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Oxidative dehydrogenation of propane has been studied on molybdena deposited on
Si0,, Al,03, TiO,, and MgO. The catalytic performance depended on the support nature,
the selectivity to propene at iso-conversion decreasing in the sequence: MoOx/SiO>
>MoOyx/Al2 03 ~MoOx/TiO2 > MoOx/MgO. Introduction of the K, Cr, Ni and V additives
to MoOy/Si02 and Cr to MoOx/MgO catalysts led to the increase of the total activity.
The increase of the selectivity to propene was observed for the Cr and Ni additives,
whereas the K and V in the MoOx/Si0; catalysts decreased the selectivity (K and higher
amounts of V), or did not affect it (lower amounts of vanadium).
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The oxide systems found promising for oxidative dehydrogenation, ODH of
lower alkanes — a reaction of great recent interest as a favourable alternative to
classical dehydrogenation for production of olefins — contain usually vanadium and
molybdenum [1-4]. Among the molybdenum-based systems, nickel and cobalt
molybdates give the best selectivities (65-80% at 10% conversion) and yields
(8-12%) of olefins in ODH of propane at temperatures > 500°C [5-7]. Good
performance of Mg molybdates in ODH of propane was also reported, though the
activity in this system has been ascribed to a layer of excess MoO, present on the
molybdates surface [8,9]. The excess of Mo in Ni-Mo-O catalysts has enhanced
activity and selectivity in the propene ODH [7]. Molybdena dispersed on oxide
supports, such as TiO, [10,11], Nb,Os, ZrO,, Si0,, Al,O3 and MgO [12], and ZrO,
[13] has been also tested in ODH of propane, giving results comparable to those
obtained for the molybdates. The catalytic properties of oxide catalysts can be
improved by introduction of small amount of additives into a catalyst [14]. For the
ODH reactions of lower alkanes alkali metal additives have been found to improve
the selectivity to propene in the ODH of propane on V,05/TiO,, MoO3/TiO, [10,11]
V,05/A1,05[15], V,05/Si0, [16] and MoO3;/MgO-y-Al, 05 [17] catalysts, the effect
being explained by modification of acid-base properties of the catalysts by alkalis.
Little is known about the effect of other additives, in particular of transition metal
ions, which can modify other — beside acido-basic — properties, such as charge
transfer in the solid and redox potential of the active V or Mo centres, M—O bond
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strength on the surface or in the bulk of oxide catalysts, and the type of surface oxygen
species. Ample literature reviewed in [ 14] shows that all these properties may control
both activity and selectivity in oxidation reactions. Among non-alkali, the Fe, Cr,
and V additives were found to increase the overall activity of mixed nickel-cobalt
molybdates in the propane-oxygen reactions, with the considerable decrease, however,
in the selectivity to propene [6]. On the other hand, the Re additive increased the
selectivity to propene in the same reaction on MoO;/TiO, catalysts [18].

In this work the catalytic performance in ODH of propane has been studied for
molybdena supported on oxides of different nature (acidic SiO,, basic MgO and
amphoteric AL, O3, TiO,). In contrast to [12], in which the authors used the same
weight % of the molybdena phase on supports of very different surface area, the
catalysts prepared in this work contained the same surface concentration of the active
molybdena. For some of the catalysts, the effect of the addition of K, Cr and Ni has
been also examined. For the MoO3/Si0, catalyst, (which turned out in preliminary
experiments the most promising system), the effect of the addition of vanadia
(another active component of the propane ODH catalysts) on catalytic performance in
the title reaction was also tested.

