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NOTE

Oxidative Dehydrogenation of Isobutane to Isobutene: Dawson-Type
Heteropolyoxoanions as Stable and Selective
Heterogeneous Catalysts

The design of new catalysts, especially those of known
composition and structure, constitutes one of the key
challenges in catalysis today. Heteropolyoxometalates are
unique among metal-oxygen compounds in that they
possess a molecular-type structure of discrete and thus well-
defined composition; heteropolyoxometalates can, there-
fore, be rationally designed, synthesized, and characterized
for use in catalysis (1). Their reactivity and selectivity can,
in turn, be fine tuned, for example, by modifying their com-
position by incorporating alkali or transition metal ions.
A relevant example is the conversion of the well-known
Wells-Dawson Pzwlgogg compound to the P2W17MO'6‘;
(M =Fe, Mn, Co, Cu) polyoxoanions (2, 3) (Fig. 1).

While Keggin-type polyoxometalates have been widely
studied as homogeneous and heterogeneous catalysts for
the oxidation of organic substrates (1, 4-6), with parti-
cular attention to the activation of paraffinic hydrocarbons
(7-10), the use of Wells-Dawson-type polyoxoanions as
oxidation catalysts has been limited to homogeneous,
liquid-phase applications: (1,5-COD)Ir - P,W;5sNb; O}
has been used for oxidative reactions with O, in the liquid
phase (11), and the same P, W17 MOg; polyoxoanions have
been examined for their homogeneous catalytic oxidation
of cyclohexene using oxidants such as (PhIO)x (12). On the
contrary, no example concerning the use of Wells—Dawson-
type polyoxoanions has been previously reported in the
scientific or patent literature of heterogeneous catalysis.

In addition, there is no prior report of polyoxoanions
as catalysts for the selective oxidative dehydrogenation of
isobutane to isobutene. The oxidative activation of paraffins
is a current challenge in catalysis aimed at the employment
of new types of low cost, widely available, raw materials for
the petrochemical industry. Among light paraffins, isobu-
tane is one of the currently most interesting targets due to
the increasing market for isobutene, to be used as a raw
material for the synthesis of oxidation products (such as
methacrylic acid, currently produced via the highly environ-
mental unfriendly acetone—cyanhydrin route), or MTBE,
an octane booster for reformulated gasolines. Oxidative
dehydrogenation of isobutane to isobutene may consti-
tute a valid alternative to the capital- and energy-intensive

dehydrogenation, provided active and selective catalysts
are developed (5, 13, 14).

Herein we report the solid-state catalytic reactivity
of Dawson-type heteropolycompounds KyP,W{7MOg;_y -
nH,O (with y =0when M =W and y = 1 when M = Fe, Mn,
Co, Cu), which represent a good example of stable and ef-
ficient catalysts for the oxydehydrogenation of isobutane.

The KyP,W17MOg;_y - NH,O compounds were synthe-
sized as detailed elsewhere (3). Their identity and purity
were confirmed by solid-state IR spectroscopy, thermo-
gravimetric analysis, solution *'P NMR spectroscopy, and
elemental analysis, as detailed in Table 1. Their surface
areas, as measured by N; adsorption, were in the range
1-3 mz/g. The thermal stability of KyP,W17MOg;_y - NnH,O
polyoxoanions under oxidizing conditions up to 500°C (the
maximum temperature used in catalytic tests) was checked
by FT-IR spectroscopy, X-ray powder diffraction, and ther-
mogravimetric analysis (DTA/TG). In all cases, the Wells—
Dawson polyoxoanions proved stable in air up to 500°C,
regardless of the nature of the substituting metal M in the
heteropolyanion skeleton. Figure 2 shows for comparison
the FT-IR spectra of the precursor K¢P,Wi5Os, - NH,O
and of the iron-substituted K;P,W1;FeOg; - NnH,O as syn-
thesized and after treatment at 500°C for 2 h. The IR bands
typical of the P=0 (ca. 1090 and 1020 cm™'), W=0O (ca.
780 cm 1), and W-O-W (ca. 910 and 950 cm™!) vibrations
are observed. No major modifications of the IR pattern are
observed after treatment in an oxidizing atmosphere up to
500°C, indicating that the polyoxoanion structure remains
intact and that substitution of a W atom with a transition
metal does not modify the stability of the polyanion frame-
work, at least under the conditions employed by us (i.e.,
treatment in air at temperature <500°C). This is also con-
firmed by DTA/TG in which only an exothermic peak is ob-
served at around 150°C, corresponding to the elimination of
water.

