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Abstract

Temperature-programmed reduction (TPR) was used to study the reduction of undoped and doped a-NiMoO, with
several Cs loads. The results contributed to clarify the mechanism of the nickel molybdate reduction by hydrogen. It
was found that the reducibility of the catalysts, as inferred from the temperature of reduction onset, decreases with Cs
load. The catalysts were tested for the oxidative dehydrogenation of n-butane and the activity followed the same trend
recorded in the TPR experiments. It was possible to conclude that the catalytic activity is related to the reducibility
of the sample while the selectivity is determined by the basicity of the surface. Kinetic studies over unpromoted and
3% Cs-promoted a-NiMoO, evidenced that Cs doping only affects the partial order with respect to butane, which i
ncreases for dehydrogenation products and decreases for CO and CO,. The partial order with respect to oxygen is
almost unaffected. The kinetic results were discussed based on the basicity and reducibility of the catalysts. © 1998 Elsevier
Science B.V.
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1. Introduction behaviour of both o and -phases of nickel molybdate

in n-butane ODH [8]. In particular, cesium addition

Molybdenum-based oxides are versatile catalysts
for important industrial processes. In particular, nickel
molybdenum oxides are used for several reactions
such as hydrodesulphurization [1,2], partial oxidation
of hydrocarbons [3-5] and oxidative dehydrogenation
(ODH) of alkanes [6,7].

In a previous study we have shown, either by
changing the nature or the concentration of the
promoter, that alkali promoters affect the catalytic
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was found to increase significantly the selectivity to
dehydrogenation products [9].

It is well known that the catalytic behaviour of a
catalyst in selective oxidation reactions is related to its
redox properties. Several papers have made references
to very interesting correlations between the reduci-
bility of catalysts and the catalytic behaviour in selec-
tive butane oxidation [10-13].

Temperature-programmed reduction (TPR) experi-
ments can provide valuable insight into the role of the
reduction properties. In this way, it was found inter-
esting to study both, the process of NiMoO, reduction,
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which has not yet been unambiguously established in
spite of the number of reports found in literature
[1,14-16], and the effects of cesium promotion
on such properties. Finally, it will be attempted to
relate the effects of Cs addition to NiMoO, on the
kinetics of n-butane ODH with the reducibility of
the catalysts.

2. Experimental
2.1. Catalysts preparation and characterization

The stoichiometric NiMoO, was prepared by copre-
cipitation reaction, following the method described by
Mazzocchia et al. [3], using 0.25M solutions of
Ni(NOj3),-6H,O and H,Mo00O,. Cs-doped catalysts
were prepared by wet impregnation of the pure o-
NiMoO, with a solution of cesium nitrate at 60°C for
15 h. The impregnated solids were then filtered, dried
at 120°C and, finally, calcined in air at 550°C for 2 h.
The Cs-doped samples were labelled xCs—NiMoOQy, in
which x denotes the surface atomic ratio Cs/Mo (%),
determined by XPS [9].

The characterization of the samples was performed
by using several techniques: ICP, AA, BET, HTXRD,
FTIR, CO,-TPD and XPS. Experimental details and
results can be found elsewhere [8,9]. X-ray diffracto-
grams were obtained at room temperature in a Philips
PW 1130 X-ray generator with CukK, radiation (Ni
filter).

2.2.  Temperature-programmed reduction

Before the runs, a pre-treatment was performed by
heating the sample (50 mg) in argon flow (50 ml/min)
up to 150°C and maintaining this temperature for
60 min. Then the quartz reactor containing the sample
was cooled to room temperature and a mixture of 5%
hydrogen in argon (60 ml/min), purified with an oxy-
trap and molecular sieves, was used to reduce the
catalyst by heating at 10°C/min up to the desired
temperature. A blank run proved that when the sample
was heated in argon flow up to 800°C the detector
signal was negligible. On-line gas analysis was per-
formed with a thermal conductivity detector. A solid
CO, trap set after the reactor removed the water

formed during reaction. Thus, the detector response
was only proportional to H, consumption.

The amount of H, consumed in the runs was
quantified by the peak-area integration method.
NiO, prepared by calcination of nickel nitrate hexa-
hydrate (Fluka Chemika, p.a.) for 2 h at 550°C in air
flow, was used to calibrate the TCD response. The
accuracy of the measurements was cross-checked by
comparing results of several TPR runs and it was
found to be better than 5%.

