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In order to try to control the V**/V5+ ratio of VPO catalysts for butane oxidation to maleic
anhydride, a new method of preparation of these catalysts has been developed: it consists of the
reaction of VCl; (V3*) with V,0; (V**) for the preparation of the precursor. Two series of catalysts
have been prepared in aqueous and organic media. The V3*/V3* ratio has been varied and its
influence on the physicochemical features and on the catalytic properties of the catalysts has been
studied. The best catalysts in both preparation media correspond to V3*/V3* = 1 in the starting
material. Catalysts have been characterized using X-ray diffraction, infrared spectroscopy, UV
diffuse reflectance, Raman spectroscopy, P MAS NMR, and XPS techniques. The combination
of all these techniques led us to conclude that the best catalyst consisted of an oxidized surface (y-
VOPO,) (V**) in interaction with reduced matrix (VO),P,0,) (V**). © 1991 Academic Press, Inc.

INTRODUCTION

Phosphorus-vanadium mixed oxide
(VPO) is a unique catalyst possessing a sur-
prisingly high selectivity in the oxidation of
n-butane to maleic anhydride (MA) (1-3).
For this reason, increasing attention has
been paid to improving and better under-
standing the catalytic action of VPO cata-
lysts.

Itis established that the catalytic behavior
of the VPO system depends on several fac-
tors: (i) preparation conditions, namely P/V
atomic ratio in the starting mixture and
aqueous or organic media, which leads to
the obtention of the VOHPO,, 0.5 H,O pre-
cursor, (ii) activation conditions, i.e., condi-
tions of pretreatment of the precursor, and
(iii) catalytic conditions (4-7). These have
attracted wide patent coverage and received
a good deal of attention in the literature over
the past decade (24, 8, 9).

The preparation of the precursor of these
catalysts can be summarized in two proce-
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dures: (i) in an aqueous medium by V,0s
reduction with HCl (5-7, 10) or NH, VO,
reduction with oxalic or lactic acid (8§,
11-13) followed by the addition of 85%
H,;PO, and (ii) in an organic medium by V,0;
reduction with pure organic alcohols, isobu-
tyl or isopropyl alcohols, or a mixture of
alcohols (6, 7, 10, 14) followed by the addi-
tion of 85% phosphoric acid.

A survey of the literature indicates a num-
ber of unexplained and even contradictory
data on the properties of optimal VPO cata-
lysts for MA manufacture, especially on the
influence of the initial P/V atomic ratio. Ac-
cording to a patent assigned to Chevron (4),
a maximum of selectivity to MA is reached
for P/V ratios in the range 1 < P/V < 2.1.
Hodnett et al. (5) have observed a distinct
rise in selectivity when the P/V ratio is in-
creased from 0.94 to 1.07, while Cavani et
al. (6) reported the opposite effect, i.e., a
decrease of MA selectivity on going from
0.95to 1.16. Debate concerning what phases
are present in the best catalysts and espe-
cially in the course of the reaction still con-
tinues, although most authors agree that
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(VO),P,0, (V**) predominates. A model for
the oxidation of butane on the (100) face
of this phase was recently proposed (15).
However, it is generally admitted now that
the average oxidation state of vanadium is
somewhat greater than 4, suggesting also the
participation of vanadium in the 5 state,
possibly as VOPO, phases. The activation
of the VPO catalysts is another factor which
influences the behavior of the final material.
The catalyst has been subjected to numer-
ous pretreatments under various inert or re-
active atmospheres, and, for each case, the
catalytic performance of the final contact
mass is different. Optimal activations are
obtained by pretreatment with butane/air
mixtures (/6-20). Despite the fact that the
most important factors which determine the
best catalysts are known, a need of clarifi-
cation concerning the respective roles of the
different crystallographic phases which are
formed during the activation and operation
of these catalysts exists. (27).

An attempt to answer this question, as
described in this paper, involves the prepa-
ration of two series of VPO catalysts with a
fixed preimposed P/V ratio of 1, for which
the amount of V4" is controlled at the step
of the preparation of the precursor
VOHPO,, 0.5 H,0 by adding VCl; (V37) to
V,0;5 (V7). The catalytic performances of
these catalysts were examined in the butane
oxidation reaction. The nature and the dis-
tribution of the different VPO phases were
studied in relation with the catalytic behav-
ior, before and after reaction.

