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Several vanadium-phosphorus mixed oxides with a P/V ratio=1 have been prepared and the relationships
between the structure of catalyst and the catalytic function for the selective oxidation of butane to maleic
anhydride were examined. As revealed from XRD, IR, XPS, and redox titration studies, five among them were
presumably composed of crystalline single phases, that is, a-VOPOQy, B8-VOPOy4, and (VO)2P207 as well as
unknown phases X; and Xa. The valences of the vanadium of these catalysts were close to five, except for
(VO)2P207 (the valence was four). These phases were prepared, respectively, by controlling the kind of precur-
sors and the calcination conditions. The selectivity to maleic anhydride differed markedly among these catalysts,
although the rate did not change much when it was normalized to surface area. The selectivity at 440 °C was less
than 20% for a- and B-VOPOys, 40% for X; and Xz, and 70% for (VO)2P207. Amorphous phases having V¢t were
much less selective than (VO)2P207. No structural changes of the catalysts after use were observed in the cases of
a-, B-VOPOy4, and (VO)2P207. Therefore, the effective phase for selective oxidation of butane to maleic anhy-
dride was speculated to be a phase like (VO)2P207 in which the valence of vanadium is four and the structure is
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stable under the reaction conditions.

Vanadium-phosphorus mixed oxides are known as
catalysts for the selective oxidation of butene to maleic
anhydride.? Several basic studies have been reported
on the active structure of the catalysts,? the role of
phosphorus,2=9 and the reaction mechanism.® The
preferred atomic ratio of phosphorus to vanadium is
usually in the range of 1.2 to 2.0.

Recently, certain V-P oxides with a P/V ratio of
between 1.0 and 1.2 were found to be efficient catalysts
for the selective oxidation of butane, a saturated hydro-
carbon, to maleic anhydride.!'® Several studies on
V-P oxide catalysts in this composition range have
also been reported.6—1® However, in most studies, the
V-P oxide catalysts used had various P/V ratios, and
they usually contained unknown phases or were mix-
tures. Therefore, the real active phase for the butane
oxidation still remains unclarified, although there
are many proposals in patents for the preparation of
effective catalysts.11-19

It was recently indicated that nearly crystalline
phases with P/V ratios close to unity were active and
selective for the oxidation of butane.8.7,10.19 Asfor V-P
oxide with P/V=1, crystalline phases such as a-
VOPO4, B-VOPO4, and (VO):P207 are known.15-19
These facts motivated us to study these catalysts in
greater detail as an extention of our studies on oxida-
tion catalysts having well-defined bulk structures.

In the present study we attempted (i) to examine
more extensively the preparation process of catalysts
having single crystalline phases with P/V=1, by us-
ing well-defined precursors and (ii) to specify the phase
or structure of a catalyst which is efficient for the oxi-
dation of butane. An elucidation of the mechanism
of catalytic action and the reason why that phase is
effective will be the subjects of following study.

tPresent address: Mitsui Petrochemical Industries, Ltd.

Experimental

1. Catalyst Preparation. 1.1. Precursors: Three kinds
of V-P-O compounds (P/V=1) with well-defined struc-
tures (denoted as P-I, -II, and -III) have been prepared as
precursors for catalysts.

(a) (NHq4)2[(VO)2C20s(HPOs)2]-5H20 (P-1). P-I was pre-
pared according to the literature.!® V305 powder (0.1 mol)
was added gradually with stirring into 400 ml of an aqueous
solution of oxalic acid (0.75 mol 1-1) at 80°C. When the solu-
tion turned to blue after a few minutes, NH4sH2POy4 (0.2 mol)
was added. A green precipitate was formed while the stirring
continued. The precipitate was filtrated, washed with water
and acetone, and dried overnight at 100°C. The obtained
solid was confirmed to be (NHa)2[(VO)2C204(HPO4)2]- 5H20
by comparing X-ray diffraction powder patterns (XRD) with
a reference.1?