2.3.  Catalytic tests

Catalytic runs were performed in a fixed-bed con-
tinuous-flow quartz tubular reactor with a coaxially
centred thermocouple. Reactants and products were
analyzed with an on-line Shimadzu GC-8A gas chro-
matograph with two columns as described elsewhere
[8,9].

The catalyst was mixed with inert quartz (50-70
mesh) in a catalyst-to-quartz volume ratio of 1 : 2. The
catalyst charge was chosen to yield differential con-
versions minimizing the effects of products and sec-
ondary reactions. It was intended to have conversions
less than 5% for butane. In case of oxygen, prelimin-
ary experiments showed that it was not required to be
so strict. The feed was a mixture of n-butane, oxygen
and nitrogen and the total pressure in the reactor was
1.10 bar. For comparisons based on equal conversion
levels, the temperature was adjusted to maintain con-
stant conversion of butane.

In the kinetic studies with unpromoted, and 3% Cs
promoted a-NiMoQ,, temperatures used were 500,
520, 540 and 560°C. In both cases, the influence of the
reactants partial pressure was studied by fixing Ppytane
at 0.05 bar and by varying Po, from 0.02 to 0.15 bar.
With unpromoted NiMoOy,, the butane partial pressure
was changed from 0.02 to 0.10 bar (with Po, =
0.05bar) and from 0.05 to 0.15 bar (with Po, =
0.15 bar). The catalyst charge was 0.150 g and the
contact time (W/F) 4.45 g h/molyyane. With the Cs-
promoted catalyst, the butane partial pressure was
changed from 0.02 to 0.25 bar (with P, = 0.05 bar).
bar). The catalyst charge was 0.300 g and W/F=
5.80 g h/molyyeane [17].

Blank runs proved that under the experimental
conditions used the homogeneous reactions can be
neglected.
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3. Results and discussion
3.1. Catalysts characterization

Extensive characterization of the catalysts, con-
cerning the NiMoQ, purity and the effects of Cs
addition, was previously described [8,9]. It was shown
that Cs is deposited only on the catalyst surface and
does not affect the bulk. In this way, some properties
of the catalyst surface were affected. In fact, a
decrease of the catalyst surface area was observed
on increasing the Cs content. The binding energies of
Moz, XPS spectra also decrease, suggesting an
increase of the average electron density of the molyb-
denum atoms. Finally, CO,-TPD experiments showed
that Cs doping leads to an increase in the catalyst
basicity with respect to the unpromoted NiMoQy, as
would be expected according to the electron-donor
character of such promoter.

3.2.  Temperature-programmed reduction

Fig. 1 shows the TPR spectrum of nickel oxide used
as standard in order to quantify the amount of H,
consumed in the experiments by peak-area integration
method. The spectrum agrees very well with that
found in the literature [14]. The TPR profile exhibits
a single peak at 390°C corresponding to the reduction
to metallic nickel. In fact, the X-ray diffraction pattern
of the calcined nickel nitrate presented in Fig. 2(A)

H, consumption (a.u.)

corresponds to pure nickel oxide (JCPDS card 4-0835)
and only metallic Ni was found after reduction up to
675°C (Fig. 2(B)).

3.2.1. Pure o.-NiMoO,

The shape of the NiMoO,4 TPR profile (Fig. 3(A)) is
similar to those already published [1,14-16], showing
two maxima at 545 and 725°C, respectively. The first
one is usually broad and with a certain asymmetry in
the low-temperature side. It is well known that,
besides the different experimental conditions (e.g.
heating rates), the position of the peaks is affected
by several factors such as small variations in the
composition of the samples inside the homogeneity
domain, crystallite size, ageing of the samples, state of
hydration or chemical interactions between the dif-
ferent species [14]. Brito et al. [1], using experimental
conditions very similar to those described above,
found two maxima at 575 and 730°C, respectively.

The compositions of the products from NiMoO,
reduction have not been established unambiguously.
In Table 1, some mechanisms proposed in the litera-
ture for reduction of the Ni-Mo—O system are sum-
marized. Evidently, the intermediates as well the final
products of complete reduction differ with the authors.
For clarifying the situation, a study of the NiMoO,
reduction process was performed, with the main
objective of identifying the reduction products. In this
sense, XRD analysis were performed after interrup-
tion of the TPR runs at selected temperatures and

400

Temperature {° C)

Fig. 1. TPR profile of NiO used as standard (W=50 mg).
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Fig. 2. XRD patterns of (A) fresh NiO and (B) NiO after reduction on H, up to 675°C. <), Metallic Ni.

