Ba-doped cata-
lysts at different promoter loadings show that BaO and
BaO species increase as the Ba content increases (Fig. 2)
(BaO, ASTM, 22-1056: 27.8°100, 32.3°gs, 46.3%49, 54.9°3;
BaO,, ASTM, 7-233: 26.7°109, 42.6°50, 46.3°45, 69.6%). The
remaining peaks coincide with those of the «-NiMoO4
diffractogram.
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34. FTIR

The FTIR spectrum of the unpromoted NiMoO, agrees
with literature (20, 34) (Fig. 3). Alkali-doped catalysts did
not show significant changes with respect to «-NiMoO.,.
The addition of Ca, Sr, and Ba yields two new bands lo-
cated near 815 and 875 cm™! (Fig. 3). Moreover, the first
band shifts to higher frequencies according the sequence
Ca (802) < Sr (814) < Ba (817). These bands are also ob-
served in Fig. 4 where the influence of promoter contents
is shown. It appears that an increase in Ba concentration
leads to an increase of intensity of both bands.

Although carbonates exhibit bands with medium inten-
sity in the range 800-880 cm~! (35), carbonates must be
ruled out because the characteristic bands, of very strong
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FIG. 2. X-ray diffraction patterns at 21°C of unpromoted (A) and Ba-promoted «-NiMoO,: 3% (B) and 12% (C).
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FIG.3. FTIR spectra of unpromoted and promoted «-NiMoO,: 3%
Ca (A), 3% Sr (B), and 3% Ba (C).

intensity between 1410 and 1450 cm~! (not shown in the
figures), are absent. It is likely that they are associated to
ng ions, which usually display vo-o Vvibrations between
800 and 900 cm~? (36). The existence of such species could
affect the catalytic behavior of the studied catalysts.

3.5. FT Raman Spectroscopy

Raman spectroscopy is a particularly powerful technique
for determining small amounts of segregated phases, espe-
cially MoQj; in the Ni-Mo—O system. Raman spectroscopy
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FIG.4. FTIR spectra of unpromoted and Ba-promoted «-NiMoOy:
3% (A), 6% (B), 9% (C), and 12% (D).

473

TABLE 2
Raman Bands (cm™?) of NiMoO4 and MoOj3 (6)

Sample
NiMoO, 963vs 916s 709s 494m 420m 389m 373m 179m
MoO; 998s 822vs 670s 381lm 339m 293m 285s 160m

characterization of NiMoO,4 has been reported previously
(6). The sharp Raman peaks of nickel molybdate and
MoOj are listed in Table 2. As described by Mazzocchia
et al. (5), nickel molybdate catalysts containing an excess
of Ni (which stabilizes the metastable B-phase) present
new bands in the IR spectrum at room temperature (800,
880 cm~1), but the Raman spectrum is the one character-
istic of NiMoO,4. However, catalysts with an atomic ratio
Mo/Ni > 1 exhibit additional bands either in the IR spec-
trum (990, 860, 810 cm™?) or in Raman, typical of MoQs.
Figure 5A displays the Raman spectra of the stoichiomet-
ric NiMoO, sample which shows three characteristic bands
at 962, 913, and 707 cm~1. No Raman bands of free MoOs
phase were detected for our prepared NiMoOy,.

Raman bands at around 965-944, 880, 390, and 240-
210 cm~! are consistent with octahedrically coordinated
polymolybdates (37, 38). A Mo—O—Mo deformation mode
band at around 260-230 cm™! and the band at around
390 cm~* could be associated with the Mo—O bending mode.
The major feature is the Mo—O stretching mode at around
962 cm~L.

To examine whether peroxide ionswere indeed presentin
the Ba/NiMoOy catalysts, a Raman spectrum was recorded
for the 12% Ba-doped catalyst. Raman spectroscopy is par-
ticularly suitable for this purpose because the O—O stretch-
ing mode in peroxide ions is Raman active. The spectrum
of the barium-doped sample (Fig. 5B) is similar to that
recorded for the pure NiMoO, showing no shifts of the
bands, but new peaks appeared at 891 and 837 cm™1. Ac-
cording to the literature, a strong peroxy stretching line
occurs in the Raman spectrum at 890 cm~ (39). The sec-
ond peak in the 12% Ba—NiMoO, catalyst is also due to
O%‘ ions because the spectrum of pure BaO, yields, be-
sides minor bands at 829 and 821 cm~?, an intense band at
around 842 cm~?! (39-41) which is assigned to symmetric
O-0 stretching vibrations.