(b) NH4HVPOQOg (P-II). This precursor (P-II) was prepared
according to the literature.’® V;05 powder (0.04 mol) was
added to a boiling aqueous solution of NH4sH2PO4 (0.8 mol
in 600 ml H20), and boiling was maintained for 30 min. A
yellow precipitate was formed after the solution was allowed
to stand overnight. The precipitate was filtrated, washed with
water and acetone, and dried overnight at 100°C. The XRD
pattern (d/A: 8.75 (100), 4.60 (2), 4.46 (3.5), 4.41 (3), 4.09 (3),
3.17 (3), 2.95 (15), relative peak intensity in parentheses) in-
dicated that P-II was well crystallized. However, an identifica-
tion was not made because of the absence of reference data.

(¢) (VO)zH4P20920 (P-1II-1, 2, and 3). P-III-1 was pre-
pared according to the literature.’*® V305 powder (0.1 mol)
was added to an aqueous solution (200 ml) of NH;OH -HCl
(0.2mol, Nakarai Chemicals) and HsPO4 (0.2mol, Koso
Chemicals) at 80°C and was stirred for 1h, in order to
completely reduce V20s. After the solution became a light-
blue slurry of about 100 ml, it was evaporated to dryness at
130°C overnight. A small quantity of water (100 ml) was
added to the dried solid and the mixture was boiled for 10
min. A light green precipitate obtained by filtration was
washed with water. The structure was confirmed by its
XRD pattern with reference to the literature.2

P-III-2 was prepared in a similar manner as P-III-I. The
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TABLE 1. STARTING MATERIALS OF PRECURSORS
Precursor Starting Materials
P-1 (NHy)2[(VO)2C204(HPOy4)2] V205, (COOH)2, NH4H2PO4
P-1I NHHVPOs V205, NHsH2POy4
P-111-1 (VO)2H4P209 V20s, NH2OH-HCI, H3PO4
P-111-2 (VO)2H4P209 V205, NH20H - HCI, H3PO4, C3H4O3
P-111-3 (VO)2H4P209 V204, H3PO4

only difference was that ethylene carbonate (CsH4Os, Nakarai
Chemicals) was added to the solution before concentration in
order to eliminate C1.1» The XRD pattern was very similar to
that of P-III-I; however, the peaks were weaker.

P-111-3 was prepared using V204. A V204 powder (0.05 mol,
Aldrich) was dissolved into an aqueous solution of H3PO4
(0.1 mol in 100 ml H20) at 80°C. The resultant blue solution
was concentrated at 80°C with stirring into a green paste.
After the green paste was dried at 100°C, it was placed into
water. A light-blue precipitate was obtained upon filtration
and washing with water.

Table 1 summarizes the composition and starting mate-
rials of the precursors.

1.2 Calcination of Precursors. The precursors were cal-
cined (a) in streams of Oz or Nz in a reactor or (b) in air by
use of a muffle furnace.

(a) Each precursor (2—5g) was calcined in Pyrex-tube
reactors (10 or 20 mm in diameter) under the flow of oxygen
or nitrogen at a prescribed temperature. The heating rate
was controlled by adjusting the power, and the temperature
was continuously monitored. The flow rate was 100—200
ml min~!. To avoid any blockage of gas flow due to melting,
the heating rate was kept low and a wide reactor diameter
was adopted. ‘

(b) In the case of any calcination in air, a muffle furnace
was used. The heating rate was about 30°Cmin~1.

2. Characterization of Catalysts. 2.1 XRDandIR: XRD
powder patterns of precursors and catalysts were recorded
using a Rigaku X-ray diffractometer with Cu Ka radiation
filtered by Ni. The XRD was also measured for the catalysts
after use. Infrared spectra were recorded with a spectrometer
(JIR-10, FT-IR) using an KBr supporting disc.

2.2 XPS: XPS measurements of fresh and used catalysts
were carried out using an ESCA Lab 5 (Vacuum Generator).
The excitation was performed with the Mg K« line. Binding
energies were referred to the Ci line (285eV). Samples were
evacuated under 10-8 Torr (1 Torr=133.3 Pa) at 25°C in the
ESCA chamber.

2.3 Valence of Vanadium: The average oxidation state of
vanadium in the catalysts was determined by redox titration.?
About 0.1 g of each catalyst was dissolved in 100 ml of 2 M
H2SO4 at 80°C. The vanadium (IV or III) content was de-
termined by titration with a solution of KMnOy4 (0.1 M).
The vanadium (V) content was determined by titration with
a solution of a Mohr salt (FeSO4-(NH4)2SO4-6H20, 0.1 M)
using diphenylamine as an indicator.