Table 1
Mechanisms and intermediate products of NiMoO, reduction by hydrogen
Ist step 2nd step Reference
NiMoO, —(475°C) Ni 4+ Ni-Mo alloys + MoO,  MoO, —(700°C) Mo [14]
+ intermetallics (e.g. NizMo)
NiMoO, —(400-500°C) Njji-Mo alloy + amorphous amorphous molybdenum —N2(600°C) MoO, [18]
molybdenum lower oxide lower oxide phase
NiMoO, —(300-450°C)  Nj+MoO, [19,20]
NiMoO, —(300-500°C)  NjiMo, alloy+MoO, NiMo, alloy+MoO, —(700°C) Mo-+NizMo [16]
NiMoO, —(500-600°C)  Nj+Mo,04 Ni+Mo,05 intermetallide  [21]

of Ni and Mo

cooling the samples to room temperature. The selected
temperatures were those corresponding to the maxima
in the TPR profile (545 and 725°C), the minimum
between them (at 620°C) and the final temperature of
the runs (800°C). In Fig. 4, the recorded X-ray dif-
fraction patterns are presented, including the fresh
NiMoOy,, which corresponds to the pure o.-molybdate
(JCPDS card 33-948).

The hydrogen consumption begins only at 300°C
(Fig. 3(A)) and at 545°C the X-ray diffractogram
(Fig. 4(B)) shows only three broad peaks. These peaks

are probably due to metallic nickel and/or to the
intermetallic Ni;Mo (JCPDS cards 4-850 and 3-
1036, respectively) whose characteristic lines are
almost coincident. The formation of the intermetallic
(d=2.052 A) was already reported by Brito et al. [14],
whereas Tsigdinos and Swanson [22] had stated that
such a compound can be a reduction product of
anhydrous nickel molybdate.

When the reduction was performed up to 620°C
(Fig. 4(C)), new peaks appeared, characteristic of
MoO, (JCPDS card 5-452). This phase was found
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Fig. 3. TPR profiles of unpromoted (A) and Cs-promoted o.-NiMoO,4 1% Cs (B); 3% Cs (C) and 6% Cs (D).

in almost all the works concerning the NiMoQOy, reduc-
tion. However, some authors found an amorphous
material. According to Brito et al. [14], reduction of
MoO; to MoO,; under the dynamic conditions of TPR
proceeds with the formation of a highly amorphous or
‘porous’ oxide. Moreover, Kipnis and Agievskii [18]
proposed (cf. Table 1) that the reduction of nickel
molybdate by H, at 400-500°C leads to the formation
of an Ni-Mo alloy and a finely dispersed lower Mo
oxide phase that crystallizes as MoO, when heated at
600°C. These facts explain the broadness of the peaks
in the X-ray diffractograms and the absence of the
MoO, characteristic lines in Fig. 4(B).

The reduction of the NiMoO, sample up to the
temperature of the second maximum (Fig. 4(D))
shows the existence of other phases: metallic Mo
(JCPDS card 4-809), an Ni-Mo alloy and a small
amount of intermetallic NisMo (JCPDS card 17-572).

When the temperature is increased up to 800°C, the
quantity of such a compound becomes more signifi-
cant (Fig. 4(E)), with detriment of the alloy. The Ni—
Mo alloy, which is probably enriched in Ni, has been
already found by other authors (cf. Table 1) and
presents two characteristic lines in the X-ray pattern
located at ca. 2.070 and 1.789 A, respectively.