The catalytic activity of KyP, W17MOg,_y polyoxoanions
for the gas-phase oxidation of isobutane using O, was exam-
ined using a flow reactor operating at atmospheric pressure
and with a feed of 26 mol% isobutane, 13% oxygen, 12%
water, and the balance helium; details of the apparatus have
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FIG. 1. The structure of KyP,W7(M - OH,)O¢; derived from the
classic Wells—Dawson heteropolyoxoanion, Pzwlgog; , by replacing an
apical “[WVY'= O**]” unit by a [M""". OH,] unit (M = Mn, Fe, Cu, Co;
shown as the upper right, most dark, solid circle with its H,O ligand). The
two central PO} tetrahedra serve as a template for the 18 surrounding
MOg edge- and corner-sharing octahedra.

been given elsewhere (10). Carbon balance was always in
the range 95-110%. Data were collected under steady-state
conditions at several reaction temperatures in the range 380
to450°C and are reported in Table 2. Before reactivity tests,
compounds were calcined at 450°C for 3 h.

NOTE

A notable finding is that isobutene is formed with good
selectivity for all the polyoxoanion catalysts tested; inser-
tion of oxygen into the isobutene yields only traces of
methacrylic acid or methacrolein (traces of acetic acid are
also formed).

Figure 3 plots the effect of the residence time on the
catalytic performance. The isobutane conversion was in-
creased on increasing the residence time, whereas the selec-
tivity to isobutene was only slightly decreased; this suggests
thatisobutene is stable under these conditions, and that con-
secutive reactions of oxidative degradation are relatively
unimportant. In other previously studied paraffin oxyde-
hydrogenations, the selectivity for paraffins with more than
two carbon atoms (specifically propane, isobutane, and n-
butane) typically diminishes rapidly with increasing conver-
sion, accomplished by increasing either the temperature or
the residence time (15-18).

Reaction rate studies, performed at low conversion,
demonstrate that the present Wells—Dawson polyoxoanion
catalysts are as active as the best catalysts reported in the
literature, but at considerably lower temperatures, as shown
in Table 3, with the exception of the V/Mg/O system (18,
21), whose high surface area contributes to its high acti-
vity. However, if we compare the specific activity referred
to unit surface area, the greater activity of the polyoxoanion
K7P,W17FeQg; is clearly evidenced.

Stability under the isobutane oxydehydrogenation reac-
tion conditions has also been tested. All the catalysts turned
out to be stable even after 100 h of reaction as tested by
IR, by XRD, and by solution *P NMR (the latter ob-
tained by dissolving the catalyst recovered from the reac-
tion). The lack of detectable deactivation confirms that, at
least at 450°C, no major modifications occur in the catalysts
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FIG.2. FT-IR spectra of K4P,Wi30¢; - 10H,0 (a) and of K;P, Wy7FeOg; - 13H, O (b) as synthesized (1), after calcination at 500°C for 3 h (2), and

after catalytic reaction (3).
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TABLE 1

Elemental Analysis and IR and >'P NMR Spectroscopic Data for K¢P,W130s; - 10H,0

and Its Transition Metal Substituted Derivatives

IR bands, cm™ 3'P NMR,*
Catalyst Elemental analysis, calc (found) (KBr disc) ppm
KeP,Wi30¢; - 10H,O K 4.91 (4.93); P 1.29 (1.29); W 69.26 778,911, 957, -123
(69,18); O 24.11 (25.0); H 0.41 (0.47); 1020, 1091
H,0 3.8 (3.7)°
Ki0P2W170¢; - 13H,0 K 8.16 (8.54); P 1.29 (1.29); W 65.27 727,792,919, —6.8, —13.6
(64.9); O 24.72 (25.11), H 0.54 (0.56); 941, 1013, 1053,
H,0 4.9 (4.8)" 1085
K;P,W;;FeOg; - 14H,0 K 5.76 (5.76); W 65.87 (65.5); Fe 1.18 779, 913, 946, —12.4¢
(1.19); H,0 5.3 (5.3)° 1015, 1090
K7P,W7MnOg; - 12H,0 K 5.79 (5.72); W 66.13 (65.7); Mn 780, 918, 950, —11.4¢
1.16 (1.13); H,0 4.9 (5.1)° 1016, 1089
KsP;W17C00¢; - 1SH,O K 6.51 (6.09); W 65.04 (64.6); Co 1.22 712, 801, 915, —22.4¢
(1.23); H,0 5.6 (5.5)" 944, 1013, 1056,
1084
KsP, W7CuOg; - 14H,O0 K 6.53 (6.31); W 65.22 (64.9); Cu 1.32 701, 790, 917, —12.4¢

(1.29); H0 5.3 (5.3)"

944, 1016, 1061,

1084

“ Spectra were recorded on a Bruker AC200/F in 1:1 H,O : D,O at 20°C and are referenced externally to

85% H3PO,. The Li salt is used to increase the solubility of the anion.

b H,0 weight loss observed by TGA.