It is noteworthy that no carbonate species were detected
in the Raman spectrum of the barium-doped catalyst be-
cause no bands appeared at 1055 or 689 cm~! which are
assigned to modes of CO3™ ions (40, 41).

3.6. Ultraviolet-Visible Diffuse Reflectance Spectroscopy

The ultraviolet-visible diffuse-reflectance spectrum of
pure -NiMoOy, displayed in Fig. 6, shows a maximum at
around 215 nm and a shoulder near 300 nm, suggesting the
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FIG. 6. Ultraviolet-visible diffuse-reflectance spectra of «-NiMoO,, 3% Ba—«-NiMoO,, and 3% K-a-NiMoO,.
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presence of two Mo—O symmetry environments. The com-
mon use of UVDRS to determine the local symmetry of
supported molybdenum cations has been reviewed (42). As
mentioned by Williams et al. (37), UVDRS, without supple-
mentary evidence, is ineffective for differentiating tetrahe-
drally (T4) and octahedrally (Oy) coordinated molybdenum
because the two absorption bands observed in the elec-
tronic spectra are inconsistent with the FT Raman results
which evidenced that only Mo(Oy) was present. The broad
nature of electronic absorption bands ill-characterized and
the use of different reference compounds and instrumen-
tation have led to contradictory UV results. Traditionally,
absorption bands from 250 to 280 nm have been assigned
to Mo(Tg) and bands from 300 to 330 nm were assigned to
Mo(Oy) (42). However, Williams et al. (37) observed ab-
sorption bands of compounds containing octahedrally co-
ordinated molybdenum not only at around 325-330 nm but
also near 230 and 280-295 nm. They assigned those bands
to Mo(Oy,) according to Raman data.

Considering the literature information, the possible in-
terpretation of the UVDR spectrum (Fig. 6) is to assume
that the band at 215 nm and the shoulder near 300 nm
are due to Mo(Oy). This interpretation is supported by
the structural data of NiMoO, «-phase (5, 20) and by the
Raman and FTIR results reported above. The addition of
alkali and alkaline earth promoters does not alter signifi-
cantly the NiMoO, UVDR spectrum (Fig. 6).

3.7. Temperature-Programmed Desorption of CO,

The basicity of the catalyst surface was examined by
CO,-TPD. The existence of two types of active sites with
very different basicity has been evidenced in the unpro-
moted catalyst which exhibits two maxima, one at 275°C
and the second one starting about 525°C. The precise posi-
tion of the latter could not be accurately defined to avoid
the «- to B-phase transition (Fig. 7A).

Total amount of adsorbed CO, increases upon addition
of 3% Cs to NiMoQOy (Fig. 7A), in agreement with previous
results (33), and the maximum of the first desorption peak
is shifted to lower temperatures. The CO,-TPD profile for
3% Ba—-NiMoO, does not evidence significant changes in
the strength of the nickel molybdate sites, but exhibits a
slight higher basicity (Fig. 7A). The higher basic character
of alkali promoters is quite nicely illustrated in Fig. 7A by
the larger area of the 3% Cs—NiMoO, curve. It must be
emphasized that for the more basic sites, catalyst doping
with cesium or barium does not affect significantly their
strength and number.

The influence of barium loading of nickel molybdate on
CO,-TPD results is presented in Fig. 7B. Any increase in
Ba contents up to 9% increases the total basicity of the
catalysts. But although the number of basic sites increases
with Ba loading, it appears that such sites become progres-
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FIG.7. CO,-TPD of unpromoted and 3% promoted «-NiMoO, (A)

and of Ba-doped catalysts (B).

sively weaker. However, for the 12% Ba—NiMoOy, there is
a decrease in the total basicity with respect to the 9% Ba
sample. Such overdoping effect was also observed for Cs-
doped catalysts (33), which display a maximum of adsorbed
CO; for 3% Cs—NiMoOs,.