3.2.2. Cs-promoted o.-NiMoO,

The TPR profile is almost unaffected by addition of
Cs to the catalyst (Fig. 3(B-D)), i.e. the amount of
hydrogen consumption (defined by the area of the
curve) is the same for unpromoted and promoted
NiMoOy,, showing that the extent of reduction was
not significantly affected by Cs presence. Quantifica-
tion of the amount of H, consumed in the runs shows
that, within an experimental error of ca. 15%, the
oxides are completely reduced to the metallic state
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Fig. 4. XRD patterns of fresh a.-NiMoO, (A) and after reduction on H, up to different temperatures: 545°C (B); 620°C (C); 725°C (D); and
800°C (E). ¢, Metallic Ni and/or intermetallic Ni;Mo; A, MoO,; [], metallic Mo; @, Ni-Mo alloy; and X, intermetallic Ni;Mo.
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Table 2
TPR data of catalyst samples
Catalyst Tonset * T, ° T, © H, consumption (mmol/g.,)

(°C) (§®) (o) Ist peak 2nd peak Total
NiMoO, 300 545 725 11.6 4.1 15.7
1% Cs-NiMoOy, 320 545 725 11.5 4.0 15.5
3% Cs—NiMoO, 335 550 725 11.0 3.8 14.8
6% Cs—NiMoO, 350 555 725 11.6 4.0 15.6

# Temperature of onset of reduction.
® Temperature of the first peak maximum.
¢ Temperature of the second peak maximum.

(Table 2). Moreover, X-ray diffraction patterns of all
the reduced samples were the same, showing only the
presence of metallic molybdenum, NisMo intermetal-
lic and an Ni-Mo alloy after reduction up to 800°C.
The extent of the reduction after the first TPR peak
amounts to 74% of the total H, consumption, and is
interpreted, in agreement with the previous discussion
to formation of metallic nickel or intermetallic com-
pounds (such as Niy;Mo) dispersed on MoO,. The
latter is further reduced to metallic Mo under the
second TPR peak, accompanied by the formation of
an Ni-Mo alloy and NizMo.

As mentioned above, the TPR profiles were similar
for all the four catalysts. However, there are some
changes in the temperature of reduction onset and in
maxima temperatures (Table 2). The temperature of
the second maximum was not affected by Cs presence
and it is 725°C for all samples, whereas the tempera-
ture of the first maximum increased slightly. However,
a significant increase for the onset of temperature of
reduction was recorded on increasing Cs contents.
These results show that although Cs promotion does

not affect the global consumption of Hj, it increases
the reduction resistance of the nickel molybdate. The
increase of 50°C in T, must be pointed out for such
a small amount of promoter in the catalyst, i.e. a
surface concentration of Cs with respect to Mo
(atomic ratio) of 6%. Similar effects by Li, Na and
K doping over molybdate catalysts were found by
Driscoll et al. [23] and by Cs doping over vanadium
oxide catalysts by Owens and Kung [10].

3.3.  Catalytic tests

Previous reaction studies based on the effects of
alkali metal promoters on nickel molybdate catalysts
[8] and specially when increasing the cesium content
[9], showed that the addition of such promoters gen-
erally reduces the catalytic activity for ODH of butane,
but yields higher selectivities to butenes and butadiene
(C4’s). This behaviour was related with the physical
and chemical effects of Cs doping mentioned above.
In Table 3 the rates of butane conversion at 475°C and
the selectivity to dehydrogenation products, found for

Table 3

Catalytic results in butane ODH over unpromoted and Cs promoted a.-NiMoOy, *

Catalyst (Sper (m*/g)) Foutane "% 10° Foutane X 10° Sc,’s ¢ Tsq ¢
(mol/(h g)) (mol/(h m?)) (%) (0

NiMoOy, (44.1) 8.9 20.1 537 425

1% Cs-NiMoO, (34.9) 2.5 7.1 81.5 500

3% Cs-NiMoOy (28.7) 1.4 5.0 86.5 525

6% Cs-NiMoO, (26.7) 1.0 3.7 61.6 550

* Feed: 4% butane; 9% O,; 87% N,; W/F=12 g h/moly,ane; and W=0.300 g.

® Rates of butane conversion at 475°C.
¢ Selectivity to butenes and butadiene at conversion level of 5%.
d Temperature at which the butane conversion level is 5%.
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all the studied catalysts, are shown. The decrease in
butane conversion by Cs addition is not only due to the
decrease in the surface area, because when rates of
butane conversion are based on unity surface area the
trend is the same. With respect to selectivity, the Cy4
formation is favoured by Cs presence although in the
case of 6% Cs—NiMoQ, an overdoping effect detected
by CO,-TPD measurements [9] leads to an increase of
the CO, selectivity. Basicity was found to be funda-
mental to promote the selective ODH of butane,
because in this way, butenes and butadiene interact
more weakly with the catalyst surface, decreasing the
chances of being overoxidized.