EXPERIMENTAL

Preparation of the catalysts: The catalysts were obtained by impregnation of commercial supports
with aqueous solution of ammonium paramolybdate, evaporation, drying at 120°C for 5 h and calcination
for 5 h at 500°C in a stream of air. The additives were introduced by adding appropriate amounts of
solutions of nitrates of K, Cr, and Ni to the ammonium paramolybdate solution. The surface loading of the
molybdena phase was the same for all the catalysts and corresponded to 2 theoretical monolayers, mnl of
MoOs3: 1 mnl estimated from the crystallographic data of MoOs contained 6.5 at Mo/nm? of the support
surface. The Mo content of 2.4 mnl was suggested in [12] as optimal for the TiO2 support. The additive
A/Mo ratio was 0.2 for the Cr and Ni and 0.1 for the K additive. In the further text the catalysts were
described by a symbol AMoX, where A denotes an additive, X a cation of the oxide support. Table 1 gives
a list of the catalysts, the origin, and specific surface area of the supports obtained with the BET method.
The specific area of the catalysts checked for selected samples (MoO3/TiO2) were close (within 10%) to
those of the supports.Two MoSi preparations with the addition of vanadia were prepared using for
impregnation a mixture of the ammonium paramolybdate and metavanadate solutions. The content of
molybdena and vanadia phases corresponded to 1 mnl MoO3-0.5 mnl V05 (atomic ratio Mo/V = 1.3)
[sample KIM00.5V], and 0.75 mnl MoO3-1.5 mnl V205 (Mo/V =0.33) [sample K0.75Mo1.5V]. Since
pure vanadia dispersed on SiO> was found little selective in the ODH of propane [16], small amounts of
potassium (K/V+Mo =0.05) were also introduced to these two preparations to suppress the expected total
combustion on the vanadia phase.

Catalytic activity measurements: The activity of the catalysts in oxidative dehydrogenation of
propane was measured in a fixed bed flow apparatus between 360-520°C. A stainless steel reactor (120
mm long, internal diameter 13 mm) was coupled directly to a series of gas chromatographs. Propene and
carbon oxides (CO and CO») were found to be the main reaction products. The amounts of the degradation,
Caproducts and of oxygenates (acrolein and acrylic acids) were below 1% of the total amount of products.
The reaction mixture contained 7.1 vol.% of propane in air. 0.5 ml of a catalyst sample of grain size
0.63—1 mm, diluted with quartz beads was used. The composition of the reaction mixture was control-
led with mass flowmeters. Since the selectivity to propene decreased with the increasing conversion
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Table 1. List of samples of MoOx/oxide support catalysts.

Support wt %
Symbol Origin Sp- surl;ace area Mo Additive
[m”/g]
MoAl, MERCK(neutral) 159 24.28 -
MoAl, MERCK(basic) 111 18.29 -
MoTii; Tioxide LTD, batch: 13 3.32 -
NP 93/203
MoTisg Tioxide LTD, batch: 48 8.82 -
NP 93/204
MoMg UBICHEM 72 12.70 -
MoSi Aerosil 200 26.10 -
KMoSi Aerosil 200 23.60 0.96
CrMoSi Aerosil 200 25.40 2.76
NiMoSi Aerosil 200 175 25.30 3.10
K1Mo0.5VSi Aerosil 200 14.04 0.50 (K)
5.1 (V)
K0.75Mo1.5VSi Aerosil 200 9.70 0.82 (K)
i 16.3 (V)
CrMoMg UBICHEM 72 12.57 1.37

(a typical behaviour for the ODH reactions on oxide catalysts [ 1-4]), the selectivities at iso-conversions
were compared. To obtain the same conversions for a series of catalysts of different activities, the total
flow of the reaction mixture at a given reaction temperature varied between 20—-120 ml/min, which
corresponded to the contact timez = 0.2—1.5 s. On the other hand, the flow rate (contact time) had to be
adjusted for some catalysts to keep the conversions below ~20%: above these values the conversions were
limited by the high consumption of oxygen. The carbon balance for conversions higher than about 10%
was better than 97 * 2%. At lower conversions the balance was poorer and hence the selectivities to
different products were calculated from the formula: S;=c;/ Y'ci where c; are concentrations of products i.
The total conversion X, was calculated as:

where cg and cp are the concentrations of propane at the inlet and outlet of the reactor respectively. The
pure supports were not active in the studied conditions; the total propane conversion not exceeding 1% at

500°C.