EXPERIMENTAL
1. Catalyst Preparation

The method of preparation of the VPO
catalysts is based on the reaction

V3t 4 VIt 2V, (1

where V3* and V** are introduced as VCl,
and V,0s, respectively. The equilibrium lies
largely to the right (equilibrium constant K
= 10'') so that the V3*/V°* atomic ratio
determines the number of V** ions in the
solution.
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(a) Preparation in aqueous medium. A
mixture of VCl; and V,05 with different
V3*+/V3* atomic ratios was dissolved in 90
ml of 37% HCI aqueous solution. The dark
blue solution obtained was refluxed and
stirred for 3 h. The appropriate amount of
85% ortho-H,PO, required to have P/V = 1
was then added to the cooled solution,
which was reftuxed and stirred for a further
3 h. Excess water was evaporated, and the
blue precipitate was dried at 110°C for 24 h.

(b) Preparation in organic medium. A
mixture of VClL; and V,0;s with different
V3*/V3* atomic ratios was suspended in a
mixture of 60 ml of isobutyl alcohol and
30 ml of benzyl alcohol. The suspension was
stirred continuously under reflux before the
amount of 85% ortho-H,PO, required to
have P/V = 1 was added. After the phos-
phoric acid addition, the solution was
heated and maintained under reflux with
constant stirring for 3 h, the slurry was then
filtered, and after washing by isobutyl alco-
hol, the blue precipitate was dried at 110°C
for 24 h.

All catalysts were calcined at 500°C in a
flow of nitrogen for 16 h.

On varying the V3*/V?*+ = xvalue, with x
= 0.5,0.75, 1.0, and 1.5, eight VPO samples
were prepared; four samples, denoted
(VPO) g, in aqueous medium and four sam-
ples, denoted (VPO),,,, in organic medium.

3. Catalyst Characterization

X-ray diffraction patterns were recorded
with a Siemens diffractometer using Cu Ko
radiation.

Specific surface areas of the catalysts
were determined by nitrogen adsorption at
liquid nitrogen temperature, taking a value
of 0.164 nm? for the cross section of the
adsorbed nitrogen molecule at this temper-
ature.

The valence state of vanadium in the cata-
lysts was determined manganimetrically ac-
cording to the method of Niwa and Mura-
kami (22). The sum of V3* and V** was
determined by direct titration with KMnO,
of the solution containing the dissolved cata-
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lyst. The content of total vanadium was de-
termined by titration with iron(Il)—ammon-
ium sulfate of the latter solution containing
all vanadium as V°*. Similarly, the content
of V37 originally present in the catalyst was
determined. Through a global balance of the
vanadium, it was possible to calculate the
separate amounts of V3*, V4% and V>,

Infrared spectra were recorded with a
Perkin—-Elmer 580 spectrophotometer using
the KBr disc technique (0.5% dilution).

Diffuse reflectance spectra were obtained
with a Perkin—-Elmer Lambda 9 spectropho-
tometer using BaSO, as a standard.

Raman spectra were recorded on a Dilor
Omars 89 spectrophotometer. The emission
line at 514.5 nm from Ar* laser (Spectra
Physics, Model 164) was used for excitation.
The output power of the laser source was 16
mW. The sensitivity was adjusted according
to the intensity of the Raman scattering. A
computer system allowed 100 accumula-
tions for each spectrum. The wave number
values obtained from the spectra were accu-
rate to within about 2 cm~!. The assignment
of bands was done by comparing the spectra
to those of pure VPO phases: ay-, 8-, v-,
and 8-VOPO, and (VO),P,0,.

The NMR 3'P examination was performed
with a Brucker MSL 300 apparatus using
the magic spinning angle method and H,PO,
(85%) as standard.

X-ray photoelectron spectroscopy analy-
sis (XPS) was performed with a Hew-
lett—Packard 5950 interfaced to a data sys-
tem which allowed the accumulation of
spectra. The spectrometer was equipped
with an aluminium node (Al;, = 1486.6eV).
All binding energies values were referenced
to the C, line at 284.5eV. C,;, Oy, Vy,, and
P,, peaks were recorded.