¢ P(2) resonance.

TABLE 2

Oxidation of Isobutane with Dawson-Type Polyanions®

Conversion %"

Selectivity %°

Catalyst Temp.°C E/f i-Cy O, i-C4-ene  Propylene CO+CO, Others
KsP>,Wi306, 383 29.1 33 11 64 3 22 11
427 15.4 (15.5)°  61(62) 55(55) 7(6) 29(29) 9(10)
Ki0P2W17061 387 31.9 2.8 8 77 3 16 4
431 16.3 57 62 8 22 7
K;7P,Wi7FeOg 383 25.7 4.1 10 76 3 14 7
427 17.4 (17)¢ 68(66) 61(61) 7(7) 20(19) 12(13)
K7P, W1;MnOg¢ 383 30.0 2.1 7 79 3 18 —
426 10.9 43 65 6 25 4
KsP,W17Co0g¢ 382 37.8 1.9 7 77 1 22 —
424 14.3 63 66 7 23 4
KsP,W17CuOg 382 31.7 29 9 78 3 19 —
426 17.2 70 61 8 26 5

“ Reaction conditions: residence time, 3.6 s. Feed composition; isobutane, 26 mol%; oxygen, 13%; water, 12%;

balance, He.

b Conversion: moles of i-Cy (or O,) reacted per mole of i-C, or (O,) fed. Oxygen is the limiting reagent.
¢ Others: methacrylic acid, methacrolein, and acetic acid.
4 Activation energy (kcal/mol) for isobutene formation.
¢ Data were taken after 10 h time-on-stream; in parentheses are reported data collected after 4 days time-on-
stream. Small variations in catalytic performance were observed during the first 2 h, after which the performance
was stable during the time required for catalytic tests (at least 300 h).
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FIG. 3. Isobutane oxidation with K;P,W{;FeOg¢;. Conversion of

isobutane (A), and of oxygen (E), and selectivity to isobutene (@), car-
bon oxides (V), and others () (others are propylene, methacrylic acid,
methacrolein, and acetic acid). Temperature, 415°C; other conditions as
those described in Table 2.

during 100 h of use. A visual observation of the catalyst
after reaction reveals that the operating catalyst is in a re-
duced, WV-containing, deep blue-black, structurally intact
“heteropoly-blue” form of the type HiK¢P, W) , WY Og2
(22-24). This is consistent with the literature which indi-
cates that formation of 1-2 electron-reduced “heteropoly-
blues” causes remarkably little change in the structure of
a heteropolycompound (25). The formation of heteropoly-
blues is also probably a factor in enhancing the polyoxoan-
ion’s thermal stability.

Kinetic data reveal a surprisingly small influence of the
nature of the substituted metal, M = Fe, Mn, Co, Cu, or W,
on the KyP, W17 M Og; activity (Table 2), with the Fe system,
K7P,Wi7FeQg; being most active but only by a factor of
1.2 (at 383°C) vs the parent K¢P,W130¢;. This would seem

NOTE

to demand that W—O-W or W=0 are kinetically compe-
tent, C—H bond activation active sites in at least the unsub-
stituted parent compound K¢P,W150g;, a situation remi-
niscent of what has been reported for heteropolytungstate
photocatalysis of RH reactions involving H" abstractions
by W-O-W or W=0 active sites (25). The K;P,W;7FeO¢
system possesses additional possible active sites, including
Fe—O-W and adsorbed oxygen species, Fe-OO" or Fe-O").
In addition, dehydrated, oxygen-deficient polyoxoanions,
such as K,P,WsMOg,.,, with W(V)" active sites are also
quite plausible (26). Additional structure-reactivity stud-
ies will be required to distinguish these possibilities, but
such studies are possible because of the discrete, struc-
turally well-defined and readily modifiable nature of the
present, polyoxoanion catalysts.

In conclusion, the custom-made, Dawson-type poly-
oxoanion catalysts described herein have good catalytic ac-
tivity and selectivity in comparison to previous catalysts
for the selective oxidative dehydrogenation of isobutane.
Of special importance is the finding that the Dawson-type
polyoxoanion catalysts are stable in the reaction environ-
ment, and thus that their well-defined structure can lead to
the mechanistic information (27) needed for the rational
design of even better catalysts.
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