To compare the selectivity to dehydrogenation pro-
ducts at isoconversion, temperature was adjusted for
each catalyst (Table 3). As expected, there is an
increase of reaction temperature when the Cs content
is increased because the catalysts are progressively
less active. It is noteworthy that the largest increase in
reaction temperature is observed from the unpromoted
catalyst to 1% Cs-doped NiMoO,. The observed
selectivity for the 6% Cs sample can also be due to
the high temperature necessary to compensate the loss
of activity. But this would not be the only reason for
such strong decrease. In fact, from the unpromoted
catalyst to the 3% Cs-doped NiMoOQOy, there is an
increase of 100°C in the reaction temperature to keep
the butane conversion constant. However, in such
circumstances selectivity to dehydrogenation products
is largely improved. For the 6% Cs sample, an increase
of only 25°C leads to a strong decrease in selectivity
with respect to the 3% Cs—NiMoO, catalyst. In this
way, such behaviour would be mainly due to a
decrease in basicity.

To understand certain fundamental aspects of the
mechanism of reaction, a systematic kinetic study over
the unpromoted and Cs-doped a-NiMoQO, catalysts
was performed. The effects of Cs in the kinetics of
n-butane ODH was studied using the most selective
catalyst, namely 3% Cs—NiMoO, [17].

The products found in the conversion of n-butane
over unpromoted and Cs-promoted a.-NiMoO, cata-
lysts were carbon oxides (CO and CO,) and products
of selective dehydrogenation (C,’s): 1-butene, 2-
trans-butene, 2-cis-butene and butadiene.

The influence of the partial pressure of the reactants
and temperature was studied for unpromoted o.-
NiMoOy,. First, the butane partial pressure was fixed

at 0.05 bar and Pq, varied from 0.02 to 0.15 bar. Then,
the oxygen partial pressure was maintained at 0.05 bar
and Ppyrane changed from 0.02 to 0.10 bar. Due to the
catalyst reduction and/or coke formation, it was not
possible to work with higher butane concentrations
(with Po, = 0.05 bar). In this way, we made some
more tests with Po, = 0.15 bar, varying Ppyne from
0.05 to 0.15 bar. Again, catalyst reduction and/or coke
formation was observed at higher butane concentra-
tions. In Figs. 5-8, the experimental rates based on
surface area for the unpromoted o-phase are pre-
sented.

The ODH of n-butane was also carried out over the
most selective catalyst: 3% Cs—NiMoO, [17] over a
wide range of experimental conditions (temperature,
contact time and partial pressure of both butane and
oxygen). While the formation rates of CO, are almost
independent of the butane partial pressure (Ppuane)s
especially CO,, the selective dehydrogenation rates
are independent of the partial pressure of oxygen
(Po,). Moreover, the formation rates for both 2-
butenes increase linearly with Ppyane While this
increase presents a decreasing slope in the case of
1-butene and butadiene. It is noteworthy that, in the
kinetic study with 3% Cs—-NiMoQO,, we worked with
butane partial pressures up to 0.25bar (with
Po, = 0.05 bar) without reduction of the catalyst or
coke formation.

For both catalysts, the experimental rates (r;) were
fitted to power-law rate equations [Eq. (1)] by non-
linear regression analysis with a multiple correlation
coefficient v [24,25]:

r,»:kP”‘ Pn022 (l)

butane

where k is a kinetic constant that shows Arrhenius
behaviour:

k = koexp(—E,/RT) )

The obtained values for the parameters are presented
in Table 4. Reasonable fittings were found except for
CO,, especially CO, with the Cs-doped NiMoQ,. The
poor correlation coefficients in these cases reflect the
dispersion of experimental data with respect to Po,
[17] because v is very sensitive to such dispersion.
The lines of Figs. 5-8 correspond to the fitting
curves obtained by Eq. (1) with the computed para-
meters. Fig. 5 shows that the butane consumption
rates exhibit a similar dependence on oxygen and
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butane concentrations as in the case of 3% Cs—
NiMoOy, i.e. increase with both Pyyne and Po, but,
in the last case the dependence is much smaller (partial
orders of 0.67 and 0.11, respectively).