RESULTS AND DISCUSSION

Effect of the support nature: The activity and selectivity of the catalysts in
the ODH of propane depended on the type of the oxide support. Table 2 compares
temperature of 5% conversion Ts, taken as a measure of the activity, and selectivity
to propene at this conversion for the series of MoOs/oxide support catalysts
without additives. Molybdena dispersed on alumina appears to be the most active
catalyst (the lowest Ts), whereas the lowest activity is shown by molybdena on SiO,.
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Table 2. Activity* and selectivity to propene in oxidative dehydrogenation of propane on MoOy/oxide

support catalysts.
Selectivity to
Catalyst Ts [°C i
aays 5 ¢l propene, S5 , [%]
MoAl, 360 52
MoAly 360 59
MOTi48 430 52
MoTii3 460 57
MoMg 500 41
MoSi 520 70

* Temperature of 5% propane conversion Ts, taken as a measure of the activity,7 = 1.5 s.
** S5 — selectivity at 5% conversion.

For catalysts containing supports of the same nature, but of different provenance and
different surface area, some differences in the activity (MoTi catalysts) and selec-
tivity to propene (MoTi, MoAl samples) can be observed: the catalysts of lower
specific surface area being more selective. On the whole, the deposition of molyb-
dena on acidic support (SiO,) leads to the most selective catalyst, the basic support
gives the least selective catalyst (MoMg), whereas the selectivities of the catalysts
containing alumina or titania supports are similar. The sequence of the selectivities
and their values are different than those reported in [12], which can be due to the
different molybdena loading and different origin of the support. It can be, however,
observed that, similarly like in [12], the molybdena on silica is the most selective
though the least active catalyst.

For the most active MoAl catalysts, for which measurable conversion was
obtained at relatively low temperatures of ~350°C, the variations of the conversion
and selectivities to various reaction products at the same contact time (1.5 s) with the
reaction temperature are shown in Fig. 1. The increase in the conversion with the
temperature is accompanied by a decrease in the selectivity to propene and increase in
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Figure 1. Changes of the propane conversion (at7 = 1.5 s) with the reaction temperature for MoOs/A1,03
catalysts. Black circles: MoAl,, open circles: MoAl, catalyst.
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the selectivity to undesirable carbon oxides. CO formation is favoured over CO,, the
CO/CO, ratio being ~2. For the same catalysts at a constant reaction temperature of
400°C, the selectivity to propene decreases and that to CO, increases with the
increase in the conversion (Fig. 2). The variations of the conversion (from ~4 —20%)
are induced by variations of the contact time (from 0.25 to 1.5 s). The changes in the
selectivity with the conversion observed on changing both the reaction temperature
and the contact time (at constant temperature) follow a common trend in the ODH
reactions on oxide catalysts [1-4,19], indicating a consecutive character of the
reaction: propene formed in the first step of the reaction is further oxidized to
undesirable carbon oxides.
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Figure 2. Changes of the selectivity to various products in propane-oxygen reactions (at 7 = 1.5 s) with
the reaction temperature for MoO,/Al,O catalysts. Black symbols: MoAl,, white symbols:
MoAl, catalyst.
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Figure 3. Selectivity to various products as a function of the propane conversion for MoOs/Al,0s

catalysts. Reaction temperature: 400°C. Black symbols: MoAl,, white symbols: MoAl,
catalyst.
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The differences in activity and selectivity of the catalysts of the same Mo content,
but dispersed on different supports, presented in Table 2, suggest a different type of
dispersion of the active molybdena phase. Further studies on characterization of the
catalysts are necessary to determine the structure of the molybdena phase in each
case. On the basis of the literature data on the structure of dispersed molybdena [21],
one may envisage formation of bidimensional MoO, species (mono- and polymeric),
bound to a support, and bulk MoOj3; depending on the support nature. By analogy with
the supported vanadia catalysts [22,23], each of these species may be characterized
by different redox and acido basic properties, which, in turn, should affect the
catalytic performance [14].