24 Surface Area: The surface areas of the catalyst were
measured by the BET method (N2 adsorption).

3. Measurement of Catalytic Activity and Selectivity. The
oxidation of butane was carried out using a conventional
fixed-bed flow reactor at atmospheric pressure. The reactor
was a Pyrex tube (10mm in diameter) and was externally

"1 M=1moldm-3.

heated by an electric furnace. The feed gas consisted of
1.5 vol% butane, 17 vol% oxygen and nitrogen (balance). The
reaction temperature was from 250°C to 440°C. Products
containing carbon were maleic anhydride (MA), CO and COx.
No other products (Ce-Cs aldehydes and carboxylic acids)
were detected (less than 1%). The carbon balance at the sta-
tionary state was always almost 95—100%. Maleic anhydride
was collected by a cold trap and was determined by titration
with 0.1 M NaOH.? Gaseous products were analyzed by
a gas chromatograph. It was confirmed, in some cases, that
no products other than MA were trapped.

Results

1. Effects of Calcination Conditions on the Structure
of V-P Oxide Catalysts. 1.1 Calcination in Oz or Air:
The structures of the catalysts obtained by calcina-
tion in an Oq or air flow are summarized in Table 2.
The results show that the kinds of precursors, the cal-
cination temperature and the heating rate, all, greatly
affect the structure of formed catalysts. For example,
a high heating rate caused the formation of 8-VOPO4
from P-1, while a-VOPOQO4 was formed from the same
precursor using a low heating rate. Atan intermediate
heating rate, a mixture of a- and B-phase was obtained.

When P-II was calcined at 550 and 600°C at a low
heating rate, a new XRD pattern (d/A: 4.72 (40), 4.11
(100), 3.15 (30), relative intensity in parentheses) dif-
ferent from either a-, 8-VOPO4 or (VO)2P207 was ob-
served. A high S/N ratio of the XRD peaks, together
with the fact that the same XRD patterns were obtained
for two samples containing this phase; indicates that
this was a single phase. This will be denoted as X in
this paper.

The influence of the calcination temperature is seen
from the results obtained at a heating rate of 30°Cmin—1.
The calcination of P-I at 450°C formed almost an
amorphous phase (weak peaks at d/A : 4.33, 4.17, 3.91,
3.65, 3.50, and 3.10), while after a calcination at 550
or 600°C, the resultant catalysts were crystalline. This
showed that XRD patterns are ascribable to pure B-
VOPOs. Changes in the phase with the calcination
temperature was also found in the case of P-II. A new
phase denoted by Xz (d/ A :4.00(90), 3.66 (45), 3.12 (100),
relative intensity in parentheses), was obtained by a
low-temperature calcination. Xi; and X2 were water-
soluble and the solution was acidic (pH was 2.37 at
about 2 gl-! for X; and X3), while a-, 8-VOPO,, and
(VO)2P207 were water—insoluble.

The calcination of P-III-1, 2, containing vanadi-



August, 1985]

Selective Oxidation of Butane over V-P Mixed Oxides

2165

TABLE 2. STRUCTURES OF CATALYSTS OBTAINED BY CALCINATION IN Qg OR AIR

Precursor in Rate/°Cmin~! T/°C Time/h Phase formed® Cat. No.”
P-I (02} 2.9 600 10 a-VOPO4 1
(07} 5.0 600 10 atp
(07} 6.4 550 10 B-VOPO, 2
(02} 7.0 600 10 B-VOPOy4 3
Air 30 450 20 Unknown
Air 30 550 16 B-VOPO,
P-II Air 30 450 20 X2 6
Air 30 500 20 X;+8
(07} 3.3 550 10 X1
(07} 3.3 600 10 X1 5
(07} 7.5 550 10 B+X,
Air 30 600 16 B-VOPO,4 4
P-11I-1 Air 30 450 20 (VO)2P207+X:
Air 30 600 20 B+(VO)2P:07+X,
(07 3.0 600 10 Unknown+X;+Xota
P-II1-2 Air 30 450 20 X1+(VO)2P207
Air 30 600 20 X+

a) In the case of mixtures, the main phases are given in the first place.