3.8. Steady-State Experiments

Butane ODH was tested on unpromoted and 3% alka-
line earth (Ca, Sr, and Ba) promoted a-NiMoO, catalysts.
In order to investigate the effect of the promoter nature,
experiments were also performed with two alkali-doped
catalysts: 3% K and 3% Cs—NiMoO,. The effect of the pro-
moter concentration was studied by varying the Ba contents
from 3 to 12%. The observed reaction products were CO,
COg, 1-butene, 2-trans-butene, 2-cis-butene, and butadiene
and no oxygenated organic compounds were detected. The
absence of such compounds was also found over Mg-VV-O
systems and this fact was attributed by Chaar et al. (13) to
the basicity of these materials, which favors the rapid des-
orption of the olefins formed and limits the consecutive ox-
idation to maleic anhydride or to other oxygen-containing
compounds.

The activity of the tested 3% M—NiMoQ, catalysts shows
a decrease with respect to the unpromoted catalyst which
is more intense with the K- and Cs-doped samples (Fig. 8).

Furthermore, the product distribution changes by effect
of alkaline earth promoters, showing an improvement in
the selectivity to dehydrogenation products (Cy4’s), which
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increases from around 60% for the unpromoted catalyst
to =70% for Ca-, Sr-, and Ba-promoted ones at constant
conversion of 4% (Fig. 9A). The increase of the C,’s selec-
tivities is due principally to the large formation of butadiene
obtained with alkaline earth-promoted catalysts. The buta-

2]

SC,s(%

NiMoO4 Ca Sr Ba K Cs

S butadiene (%)

NiMoO4 Ca Sr Ba K Cs

FIG.9. Selectivity to dehydrogenation products (A) and butadiene
(B) at equal conversion levels (4%) on unpromoted and 3% promoted
a-NiMoOy, (same reaction conditions as Fig. 8).

at different temperatures (same reaction conditions as Fig. 8).

diene selectivity increases almost twice with respect to the
unpromoted catalyst, showing at 4% conversion a selectiv-
ity of 16% for the unpromoted catalyst and between 28 and
30% for the promoted ones (Fig. 9B). If we compare the
results obtained with alkali (K and Cs) and alkaline earth
doped catalysts, it is clear that alkali promoters lead to a
greater increase of C4’s formation (Fig. 9A), but the bu-
tadiene selectivities are lower, at equal conversion levels
(Fig. 9B).

The influence of the promoter loading was tested vary-
ing the Ba concentration between 3 and 12% (in surface
between 2.0 and 4.6%, Table 1). Figure 10 shows that rate
of butane conversion decreases as the Ba concentration in-
creases and these results are again in agreement with the
evolution of the BET surface areas (Table 1). If activities
are based on unity surface area (mol/(h - m?)), the different
rates of butane conversion must originate from the different
nature of the catalysts surface. In this way, the more basic
catalysts will present smaller activities because the butane—
surface interactions are weakened. In fact, the introduction
of promoters with basic character in NiMoO, decreases the
activity, specially for alkali metal doping (Fig. 11A). In the
same way, the influence of barium loading on normalized
activity shows that up to 9% concentration of promoter
the activity decreases, being however slightly higher for
the 12% Ba—NiMoOQO, catalyst (Fig. 11B). This fact goes in
parallel with the decrease of basicity of such catalyst, as
evidenced by CO,-TPD (Fig. 7B).

With respect to the products distribution, the Cy4’s selec-
tivity (Fig. 12) shows an important improvement up to 9%
Ba—NiMoO;,. Increasing the Ba contents, the C4’s selectivity
remains higher than the one found for the unpromoted cata-
lyst but decreases with respect to the catalysts doped with
lower Ba concentrations. The butadiene selectivity shows
a similar behavior (Fig. 12). The catalyst with 9% of Ba is
twice more selective for butadiene than the undoped nickel
molybdate at 4% conversion.
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FIG. 11. Normalized rates of butane conversion on unpromoted and

3% promoted «-NiMoO, (A) and on barium-doped catalysts (B) at dif-
ferent temperatures (same reaction conditions as Fig. 8).