2. Catalytic Testing

Catalytic tests were carried out in a differ-
ential flow microreactor made of Pyrex glass
with on-line gas chromatographic analysis;
0.5 gofeach catalyst, in the form of powder,
was placed in the reactor and heated under
nitrogen at 500°C for 1 h. The temperature
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was then lowered to 370°C and the catalytic
activity was measured by flowing 70 ml
min~! of a mixture of 2.8% n-butane in dry
air over the catalyst. For the permanent
gases and H,0, a Delsi IGC 120 MB gas
chromatograph equipped with a thermal
conductivity detector was used; hydrogen
was the carrier gas. Two columns were op-
erated in parallel, a 3-m-j-in. Molecular
Sieve 5A column to separate O,, CO, and
N,, and a 2-m-}-in. Porapak Q column to
separate CO, and H,0. For the organic
products, a Delsi IGC 121 FL gas chromato-
graph equipped with a flame ionization de-
tector was used; nitrogen was the carrier
gas. The column was a 1-m-i-in. Porapak
Q. Butane, maleic anhydride, acetic, and
acrylic acids were separated. Catalytic re-
sults, butane conversion (Cy,,), and maleic
anhydride selectivity (Sy,) and yield (py,)
were registered at stationary state after sta-
bilization of the activity. Moreover, the sta-
bility of all catalysts was verified by measur-
ing the catalytic performances 3 days after
the steady state was reached.

RESULTS

The spectra of the precursors of the cata-
lysts prepared in both aqueous and organic
media were typical of the VOHPO,, 0.5 H,0
phase (23), which was the only phase de-
tected. As an example, Fig. 1 gives the spec-
tra for both series for x = 1.0. No significant
modification of the relative intensities of the
(001), (020), and (101) lines was observed
and no difference of morphology between
all the precursors was evidenced by SEM.

1. Fresh Catalysts

The second row of Table 1 gives the nomi-
nal x = V**/V3* atomic ratio (from VCl,
and V,0; involved during preparation). The
third and fourth rows give the calculated and
experimental percentages of V4* (calculated
values are based on Eq. (1). A better
agreement between the calculated and the
experimental results is observed on the
VPOy,, series. It is noticeable that only V4*
and V3" were detected and measured, while
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FiG. 1. XRD spectra of two precursors with x = 1.0. Aq 1.0, prepared in aqueous medium. Or 1.0,

prepared in organic medium.

V3* was not, even for x = 1.5, which, ac-
cording Eq. (1), should contain V3*. It can
be observed, from Table 1, that the highest
V4* content is observed for x = 1.0, simulta-
neously with a maximum of the BET area
for both series of samples.

(VO),P,0, was the only phase detected
by XRD on the fresh catalysts of the VPO, ,
series, while catalysts appeared to be poorly
crystallized for the VPO, , series.

The infrared spectra shown in Figs. 2 con-
firmed a crystallinity of the catalysts pre-

TABLE 1

Experimental Data Obtained for Fresh VPO Catalysts

Catalysts: VPO, « VPO, ,
x: 0.5 0.75 1.0 1.5 0.5 0.75 1.0 1.5
Vi (%) 67 86 100 80 67 86 100 80
V& (%) 33 63 9% 67 76 84 9% 75
Sper (m¥g) 12.4 20.0 32.0 16.0 19.2 23.0 43.0 21.1
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Fi6. 2. Infrared spectra (1800-200 cm ') of fresh catalyst. (a) Prepared in aqueous medium (Aq x) (a,
x=05;b,x =0.75;¢c,x = 1.0; d, x = 1.5). (b) Prepared in organic medium (Or x) (a, x = 0.5; b,

x = 0.75;¢,x = 1.0;d, x = L.5).

pared in the organic medium better (Fig.
2b) than that of the catalysts prepared in
aqueous medium (Fig. 2a). The presence of
the pyrophosphate anion characteristic of
(VO),P,0, was evidenced by IR absorption
bands observed between 950 and 1250 cm !,
which were assigned to the PO, symmetric
and antisymmetric stretches (8). They are
clearly apparent on VPOg, ¢ 75 and VPOgq, 4.
In contrast, the broad and poorly resolved
IR spectra of VPO, catalysts predicted the
existence of disorganized (VO),P,0,. The
broadening of the absorption bands was par-
ticularly important for VPO,q o5, which
contains a small amount of V** (33%) (see
Table 1).

The diffuse reflectance spectra of fresh
catalysts are reported in Figs. 3. Four ab-
sorption bands around 300, 500, 650, and
850-900 nm were observed. They are attrib-
uted to (VO),P,0, by comparison with the
pure phase (19). According to Hanke et al.
(28) and Bordes et al. (8), the observed
bands correspond to ?A; < 2B,, 2B, < ’B,,
and ’E < 2B, transitions of V4* cations in
octahedral symmetry with strong tetrahe-
dral distortion. Moreover, an additional
band at 1930 nm and in some cases a small
band at 1430 nm were observed. They are
attributed to H,O (v + 8) and to H,O (2v),

respectively. These bands were indicative
of some hydration of the catalysts, more
pronounced for catalysts prepared in aque-
ous medium.