Fig. 6 evidences that CO and CO, formation rates
present very similar dependence on the partial pres-

sures of the reactants, increasing with both Pyygane and
Po,, specially with butane concentrations. It is note-
worthy that when using the 3% Cs-NiMoO, catalyst,
CO, formation rates and CO formation rates at the
lower temperatures are independent of Ppyine, but
tend to increase with P, [17]. The formation rates
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Fig. 6. Influence of Po, and Ppyrane 0n CO and CO, formation rates over a.-NiMoO,. Operating conditions and symbols as in Fig. 5.

of the dehydrogenation products (Figs. 7 and 8) also
increase with Py, but are independent of Po,. As in
the case with the Cs-promoted sample, the dehydro-
genation processes do not appear to be influenced by
the gaseous oxygen.

From the results in Table 4 it is clear that the
activation energies for all product formation, or butane
consumption, over the 500-560°C range, are higher
for the Cs-doped catalyst. Within experimental
uncertainties, the partial order with respect to
oxygen for any product is maintained after the
addition of Cs. However, Cs doping provokes an

increase of the partial order with respect to butane
for the dehydrogenation products and a decrease for
CO, formation. These effects of Cs doping result
from the catalytic data mentioned before, i.e. a
decrease in the nickel molybdate activity for butane
conversion but an increase in the selectivity for Cy4
formation.

Finally, it should be remarked that the partial orders
with respect to butane and oxygen for butane conver-
sion are not significantly affected by the dopage (cf.
Table 4), suggesting that this promoter affects both the
rates of reduction and reoxidation of the catalyst to the
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same extent, resulting in slight changes in the overall
kinetics.

4. Conclusions

TPR is a fast and good technique to complement
other techniques for the characterization of catalysts
involved in reactions with possible redox type
mechanisms.

The results obtained when stopping TPR experi-
ments at convenient temperatures and analyzing
reduction products by XRD, made it possible to under-
stand the mechanism of the NiMoQO, reduction with
H,, which is summarised in Scheme 1.

The nickel molybdate reduction starts at fairly low
temperatures (300°C), leading to metals (Ni and
probably NizMo) and amorphous MoO,. Ni*", after
being reduced to metallic nickel, activates molecular
hydrogen, promoting the reduction of Mo®". The
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amount of formed MoO, is only significant at ca.
620°C. In this way, the low-temperature peak may be
assigned to the reduction of all Ni*" to metallic nickel
and of the Mo®" to Mo*" or to the metallic state. The
second TPR peak would be concerned with reduction
of Mo*". Metallic nickel acts as a hydrogen activator
and induces reduction of molybdenum with the for-
mation of metallic Mo and an Ni-Mo alloy. Finally, at
temperatures >725°C, a mixture of Mo, Ni-Mo alloy
and NizMo intermetallic was found.

TPR measurements have also been performed with
doped NiMoO, using different cesium loads (1, 3 and
6%). It was found that the global hydrogen consump-
tion is practically unaffected by the dopage as well as
the temperature of the second peak maximum (725°C
for all the samples) and only a slight increase in the
temperature of first peak maximum was recorded
(from 545°C for unpromoted NiMoO, to 555°C for
6% Cs—NiMoO,). However, the temperature of onset
of reduction increased significantly with increasing Cs
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Table 4
Computed parameters by fitting Eq. (1) to the experimental rates
Catalyst 1-butene 2-trans-butene  2-cis-butene  Butadiene CcO CO, Butane
NiMoO, ko (mol/(hm?)  4.8x1072 2.4x1072 4.9x107? 23 630 24 42
E, (kJ/mol) 394 33.0 39.2 72.1 85.8 62.3 62.3
ny 0.32 0.54 0.47 0.68 0.79 0.82 0.67
ny —0.03 —0.03 —0.03 —0.08 0.29 0.27 0.11
P 0.92 0.95 0.93 0.99 0.98 0.99 0.99
3% Cs-NiMoOy4 ko (mol/(h m?) 44 7 11 3209 1.5x107 369 1272
E, (kJ/mol) 75.9 64.5 66.2 104.9 171.4 99.9 88.0
n 0.78 0.95 1.03 0.76 043 —0.03 0.70
ny 0.06 0.05 0.01 0.08 0.33 0.38 0.16
P 0.99 0.99 1.00 0.97 0.84 0.92 0.99
g \\
‘\‘;
. 4
H.
(300 - 620 °C) NizMo
/”"([[\[II“]ID
/ // Ni and Ni;Mo \w’\ £ Ni-Mo alloy
: / | )
‘w'm‘ 7 N
amorphous MoO, Mo

H, (725 °C)

T

—~|

‘\/)\\//“(/

L |
N Mo

Scheme 1.

load (from 300°C for unpromoted NiMoO, to 350°C
for 6% Cs—NiMoQ,). This means that the promoter
increases resistance of the catalyst to reduction.
Increased resistance to reduction by hydrocarbons
due to alkali metal doping has also been reported
by other authors [26].