4. DISCUSSION

According with the ICP and XPS data (Table 1), alkali
metal promoters are practically only found on the outer
catalyst surface. It is noteworthy that, in general, with such
promoters the M/Mo surface ratios are higher than for alka-
line earth promoted nickel molybdates. Quantitative XPS
analyses showed that, for the Ba-doped catalysts, the M/Mo
atomic ratios of promoter are lower than those found by
ICP. Moreover, the Ba/Mo surface ratios are practically
constant for Ba loadings in the initial solutions higher than
6%. These results suggest the possible formation of bar-
ium oxide crystals with size increasing for high Ba loadings,
thus decreasing the barium oxide dispersion. Moreover, the
crystals block pores of the solid with the subsequent surface
area decrease.

The observation of peroxide compounds by XRD only in
the barium containing catalysts is not only due to the high
promoter concentration (until 12%0), but also because in
the 1A group barium yields the most stable peroxide (43).
The presence of such peroxide compounds in Ba-, Ca-, and
Sr-doped samples was found by FTIR (Fig. 3) and in case
of Ba-doped samples by FT Raman.
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It is important to remind that the alkaline earth-doped
catalysts present a decrease in BET surface areas with re-
spect to the unpromoted NiMoQO, (Table 1). However, their
surface areas are larger than those exhibited by the al-
kali promoted samples; in fact, 3% K and 3% Cs—NiMoO,
present the smallest BET areas and the smallest activity
(Fig. 8). The catalytic activity is directly affected by the
area decrease. We have already reported a decrease of bu-
tane conversion with alkali promoted NiMoO4 (21). Sim-
ilar trends have also been reported for propane ODH on
V,05/TiO, and MoO3/TiO; catalysts (25) and have been at-
tributed to blocking of alkane activation centers. However,
the nature of the promoters also affects the rates of butane
conversion (21).

The different catalytic behaviors of alkali and alkaline
earth-promoted catalysts can be explained mainly by their
different basicities. The larger basicity of alkali metals
makes interactions between hydrocarbons and the cata-
lyst surface difficult. Therefore, the butane adsorption is
hindered and consequently the rates of butane conver-
sion are lower with K- and Cs-doped NiMoO,. Also the
alkali-promoted catalysts present, at equal conversion lev-
els, higher selectivities to C,4 products. This fact was also re-
ported by other authors (13, 21, 25) and is understandable
taking into account that the increase of the surface basicity
will facilitate the desorption of dehydrogenation products,
preventing them from further oxidation to carbon oxides.

100
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FIG. 12. Influence of barium content on selectivity to dehydrogena-

tion products and butadiene at equal conversion levels (4%) (same reac-
tion conditions as Fig. 8).
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Probably, the excessive basicity of alkali-promoted catalysts
does not favor subsequent dehydrogenation, and so, these
catalysts present smaller butadiene selectivities at equal
conversion levels. The lower basicity of alkaline earth-
promoted NiMoO, catalysts must facilitate the adsorption
of olefins thus increasing the formation of butadiene.

As suggested by Kung et al. for the ODH of light alkanes
(26), the first step of the reaction would involve activation
of the alkane molecule to form a radical and a surface OH
group. It has been proposed that the reaction is initiated
by highly reactive surface oxygen species. The selectivity
would be determined by the electron density of the oxygen
and the position at which the reactive oxygen attacks the
surface intermediate.

A reaction that is usually admitted to be performed
through a radicalar mechanism is the oxidative coupling of
methane. As described by Dissanayake et al. (44), different
types of metal oxides have been studied for this reaction
activating methane via different types of surface oxygen
species. In their own work performed with perovskites, they
found that BaO, is the more active phase for methane ox-
idative coupling. Sinev et al. (45) suggested the formation
of CHj radicals by the interaction of methane molecules
with peroxide ions. For butane as reactant, few papers have
been found concerned with the role played by the surface
oxygen species in its activation. They are usually related to
V-Mg-O (13) and V-P-O (46) systems and nothing was
found for Ni-Mo—O.