Effect of the additives: Table 3 presents conversions of propane and selectivities
to propene at conversions 3 and 6% for reaction temperatures 500 and 520°C for
MoSi catalysts with K, Cr and Ni additives. Table 4 gives similar data for MoMg
catalysts with the Cr additive: in view of the higher activities (conversions) of this
system, it was possible to compare the selectivities at slightly higher conversions
of 5 and 8%. For the MoSi catalysts introduction of all the additives leads to the
increase in the propane conversion for both reaction temperatures. Cr and Ni
additives give increase in the selectivity, whereas the K additive leads to a decrease.
For the MoMg catalysts, the Cr additive increases the conversion and the selectivity.
The yields of propene of ~10% obtained for NiMoSi and CrMoMg catalysts are close
to those reported in the literature for the best systems, and show that introduction of
the transition metal additives may be an effective way to ammeliorate catalytic
performance of molybdate-based catalysts in the ODH of propane.

Table 3. Effect of additives to MoO3/SiO2 catalyst on catalytic properties in oxidative dehydrogenation of

propane.
Conversion* [%] Selectivity C3Hg [%]

S5 S

Catalyst Temperature [°C]

Temperature [°C]

500 520 500 520
MoSi 1.5 3.1 — ~70
KMoSi 2.7 5.4 64 60
CrMoSi 4.0 7.6 68 74
NiMoSi 8.4 13.6 79 75

Sx — selectivity at propane conversion X,
*r=15s.
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Table 4. Effect of Cr additive to MoO3/MgO catalyst on catalytic properties in oxidative dehydrogenation of

propane.
Conversion* [%] Selectivity C3Hg [%]
Ss Se
Catalyst T t °C
atalys emperature [*C] Temperature [°C]
500 520 500 520
MoMg 4.6 4.0 41 49
CrMoMg 12.0 19.5 52 56

Sx — selectivity at propane conversion x,
*r=15s.

It should be observed that, in contrast to the results reported on CoNi-molybdate
catalysts [6], the additives of the transition metal ions to the supported molybdena
catalysts lead to the increase of not only the activity but also the selectivity to
propene. Again, further studies (now in course), aiming at determination of physico-
chemical properties of the catalysts are necessary to discuss the reason of the
ameliorating effect of the additives.

The data for the mixed V-Mo—0/SiO, catalysts are presented in Table 5. Consi-
derable increase in the activity for both mixed V-Mo—O preparations as compared
with MoSi and KMoSi catalysts can be observed, the propane conversion at both
reaction temperatures being considerably higher for the former catalysts in spite of
the lower contact time. This is in keeping with the fact that vanadia-based catalysts
are usually more active in the ODH of propane (show the measurable activity already
at temperatures ~350°C) than the molybdena-based catalysts, the latter beginning to
show the activity at temperatures > ~500°C [10,11]. Out of the two samples, this of
higher Mo/V ratio was more selective (at comparable conversions), its selectivity
being close to that of the MoSi catalyst. Thus, the addition of some vanadium oxide
phase may lead to a better performance (higher yields of propene) of Mo0O,/SiO,
catalysts.

Table 5. Oxidative dehydrogenation of propane on K Mo—V-0/SiO, catalysts.

Temperature T Conversion Selectivity [%0]
Catalyst

Y [°C] [s] [%] C3Hs O, co
K1Mo0.5VSi 500 0.50 12.8 45.1 25.1 29.9
0.33 7.2 58.4 25.5 15.9
0.25 5.9 68.5 19.4 12.2
520 0.50 202 402 23.8 36.1
0.33 15.1 51.7 20.2 28.2
0.25 11.4 59.6 18.0 22.5
K0.75Mo1.5VSi 500 0.50 11.4 35.9 21.1 43.1
0.33 7.0 53.2 12.0 349
0.25 5.0 63.4 11.5 25.1
520 0.50 18.2 31.7 18.8 49.5
0.33 13.3 44.1 14.5 41.4
0.25 10.5 50.8 13.4 35.8
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