Catalytic tests showed that Cs addition leads to
lower activity for butane conversion but gives higher
dehydrogenation selectivities. Similar results were

H, (800 °C)

‘£ \‘\_‘Ni—Mo alloy

Phase composition of the products from NiMoO, reduction.

obtained by Owens and Kung after Cs modification
of unsupported vanadium oxide catalysts for butane
oxidation [10] and it was also reported that modifica-
tion of a catalyst, resulting in an increase of resistance
to reduction, induces higher selectivities in butane
oxidation [10-12,26]. According to Kung [27], there
is a relationship between the reducibility of the cata-
lysts and the selectivity to dehydrogenation products if
the lattice oxygen plays an important role in the
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reaction. If the metal-oxygen bond is strong (as shown,
e.g., by the reduction potential or by the heat of
reoxidation), it is difficult to remove oxygen from
the lattice to form oxygen-containing products, and
therefore the selectivity to C, dehydrogenation pro-
ducts is high.

In this way, activity and selectivity of an oxide in
selective oxidation reactions are related to the redu-
cibility of the oxide. An oxide that is too difficult to be
reduced has very low activity, while one that is too
easily reduced is active but non-selective. The
decrease in butane conversion and the increase in
selectivity for dehydrogenation over Cs modified
samples could be due to increased difficulty of the
catalyst to undergo redox cycles.

We, however, observed a maximum in Cy4 selectivity
on increasing the Cs content and such behaviour is not
visible in the TPR data. A maximum in such circum-
stances was also found in the previously published
CO,-TPD measurements [9]. In this way, it seems that
the catalytic activity for n-butane ODH would be
related to the reducibility of catalysts and the selec-
tivity to dehydrogenation products would depend
mainly on the acid-base character of the catalyst
surface. Similar results were found by Blasco et al.
[13].

The kinetic studies over unpromoted and 3% Cs
promoted nickel molybdate showed that the main
effects resulting from Cs addition are: an increase
of the activation energies; an increase of the partial
order with respect to butane for C, products; and a
decrease of this order for products of total oxidation.
The order with respect to oxygen is almost always
unaffected.

Carbon oxides can proceed from the deep oxidation
of adsorbed butane, intermediate species or formed
dehydrogenation products. The interaction of these
species with the catalyst surface is weaker when
basicity increases. Therefore, with the unpromoted
NiMoQ,, they are interacting more strongly with
the catalyst and can be more easily overoxidized to
CO or CO.. In this way, when the butane concentration
is increased the CO, formation increases markedly. In
this sense, the undoped catalyst must exhibit a higher
partial order with respect to butane for CO, than the
Cs-doped one. With the 3% Cs—NiMoO, catalyst the
dehydrogenation products desorb easier from the sur-
face due to the higher basicity and a stronger depen-

dence on the butane partial pressure is found (cf.
Table 4).

The higher E, values for butane activation (and for
all the product formation) with the Cs-doped sample is
probably related with the higher resistance to reduc-
tion of this catalyst. This fact, and the observed
relationship between the catalysts activity and redu-
cibility (i.e. increasing the resistance to reduction — by
increasing the Cs content — decreases the butane
conversion rate), suggests that this reaction occurs
through a Mars and van Krevelen mechanism [28].
Work on this topic is underway, but a detailed inves-
tigation specially concerning the interaction between
gaseous oxygen and the catalyst surface is crucial.

An almost zero order with respect to oxygen was
found for the oxidative dehydrogenation processes
with both catalysts, which also suggests a redox-type
mechanism. However, CO,, formation exhibits a posi-
tive order with respect to O,. Therefore, the CO,
formation would also result from the attack of
adsorbed hydrocarbon species by gaseous O,. Conse-
quently, the role of gaseous oxygen would be either to
replenish the lattice oxygen consumed, reoxidizing the
solid (according with the Mars and van Krevelen
process), or to form CO, by attacking the weakened
C-C bonds of the adsorbed species.
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