2. Used Catalysts

Table 2 summarizes some physicochemi-
cal and catalytic properties of used VPO
catalysts after reaction. Selectivity to MA
and conversion of n-butane were measured
at the steady state, which was attained 4 to
8 h after the beginning of the reaction. The
production of MA, which, together with
CO,, was the only product observed, started
within the first hour and showed that the
catalysts were rapidly activated, in contrast
with usual observations for the more con-
ventional catalysts (4, 20, 30). The best cata-
lytic results were observed for the VPO, ,
series. A maximum for conversion and se-
lectivity was reached at x = 1.0. VPO,q s
was particularly inactive for MA formation
even after a long period of activation. The
catalytic test was accompanied by an im-
portant decrease of the surface (compare
Tables 1 and 2) and a crystallization of the
catalysts, as is evidenced by X-ray dif-
fraction.

2.1. Used catalysts of the aqueous series
(VPO ,)- Figure 4 presents the XRD spec-
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Fia. 3. Diffuse reflectance spectra (2500-300 nm) of fresh catalyst. (a) Prepared in aqueous medium
(Agqx) (@, x =0.5;b,x = 0.75; ¢, x = 1.0; d, x = 1.5). (b) Prepared in organic medium (Or x) (a,

x =05b,x=075¢x=10d,x = 15).

tra of the catalysts after reaction. Crystalli-
sation is relatively high for the x = 0.75 and
1.0 samples and very poor for x = 0.5 and
1.5. The nature of the crystallographic
phases changes with x values, as can be seen
in the XRD spectra and as is summarized in
the second column of Table 3. Note that,
together with (VO),P,0, and different
VOPO, phases, the importance of the two
hydrates VOH, ;,PO,, 1.9 H,0 (4) (31) and
VOPO,, 2H,0 (B), characterized by lines
near 12° (20). The presence of these two
phases is typical of this series. Their forma-
tion occurred during the catalytic test. In-
deed our samples were stored after reaction
in a dry argon atmosphere, in order to avoid
any hydration, which was seen to be possi-
ble at room temperature particularly for 8-
VOPO,. Table 3 shows the variation of the
nature of the VPO phases with x. For x =
0.5, the catalyst is poorly crystallized, the
hydrates (A and B) are the principal phases
with ¢;-VOPO,, while (VO),P,0, appears
in a smaller amount. For x = 0.75, the quan-
tity of (VO),P,0, increases, but the hydrates
appear to still be the principal phases. Note

the presence of 8-VOPO, together with o~
VOPO,. For x = 1.0, (VO),P,0; is the main
phase, but the hydrates and the ay-, y-, and
8-VOPO, phases are still present. Note that
B-VOPO, is absent in this case. Forx = 1.5,
the catalyst appears to be poorly crystal-
lized and the only phases identified are -
VOPO,, poorly crystallized (VO),P,0,, and
VOH,, ,PO,, 1.9 H,0. A very large broaden-
ing of the X-ray lines in the 15-28° (20)
domain precludes any identification of other
phases.

The Raman technique, which proved to
be a very sensitive probe for the presence
of VOPO, entities (33), confirmed the higher
degree of crystallization for x = 0.75 and
1.0 and the lower crystallinity for x = 0.5
and especially for the x = 1.5 samples. The
assignment of phases discussed here (see
Table 3) was based on a comparison be-
tween the catalysts’ spectra and the spectra
of the pure phases prepared and analyzed
elsewhere (32). The Raman spectra are
given in the 700-1200 cm~! domain in Fig.
5. By preparing pure VOH, ,,PO,, 1.9 H,0,
we have shown that this phase exhibits an
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F1G. 4. XRD spectra of used catalysts prepared in aqueous medium (Aq x). *, a-VOPO,; @
B-VOPQ,; O, y-VOPO,; X, 8-VOPO,; ||, VOH,,PO,, 1.9 H,0; ‘|-, VOPQ,, 2H,0; |, (VO),P,0,.