Tables 4 and 5.

TABLE 3. STRUCTURES OF CATALYSTS OBTAINED
BY CALCINATION IN No®
Precursor Time/h Phase formed Cat. No.”
P-I 10 Amorphous 7
P-11 6 Amorphous 8
P-III-1 2 (VO)2P207 9
P-111-2 2 Unknown
P-111-3 2 (VO)2P207

a) 550°C. heating rate; 10°C min~1. b) The catalyst
numbers are the same as those in Tables 4 and 5.

um(IV) in air or Oz yielded mixed phases. The content
of (VO)2P207 tended to increase as the calcination
temperature decreased or the heating rate increased.

1.2 Calcination in N2: Table 3 shows the results for
the calcination at 550°C in Nz with a heating rate of
10°Cmin~!. P-I and P-II were converted to amor-
phous phases, while P-III-1 and P-III-3 readily changed
to (VO)2P207. Less crystalline P-III-2 gave a phase
with weak XRD peaks which are not ascribable to
(VO)2P201.

(VO)2P207 (obtained by the calcination of P-III-1 in
N2) was insoluble in water. However, when it was
heated in Oz (500°C, 2h), a part of the solid became
soluble in the water and the solution became brown.
Figure 1 shows the changes of XRD patterns of P-I1I-1
and P-III-2 due to these processes. After heating P-III-1
in Ng, a typical XRD pattern due to (VO)2P207 was
found (Fig. 1A). The subsequent treatment with Oz at
500°C caused a partial formation of X;. By washing
with water, the intensity of the XRD peaks due to
(VO)2P207 increased by a factor of about 2; no peaks
other than (VO)2P207 appeared. The changes in the
XRD peaks during this procedure were clearer in the
case of P-III-2, as shown in Fig. 1B. The weight loss
observed by washing with water was about 50% for
the latter case.

2. Characterization of Catalyst. The surface area

b) The catalyst numbers are the same as those in

x1/5
a__‘_A_A_A_A-J'-M-

Intensity

dOOO J

1 1 1
10 15 20 25 30 10
26/degree

1 1 1 1
5 20 25 30 35
26 /degree

Fig. 1. Changes of XRD patterns by calcination and
washing water.
A: P-1II-1, B: P-III-2. O; (VO)2P207, A; Xi.
a) Precursors, b) After calcination at 550°C in Ny, ¢)
After calcination at 550°C in Og, d) After washing
with H20.

of catalysts and the valence state of vanadium are
summarized in Table 4. The surface area decreased as
follows: X1, Xe>(VO)2P207>a-VOPO4>Amorphous=
B-VOPO4. The oxidation states were close to five for
a-, B-VOPO,, Xi, and X2 and that of (VO):P207 was
essentially four. The valence was lower than four after
P-T and P-II were heated in Nz at 550°C.

Typical XRD patterns of these phases are shown
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Fig. 2. Typical XRD patterns of V-P oxides prepared.
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Fig. 3. Infrared spectra of V-P oxides prepared.

in Fig. 2. Figure 3 shows the infrared spectra of the
catalysts in the region of 800—1200cm=1. This region
corresponds to the stretching modes of P-O and V=0.
The spectra for a-, 8-VOPO4 and (VO)2P207 were in
agreement with those reported in the literature.15.20
The spectra of X; and Xz (1170, 1080, and 955cm™1)
were similar to each other.

XPS spectra of 8-VOPO4 and (VO)2P20O7 are shown
in Fig. 4. The peaks at 526.1 and 519 ev for 8-VOPO4
are assigned to 2py2 and 2ps» of vanadium (V) and
those at 524.6 and 517.7eV to 2p.2 and 2pys of vana-
dium (IV).22 Although the surfaces of metal oxides
are sometimes in more oxidized states than in the bulk,
e.g., FeaO3 at the surface of Fes04,2® the oxidation
states of the catalysts prepared in the present study
were very close to those in the bulk. Therefore, it is
probable that the crystalline bulk structures were
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Fig. 4. XPS spectra of B-VOPO; and (VO)2P201.
a): B-VOPOy, b): (VO)2P201.