The results of FTIR, FT Raman, and XRD for alkaline
earth-doped NiMoO, catalysts evidence the existence of
new oxygen species, related to alkaline earth oxides and
peroxides, not observed in alkali-doped catalysts. Itis likely
that the catalytic behaviors of the doped nickel molybdate
catalysts, namely the aspect of increased butadiene forma-
tion, can be related to such oxygen species.

Asitwasreported in a paper on nickel molybdates doped
with different cesium concentrations (33), there is, for the
concerned reaction, a close relation between the catalyst
basicity and the catalytic behavior, in particular about the
selectivity to dehydrogenation products. The increase in
promoter contents lead to an increase of the global basicity
which cause an increase of the selectivity to C4’s. However,
beyond a certain concentration, an overdoping effect was
evidenced by the fact that the total basicity does not in-
crease (and even decrease), as showed by the CO,-TPD
results. In such case, the representation of &,+s versus pro-
moter contents exhibits a maximum at 3% Cs. A similar
behavior was found for barium, with maximum at 9%, ei-
ther for C4’s selectivity (Fig. 12) or for total adsorbed CO,
(Fig. 7B), due to its lower basic strength as evidenced by
the CO,-TPD measurements (Fig. 7A).

The detection of OE* species in the Ba-doped cata-
lysts was performed by FT Raman and FTIR. Moreover,
the FTIR data evidenced that an increase of Ba loading
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leads to an increase of their characteristic bands intensity
(Fig. 4), very pronounced up to 9% of promoter (in sur-
face 4.1%, according to XPS data). A similar behavior was
detected in other systems. Lunsford et al. (40) found for
Ba/MgO catalysts, that contained from 0.5 to 15 mol% Ba,
a marked increase in Raman intensity of O35~ ions in the
2-4 mol% range, with smaller increases at higher loadings.
They suggested that a two-dimensional surface phase of
BaO/BaO; may form at low loadings, and at higher load-
ings larger crystallites of BaO, are formed. Yamashita et al.
(47) demonstrated that O%‘ ions were present on the sur-
face of Ba/La,Oj catalysts, but they found that the catalysts
containing larger amounts of barium (which were relatively
inactive for CH,4 conversion) presented poor dispersion of
O%‘ ions. In this way, according to XPS and ICP data, the
formation of a BaOy surface phase would occur in the doped
nickel molybdate catalysts up to 6-9% Ba. At higher load-
ings the dispersion would be poorer, due to the formation of
three-dimensional BaOy crystallites, leading to a decrease
in the amount of adsorbed CO,.

5. CONCLUSIONS

The addition of alkali and alkaline earth promoters to
a-NiMoO, samples leads to different effects. Using the
same preparation procedure and promoter loading, in case
of alkaline earth element the nominal content of promoter
is found in the catalyst bulk, but for alkali metals such con-
tent is found on the surface and only traces are detected in
the bulk. However, the physical, chemical, and catalytic ef-
fects are more pronounced in case of alkali elements. Both
promoters led to a decrease in surface area, influencing
in this way the rates of butane conversion. These promot-
ers, however, also affect the surface chemical nature of the
NiMoO, catalysts since new oxygen species were detected
in the alkaline earth-doped samples and an increase of ba-
sicity was recorded. Alkali-promoted NiMoQO4 has a higher
basicity that strongly favors the desorption of dehydro-
genation products, thus preventing total oxidation. How-
ever, subsequent dehydrogenation is also inhibited. Alka-
line earth-promoted «-NiMoO, presents lower basicity. It
favors further interaction of reaction intermediates with
the catalyst thus increasing butadiene formation and lead-
ing to butadiene selectivity about twice of the unpromoted
a-NiMoOy, at equal conversion level. This isimportant due
to the great interest of producing butadiene directly from
butane. The CO,-TPD results also evidenced an increase
in the basicity of the barium-doped catalysts with the pro-
moter loading up to 9%. However, an overdoping effect
was detected and for higher Ba concentrations the basicity
decreases. The ICP, XRD, FTIR, FT Raman, and XPS data
suggest the formation of three-dimensional BaOy crystal-
lites at higher Ba contents, which leads to a poorer bar-
ium dispersion. These results are in very good agreement
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with the maximum for C,’s selectivity observed for the 9%
Ba—NiMoO,.
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