’

TABLE 2

Catalytic Results Obtained at 370°C (2.8% n-Butane in Air) with 0.5 g Catalyst and Experimental Data for
Used VPO Catalysts

Catalysts: VPO, , VPO, ,
x: 0.5 0.75 1.0 1.5 0.5 0.75 1.0 1.5
Sma (%) 0 54 93 82 73 66 97 63
Cyyr (%) 3 38 41 33 33 47 63 55
pua (%) 0 20 38 27 24 3t 61 35
vg;p (%) 53 60 86 65 73 78 97 80
Sger (M%g) 1.1 9.5 17.1 12.5 6.3 15.8 20.5 5.7
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TABLE 3
Comparative Discrimination of the Crystalline VPO Phases® as Identified by XRD, Raman Spectroscopy, and
3)p MAS NMR
X XRD Raman spectroscopy 3lp MAS NMR
0.5 VOH, ;;PO,,1.9H,0  (VO),P,0, (V0),P,0,
a;-VOPO, VOH, (PO,,1.9H,0 VOH, ,,PO,,1.9H,0
(VO)2P207 a]l‘VOPO4(?)
VOPO,,2H,0
0.75 VOH,,;,PO,,1.9H,0 B-VOPO, B-VOPO,
(VO),P,0, (V0),P,0, (V0),P,0,
B-VOPO, VOH, (P0;,1.9H,0 VOH, P0O,,1.9H,0
a;-VOPO, a;-VOPO(?) a;-VOPO,
VOPO,,2H,0
1.0 (VO),P,0, (VO),P,0, (VO),P,0,
VOH, ,PO,,1.9H,0  VOH, ,PO,,1.9H,0 and/or -VOPO,  VOH, (PO,,1.9H,0 and/or 5-VOPO,
a;-VOPO, v-VOPO, y-VOPO,
'y-VOPO4 a]I-VOPO4 an-VOPO4
5-VOPO, TA'AM
VOPO,,2H,0
1.5 v-VOPOQ, (VO),P,0, VOH, ,,P0O,,1.9H,0
VOH, ;;PO,,1.9H,0  y-VOPO, (VO),P,0,
(VO)2P207 (p.c.)b VOH0‘16PO4,1 9H20 and/or 5'VOPO4 all'VOPO4
Hydrate/V**

“ Phases are classified according to their apparent relative intensities.

b p.c., poorly crystallized.

absorption band at 1034 cm~', at the same

frequency as that for §-VOPO,. a;-VOPO,
can be identified by the band at 992 cm™!
only when 8-VOPOQ, is absent, since the lat-
ter has a peak at 997 cm~!. 8-VOPO, is
identified by the peak at 893 cm~! (32). y-
VOPO, is identified by the peak at 1020
cm~!. §-VOPO, or the hydrates are identi-
fied by a peak at 1038 cm ™! when y-VOPO,
is absent, since it absorbs at 1039 cm™!.
The lines at 923 and 934 cm™!, which are
characteristic of (VO),P,0,, can be superim-
posed on the intense lines of ay-, y-, and 8-
VOPO, at 943, 935, and 928 cm™~!, respec-
tively, especially when (VO),P,0; is poorly
crystallized. The poor crystallinity of the
x = 0.5 and 1.5 samples and the better crys-
tallinity of the (.75 and 1.5 samples are con-
firmed. For x = 0.5, the broad band cen-
tered at 938 cm™! could be interpreted by

the superposition of the 934-cm~! band of
(VO),P,0; on the 943-cm~! band of ay-
VOPO,. However, the absence of a band
at 992 cm ™! makes the identification of ay-
VOPO, questionable by this technique. The
band at 1035 ¢cm™' can be attributed to
VOH, (PO,, 1.9 H,0. For x = 0.75, 8-
VOPO, (894, 987, and 1072 cm™}),
(VO),P,0; (927 cm™'), a;-VOPO, (992
cm™!), and VOH,,,PO,, 1.9 H,0 (1035
cm™ ') are identified. For x = 1.0,
(VO),P,0,, VOH, ,(\PO,, 1.9 H,0, and/or 8-
VOPO, and a;-VOPO, are detected. Note
the absence of 8-VOPO, and the presence
of y-VOPO, (1019 cm ). Finally, for x =
1.5, the poor crystallinity makes the assign-
ment more questionable; the presence of
(VO),P,0,, v-VOPO,, and VOH, ,,PO,, 1.9
H,O is however proposed. There is thus
very good agreement with the XRD study
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F1G. 5. Raman spectra of used catalysts prepared in
aqueous medium (Aq x).

(see Table 3), the Raman spectroscopy be-
ing the more specific, owing to its sensitivity
to local order, while XRD necessitates
longer range order. However, the relative
importance of the different phases seems
different, since only relative intensities are
taken into account.