TABLE 4. SURFACE AREAS AND VALENCE STATES OF VANADIUM
OF CATALYSTS

Surface Valence of

Phase area/m2g-! Vanadium Cat. No.
a-VOPO, 5.9 4.97 1
B-VOPO, 3.4 — 2
B-VOPO, 1.7 4.99 3
B-VOPO, 1.3 — 4
X 16.0 4.96 5
Xe 14.1 4.96 6
Amorphous 3.8 3.34 7
Amorphous 3.5 3.77 8
(VO)2P207 7.1 4.02 9
(VO)P:07" 124 4.00 10

a) After Oqz-treatment at 500°C, washing with HzO, and
recalcination.

100 100
»®
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0 n 1 i n
0 2 4 0 2 4 60

Time/h

Fig. 5. Activity and selectivity for oxidation of bu-
tane at 440 °C.
@ O; (VO):P207, B; B-VOPO,.
Reaction conditions; butane 1.5%, Oz 17%, W/F=
0.67X10%g.h.mol-.

maintained on the surface of these catalysts. The XPS
spectra of B-VOPO4 and (VO)2P2:07 did not change
after they were used for the oxidation of butane.

3. Catalytic Oxidation of Butane to Maleic Anhydride
(MA). Catalysts 1 to 10 (catalyst numbers in Tables
2—4) were used for the oxidation of butane. Typical
time courses of the reaction over 8-VOPOj (catalyst 3)
and (VO)2P207 (catalyst 10) are shown in Fig. 5. S-
VOPO, showed a constant conversion and selectivity
from the beginning of the reaction. a-VOPOQOy4 (catalyst
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TABLE 5. (CHANGES OF PHASES AND VALENCE DURING REACTION

Phase W/ F® Conv. Rate? Selectivity/Cs-base% Phase after  Valence . no
co CO, MA reaction® of V¥ B
a-VOPO4 0.67 53 7.8 57 25 18 a-VOPO; 4.99 1
B-VOPO, 0.67 62 9.1 61 21 18 B-VOPO, — 2
B-VOPO, 0.67 31 4.6 61 25 14 B-VOPO4 4.99 3
B-VOPO, 0.67 14 2.1 53 27 20 B-VOPO, — 4
X1 0.67 59 8.7 44 16 40 a+Xz 4.97 5
X2 0.67 52 7.7 41 15 44 at+X, 4.99 6
Amorphous 0.67 61 9.0 69 15 16 atp — 7
Amorphous 0.54 15 2.7 51 5 44 Xota — 8
(VO)2P207 0.33 27 7.9 20 8 72 (VO)2P207 4.05 9
(VO)2P207° 0.13 35 25.8 23 10 67 (VO)2P207 4.11 10
a) 103g-h.mol-1. b)10~*mol(g-h)-!. c)In the case of mixtures, the main phases are given in the first place. d) After
reaction. e) After washing with water (see text).
1) showed a result similar to 8-VOPOs. In the case of 100 100
(VO)2P209, the activity and selectivity changed slightly
at first, and became constant after 2h. For X; and X, P
both the activity and selectivity gradually increased < T / 1 <
for an initial 3h. Changes were also observed for D ~o__ S
O >
amorphous catalysts. o ) ° =
The catalytic activity and selectivity for the oxida- 250 | 450 E
tion of butane at 440°C are summarized in Table 5. g - :._,’
Data for the stationary state are given in this table. o ° ./ &
The (VO)2P207 which was washed and recalcined R & 1 «
was most active; however, the catalytic activity was M} —ol =
more or less similar when normalized to surface area. ] o
The activity of B-VOPQO4 was almost proportional to 00 05 0 0.15 T 30
the surface area of the catalysts. In contrast, the selec- W/ F/103 gh mol”!

tivity to MA greatly depended on the structure of the
catalyst. It was especially high for (VO)2P207 (about
70%). X: and Xz showed moderate selectivity (40%),
and the selectivity was low for a- and B-VOPOQO4 (20%).

Phase and valence changes of vanadium during the
reaction were determined as summarized in Table 5.
The XRD patterns changed little after the reaction in
the cases of a-, 8-VOPOQO4 and (VO)2P207. However, X
and X2 changed into mixtures of -VOPO4and Xo, for
which the compositions were similar. Amorphous
phases, catalysts 7 and 8, also changed to mixed phases.
The oxidation states of vanadium remained unchanged
for a-, B-VOPOy4, Xi, X2 and (VO)2P207, but those for
amorphous phases increased to about five.