A 3P MAS NMR study was carried with
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these catalysts (Fig. 6). According to previ-
ous studies (35), one can expect a (VO),P,0,
spectrum to exhibit a very braod signal ow-
ing to the paramagnetism of V4* (d,) cations
and pure oy, 8-, v-, and 8-VOPO, spectra
to exhibit a single sharp peak respectively
at —19.5, —11.8, —18.8, and +1.6 ppm.
The hydrate VOH, ;,PO,, 1.9 H,0, like &-
VOPQO,, exhibits a peak at 1.6 ppm with
respect to H;PO,. Moreover, such peaks
may be shifted toward lower frequency with
respect to the pure VOPQ, phases, in the
case of a high dispersion and a strong inter-
action of VOPO, on (VO),P,0,, owing to
the paramagnetism of the latter phase. The
actual catalysts showed the presence of
(VO),P,0, together with VOPO, phases
(Fig. 6 and Table 3). For all the spectra,
(VO),P,0, was evidenced by a broad and
high signal, which was indicative of a high
disorganization of the materials and a large
dispersion of both V** and V°* around
phosphorus. While only the hydrate (4) was
detected with a peak at 2.7 ppm for x = 0.5,
B-VOPO, was observed for x = 0.75 (—10.3
ppm) with traces of a;-VOPO, (—19.0 ppm)
and the hydrate (4) (2 ppm). (VO),P,0, was
the main phase detected for x = 1.0 with a
small amount of the hydrate (4) (3.2 ppm)
and the y (— 17.4 ppm) and ay; (— 19.0 ppm)
phases. All these phases are not interacting
strongly with (VO),P,0,. However, the
small peak observed at —11.5 ppm may be
attributed to 8-VOPQ, in strong interaction
with (VO),P,0,. For x = 1.50, the hydrate
(A) (3.1 ppm) was the main phase together
with (VO),P,0,. The peak observed at
—11.2 ppm was tentatively attributed to the
hydrate (4) dispersed on (VO),P,0, and in
strong interaction with it.

2.2, Used catalysts of the organic series
(VPOy,,). XRD spectra of these samples are
presented in Fig. 7 and the detected phases
are given in Table 4. For x = 0.5 to 1.0, the
only phase detected is (VO),P,0; with the
three characteristic (200), (024), and (032)
lines at their normal angular positions. Let
us consider, however, the shape of the (200)
line at 23°, 20. Figure 8 gives an enlarge-
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FiG. 6. 'P MAS NMR spectra of used catalysts prepared in aqueous medium (Aq x). @, Participation

of rotation bands.

ment of the 20°~25° domain for the three 0.5,
0.75, and 1.0 samples. Around the 23° line
position corresponding to the (200) line of
(VO),P,0,, we have drawn the two (221)
and (040) line positions of y-VOPO,, at 22.6°
and 23.1°, respectively. Looking at this fig-
ure, it appears that the broadening of the
bottom of the line observed at 23° for the
XRD spectrum for x = 1.0 can be interpre-

ted by a superposition of these two lines of
v-VOPO, with the (200) line of (VO),P,0,.
As a consequence of this observation, we
suggest, aside from (VO),P,0;, the presence
of a small amount of y-VOPO, in epitaxial
growth on (VO),P,0,, visible on the XRD
spectrum only at the (221) and (040) posi-
tions. The presence of y-VOPO, should be
ascertained by Raman spectroscopy and by
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Fig. 7. XRD spectra of used catalysts prepared in organic medium (Or x). *, ay-VOPO,; @,
B-VOPO,; O, y-VOPO,; x, 8-VOPO,; |, VOH, PO, 1.9 H,0; ‘|-, VOPO,, 2H,0; |, (VO),P,0,.

3Ip MAS NMR. We discuss this point be-
low. For x = 1.5, all the phases are detected
(see Table 4).

Raman spectra are presented in Fig. 9.
For all catalysts, the presence of (VO),P,0,
is confirmed by a band around 930 cm™'.
However, we note a progressive displace-
ment of the maximum of this band to higher
frequencies by increasing x, which is indica-
tive of the presence of VOPO, phases. For
x = 0.5, y-VOPO, is observed with a peak
at 1020 cm ™. For x = 0.75, y- and 8-VOPO,
can be detected at 1020 and 1037 cm ™!, re-
spectively. For x = 1.0, a small, broad sig-
nal at 1016 cm ™! is characteristic of poorly
crystallized y-VOPQO,. Finally, for x = 1.5,
all the phases can be detected with signals
at 985 cm ™! (ay- and B-VOPO,), 1020 cm ™!

(y-VOPO,), 1037 cm™! (y- or §-VOPQ,, or
hydrates), 1070 cm~' (B8-VOPO,), 1090
c¢m ™! (- and 8-VOPQ,), and 920-940 cm !
((VO),P,0, and oy-, y-, and 8-VOPO,).
These results are in agreement with those
from XRD (see Table 4).