Figure 6 shows the effects of W/F on the conversion
and the selectivity to MA obtained for (VO)2P20O7 and
B-VOPO,, where W is the weight of catalyst and F is
the flow rate of butane. The selectivity was nearly con-
stant in this range of conversion, although a slight
decrease was observed at a low conversion level for
(VO)2P201.

The effects of the reaction temperature on the reac-
tion rate and selectivity are shown in Fig. 7 for (VO)2P204.
The conversion was adjusted to about 40% in order to
compare the selectivity, except for the reaction at
250°C. The rate at 250°C was so low that a higher
conversion was not attained. The selectivity increased
as the reaction temperature decreased and was about

Fig. 6. Effect of W/F on conversion and selectivity to
maleic anhydride for oxidation of butane.
@ O; (VO)P:0+, BO; B-VOPO..
Reaction conditions; 440 °C, butane 1.5%, Oz 17%.
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~ — 2
21t o &
[
i;-,’ (44 0
- L 420 &
36 b3
(8)  (36) B
0__.————" ! ! 8
250 300 350 400 45
Reaction temperature/°C
Fig. 7. Effect of reaction temperature on rate and

selectivity for oxidation of butane over (VO)zP204.
Reaction conditions; butane 1.5%, Oz 17%.
Figures in parentheses are % conversions.

90% at 250°C.

The effect of the valence of vanadium on the catalytic
properties was examined using catalysts which were
prereduced by Hz. Prior to the reaction, 8-VOPOy4
(catalyst 3) and X; were reduced with Hs in a closed
circulation system (200 cm3) at 400°C until the average
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Fig. 8. Variation of activity and selectivity for oxida-
tion of butane over reduced catalysts at 440 °C with
reaction time.
Reaction conditions; butane 1.5%, Oz 17%, W/F=
0.67X10%g-h-mol-1.
@ O; reduced X;, B; reduced B-VOPOs.

valence of vanadium became four. After the treatment,
the structure of 8-VOPO4 and X, changed to amor-
phous. As shown in Fig. 8, the activity increased with
the reaction time for both catalysts and became constant
at later stage. The rates as well as the selectivity at
the steady state were comparable with those of corre-
sponding unreduced catalysts. After the reaction, the
reduced B-VOPO4 showed very weak peaks correspond-
ing to 8-VOPO, and the reduced X; showed XRD peaks
corresponding to a-VOPQO4 and (VO)2P20n.

Discussion

1. Structure of V-P Oxides with P/V=I. Several
structures have been reported for crystalline phases of
V-P mixed oxide catalysts with a P/V ratio close to
unity. These phases have recently been reviewed by
Delmon and Hodnett.2¥ Among them, only a-VOPOy,
B-VOPOy4, and (VO)2P207 are structures which were
determined by XRD analyses of single crystals.

The phases which have been claimed to be efficient
catalysts for the selective oxidation of butane to MA
are, for example, phase X of ICI'? and B phase of
Chevron.’» The XRD powder patterns of X and B
closely resemble those of a-VOPO4 and (VO)2P207,
respectively. The phases X; and Xz showed XRD
patterns very similar to 8* phase reported by Delmon
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and Hodnett8:24.29 and to B’ phase of ICI,29 respective-
ly. Therefore, so far there have been reported five
phases of V-P mixed oxide catalysts (P/V=1), i. e., a-
VOPO4, B-VOPO, (VO):P207 (=B phase), X1 (=p*
phase), and X2 (=B’ phase). However, it must be keptin
mind that catalysts showing similar XRD patterns are
often different in crystallinity and purity and some-
times exhibit quite different activity and selectivity.

2. Preparation of Single Crystalline Phases. The
preparation processes of the V-P oxides studied in the
present work (Tables 2 and 3) are summarized in Fig. 9.
As discussed below, these results demonstrate that the
factors investigated, 7,e., the kind of precursors, the
heating rate, the temperature of calcination, and the
atmosphere of calcination, are all important factors in
determining the resultant structure of catalysts.