3P MAS NMR spectra are given in Fig.
10. For x = 0.5 and 1.0, the absence of
any narrow peaks shows that bulk VOPO,
phases are absent, in agreement with the
XRD observations. The absence of a broad
signal as observed for samples prepared in
aqueous medium can be interpreted by a
better organization of the whole system,
which appears to be a characteristic of these
catalysts. The presence of crystallized
VOPQ, phases is observed for x = 0.75 with
v-VOPO. (—18.8 ppm) and &-VOPO. ar hv.
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TABLE 4

Comparative Discrimination of the Crystalline VPO Phases® Prepared in Organic Medium (Or x) as Identified
by XRD, Raman Spectroscopy, and >'P MAS NMR

x XRD Raman 3P MAS NMR
spectroscopy
0.5 (VO),P,0, (VO),P,0, (VO),P,0,
’y-VOPO4 VOH0_16P04,1.9H20 and/or 6'VOPO4 (tr)"
0.75 (VO),P,0, (VO),P,0, (VO),P,0,
¥-VOPO, (?) ¥-VOPO,, 5-VOPO, VOH, ;PO,,1.9H,0 and/or 8-VOPO,
‘y-VOPO4
1.0 (VO),P,0, (VO),P,0; (VO),P,0,
y-VOPO, ¥-VOPO, ¥-VOPO,
1.5 B-VOPO, (VO),P,0, B-VOPO,
(VO),P,0, VOH, (PO,,1.9H,0 (VO),P,0,
')’-VOPO4 ,B-VOPO4 ‘)I'VOPO4
(XH-VOPO4 (111'VOPO4 (@) VOH0_16P04,1.9H20 and/or 6-V0P04
VOH0_16P04,1 .9H20 . ’)"VOPO4
VOPO, 2H,0

% Phases are classified according to their relative intensities.

b tr, as traces.

drate (2.7 ppm) and for x = 1.5 with 8-
VOPO, (—10.8 ppm) and trace amounts of
v-VOPQ, (—20.8 ppm) and §-VOPO, or hy-
drate (2.1 ppm) (see Table 4). The agreement
with the two previous techniques appears to
be very good.

3. Superficial Properties as Determined
by XPS

Several samples have been analyzed be-
fore or after butane oxidation reaction was
carried out and without any further treat-
ment in the spectrometer. The experimental
data are summarized in Table 5. The main
features may be summarized as follows:

i. Binding energy values of V, peaks at
517 and 524.5 eV for 2p*? and 2p!?2, respec-
tively, are identical for all samples. Such
values may correspond to (VO),P,0, by
comparison with literature data (40). Recall
that binding energy values are increasing
with the ionic character of the V-O bond
“1).

ii. A second peak at 518 eV for V,,» was
also observed for samples prepared in aque-

ous medium, after reaction. By comparison
with XRD data, it can be suggested that it
corresponds to VOPO, species.

iii. A strong shoulder in the O,, peak at
+1 eV binding energy value was observed
after catalysis for both aqueous medium
samples analyzed (x = 0.5 and 1.5). By com-
parison with XRD data, it may be suggested
that it corresponds to hydrated VOPO,.

iv. The measured atomic ratios (V/O,
P/0O, and P/V) do not correspond to those
obtained by chemical analysis. This clearly
indicates that the surface layer is poor in
V and rich in P. Such a feature has been
mentioned by several authors (e.g., (40, 42))
and was suggested to induce an increase
in surface acidity (40). Such an excess is
observed (compare Tables 2 and 5) to be
unfavorable when it is too large (>2.3 for
aqueous medium samples).

DISCUSSION OF RESULTS

The preparation of VPO catalysts in both
organic and aqueous media by controlling
the amount of V** from V?** + V3* redox
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F1G. 8. Broadening of the 20-25° 2@ domain for the
XRD spectra of the VPO, , catalysts (x = 0.5, 0.75,
and 1.0).

reaction is an alternative way of synthesiz-
ing good catalysts for the selective oxidation
of n-butane to maleic anhydride. By varying
the initial x ="V3*/V°* ratio between 0.5
and 1.5, it was shown that it was possible
to stabilize V** cations in the final VPO
catalysts. The best agreements between the
amounts of V** predicted by the redox
V3* + V3* — 2V*4* reaction and the amount
of V4 as determined by chemical analysis
were obtained for values of x = 1.0 and for
reaction conducted in an organic medium.
This original method led to catalysts having
different textures (specific surface area) and
compositions (nature of the different
VOPO, phases present with (VO),P,0;). As
a consequence, a strong influence was ob-
served on the catalytic properties, both on
the butane conversion and on the selectivity
to maleic anhydride (controlled by the na-
ture of the different phases and their relative
organization).
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F1G. 9. Raman spectra of used catalysts prepared in
organic medium (Or x).