2.1 Calcination in the Oxidizing Atmosphere: First
of all, it is noteworthy that a- and 3-VOPO, were re-
spectively formed as single phases (judged from XRD
powder patterns), by controlling the heating rate.
Trifiro et al. reported that a-VOPOQOg4 was transformed to
B-VOPO4 when a-VOPO, was heated for a prolonged
period at a high temperature,2V so that B is likely the
more stable phase at high temperatures. Bordes and
Courtine!® reported only the formation of 8-VOPO4 by
the calcination of P-Iin O2. However, the present study
has revealed that a-VOPO4 was exclusively formed
when the temperature was raised slowly. Itis probable
that a-VOPOy is the phase which crystallizes readily
at lower temperatures and that once a-phase is formed
it is not easily transformed to the S-phase.

P-I tended to melt at 400—450°C when it was
calcined in Og; sometimes, the gas flow decreased
sharply. In these cases, mixtures of a- and B-phases
were often obtained. To avoid this phenomenon, we
utilized a wide glass tube and raised the temperature
gradually while monitoring the rate of gas flow.

Thus, it is important for the preparation of single
crystalline phases to control the rate of temperature
rise of the calcination process. Trifiro etal.2V alsoindi-
cated that the heating rate had a significant influence

(VO),P,07

600(

;(NH’,)'Z'(('V'OS'Z'656,;'(F|'P6,;)"2']'E

/550(10)

i
600(7

450(20)

ict-VOPOl,l

550(30)

N
:
.
.
1
'
I
.
.

Fig. 9. Preparation processes of V-P oxides.
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August, 1985]

on the resultant phase.

From P-II (in which vanadium was pentavalent),
B-VOPO,, Xi, and Xz were respectively obtained by
controlling the calcination temperature and the heat-
ing rate (Table 2). These results are different from
those of Bordes and Courtine!® who reported the
formation of a-VOPQs. Probably, the detailed condi-
tions of the preparation were different, although they
are not described in their paper. Xi and X crystal-
lized at lower temperatures and were transformed into
B-VOPO4 when calcined at high temperatures. As
described above, the X; phase showed a XRD pattern
similar to the B* phase which Delmon and Hodnett
obtained as mixtures with other phases. They specu-
lated that vanadium in this phase was quadru-
valent on the basis of the fact that the fraction of the
B* phase and the average valence state of vanadium
changed somewhat in parallel with the calcination
time. However, the X; phase (=B8%*), which was ob-
tained almost as a single-crystalline phase, has vana-
dium(V) as determined by redox titration. Although
the structures of X; and Xz are not known, it appears
probable that they are heteropoly acids with a similar
structure (if their solubility in water and the acidic
nature of their solutions are considered).

P-III formed mainly (VO)2P207 by calcination in air;
vanadium (IV) was only partially oxidized to vanadium
(V) in contrast to P-I. As described below, due to a
similarity in structure, P-III is easily transformed to
(VO)2P207. This easy transformation may be the rea-
son why the oxidation of vanadium(IV) took place to a
much smaller extent than P-I. By calcination at high
temperatures, oxidation proceeded progressively to
form B-VOPO, or Xi. Therefore, it is necessary for a
preparation of pure (VO)2P207 to calcine P-III in the
absence of Oaz.

2.2 Calcination in the N Flow: The average oxida-
tion states of vanadium in the amorphous phases
which were obtained by calcination in Nz of P-I and P-
III were less than four, presumably due to the reduction
of catalyst by the NHj3 present in the precursors. Bordes
and Courtine!® reported the formation of (VO)2P207
from P-1. As described above, the phase formed by the
calcination of P-I sensitively varies depending on the
calcination conditions.

P-I1I was transformed into (VO)2P207 while keeping
the valence of vanadium. This is because there was
neither a reducing reagent like NH3 nor an oxidizing
reagent. As far as XRD is concerned, (VO)2P207, thus
formed, was pure. According to the structure of P-III
determined recently by Torardi and Cababrese,2® P-II1
((VO)2H4P209) and (VO)2P207 have a very similar
structure (Fig. 10). This may be the reason why ap-
parently pure (VO);P2O7 was rather easily obtained
from P-III.