The study by different techniques, like
XRD, Raman spectroscopy, MAS NMR,
and XPS, which are not sensitive to the
same physicochemical characteristics of the
catalysts enabled us to obtain new informa-
tion on the important features of VPO cata-
lysts for the mild oxidation of butane to ma-
leic anhydride. Indeed, consideration of
Tables 3 and 4 shows that there is a very
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FiG. 10. P MAS NMR spectra of used catalysts prepared in organic medium (Or x). @, Participation

of rotation bands.

good agreement between XRD, Raman
spectroscopy, and 3'P MAS NMR studies
concerning the identification of the different
crystalline phases in the catalysts. Conse-
quently, the confrontation with the catalytic
results given in Table 2 led us to propose the
following conclusions:

1. The best catalytic results for MA for-
mation are observed when (VO),P,0; is the

principal phase in the catalyst (see VPO,
1.0)- However, high selectivity to MA is also
observed when specific VOPO, phases are
simultaneously present (see VPO, , and
VPO,, ;5). These conclusions are in
agreement with the measured V** content.

2. Good selectivities to MA -appear to be
related to the presence of y-VOPO, associ-
ated with (VO),P,0,. This conclusion can be
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TABLE 5

XPS Data Obtained for Some Aqueous and Organic Media Samples Before (4) and After (B) 8 h
of Catalytic Reaction

Samples VPOo; 10 VPO, 05 VPOyq 15
A B A B B
Binding energy values®
eVv)
P, 133.6 133.6 133.8 133.5 133.8
0y, 531.3 531.35 531.6 531.2¢ 531.4%
vV 516.9 517 517 517¢ 517
-524.5 —524.5 —524.5 —524.7 -524.7
Atomic ratios?
V/O 0.143 0.135 0.077 0.103 0.09
P/O 0.235 0.235 0.203 0.236 0.25
P/V 1.64 1.73 2.65 2.3 2.85

@ Values referenced to C;; = 284.5 eV to compensate for a charging effect which was rather small (<0.3 eV).

Values given 0.2 V.

5 A shoulder was observed at +1 eV binding energy value.
¢ A second peak was detected at +1 eV binding energy value, presumabflymcorresponding to V3* cations.

4 Calculated using the approximate relationship

n]/nz = I] ey VEI(Z/IZ'UI VEkl'

drawn from the two series of samples (see
VPO 410, VPO, 5, and all the VPO, cata-
lysts).

3. The highest yields to MA (61%) for
VPOy, 1o are observed when y-VOPO, is
associated with (VO),P,0, on an organized
matrix.

4. The role of the other VOPO, phases
in association with (VO),P,0, can also be
discussed. The presence of a-VOPO, leads
to poor results (VPO,, o5) as does B-
VOPO(VPO, .75 and VPOg,  s). It is more
difficult to discriminate the role of 3-VOPO,
in so far as it cannot be separated from that
of the two hydrates. (The same signals are
observed by Raman spectroscopy and by
MAS NMR).

This work led us to conclude that
(VO),P,0; is not the unique VPO phase re-
sponsible for the oxidation of butane to ma-
leic anhydride as proposed recently. The
mean oxidation state of 4.1 currently mea-
sured by many authors on classical VPO
catalysts prepared in organic medium from
V,0s, H,PO,, and isobutanol was in favor

of the participation of some VOPQO, species
in the mechanism of oxidation of butane
with (VO),P,0;. Our results confirm the role
played by these VOPQ, species. The higher
P/V superficial ratio observed by XPS lead
us to think that, owing to their acidity, the
PO, groups on the surface of (VO),P,0,
should be responsible for the activation of
the C~-H bond of butane and thus should
control the first step of the mechanism. An
optimal superficial P/V ratio (1.7) seems to
be necessary. Further steps involving the O
insertion could be controlled by the pres-
ence of VOPO, entities like y-VOPO,. We
are of the opinion that the actual catalyst
consists of such y-VOPO, islands on a
(VO),P,0, matrix, probably in epitaxial
growth, as suggested by XRD and 3'P MAS
NMR. As a consequence, the catalytic re-
sults should be controlled by the interfaces
between these two phases.
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