It was claimed in a patent!® that a higher yield of
MA was obtained by the recalcination of the catalyst
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(probably (VO)2P207) in air at a high temperature
followed by washing with water and calcination at a
lower temperature. The present study (Fig. 1) indicates
that amorphous or a less-crystalline phase, contained
as an impurity, turned to the X; phase by calcination in
O: and that the X; phase, thus formed, was washed out,
resulting in a highly crystalline and pure (VO)2P20n.

2.3 Purity and Crystallinity: Each a-and 8-VOPOy,,
as well as (VO)2P207, prepared in this work by carefully
controlling the preparation conditions showed sharp
XRD peaks of their corresponding structures. IR
spectra also agreed with thosereported in the literature.
Therefore, the purity and crystallinity of all of these
catalysts are considered to be of the highest level among
the catalysts used in the preceding studies.

The fact that the oxidation states of vanadium were
close to four for (VO)2P207 and five for a- and 8-VOPO4
supports this consideration. X; and Xz are likely to
have a similar level of purity, as revealed by XRD
patterns and IR spectra together with the oxidation
state. Furthermore, an XPS analysis showed that the
oxidation state of vanadium on the surface was not
different from that in the bulk in the cases of 3-VOPQO4
and (VO)2P20n.

3. Efficient Phase for Catalytic Oxidation of Butane
to Maleic Anhydride (MA). The catalytic activity
and selectivity to MA of each single phase will be
phenomenogically discussed. Chevron found a fair cor-
relation between the MA vyield and the content of the
B phase (=(VO)2P207).19 It was claimed that this phase
was the efficient phase, although the highest content of
the B phase was obtained at P/V=1.2 and the average
valence of vanadium was 4.1—4.5.

Later, ICI indicated that phase X (z a-VOPO4) was
effectivel? and Delmon’s group suggested that the B*
phase was also effective,® while their catalysts were
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mixtures. Matsuura suggested that both a-VOPO4
and (VO)zP207 were good catalysts, since the reaction
proceeded by the redox cycle between these two phases.®
Recently, a patent from Mitsubishi Chemical Industry
indicated that their catalysts with P/V=1 exhibited a
high MA yield and had a (VO)2P207 structure.4

In our present study, as discussed above, catalysts
contained single crystalline phases. The P/V ratios
were all unity and the vanadium valences were close
to four or five. Moreover, (VO)2P207 was stable and
changed little under the reaction conditions. Structural
changes of a- and B-VOPO, were also negligible.
Therefore, it is meaningful to compare the catalytic
activity and selectivity of the catalysts as given in Table
5. Table 5 shows that the performance as a catalyst
was in the order of (VO)2P207>X2, X1>¢a-, B-VOPOy;
the selectivity to MA was much better for (VO)2:P207
(catalysts 9 and 10), while the rate normalized to the
surface area was more or less similar. The positions of
X1 and Xz are not certain, since no single phase of X; or
X2 was observed after use for a reaction.

A possible reason for the different performances be-
tween (VO)2P207 and a-, 8-VOPO, is the oxidation
state of vanadium. However, the prereduced catalysts
showed only low selectivities (Fig. 8). Also, the selec-
tivity increased with the reaction time when (VO)2P207
was formed after reaction and it maintained a low
level when B-VOPO, was formed (Fig. 8). Further-
more, amorphous catalysts having low oxidation states
of vanadium also showed low selectivities (Table 5). Thus,
catalysts containing vanadium(IV) are not always good
catalysts. A certain well-defined structure which is stable
under the reaction conditions appears to be necessary.
Probably, the (VO)2P207 catalyst was an efficient catal-
yst since it consisted of a single crystalline phase in
which vanadium(IV) was stable under the reaction con-
ditions. The very high selectivity obtained for (VO).-
P20~ at a low temperature (Fig. 7) may be meaningful
since the secondary reactions of MA are not significant
in this reaction.

Matsuura suggested that the reaction proceeded by
a redox cycle between (VO)2P207 and a-VOPO4.9 In
the present work for purified (VO)2P207, such a redox
cycle was notindicated. Nevertheless, the superiority of
(VO)2P207 is common in the two studies. While Trifiro
et al.?19 also reported that the B-phase (=(VO)2P207)
showed a good performance, our results were consid-
erably better at high conversion levels. The purity
of (VO)2P207 is a possible reason of this difference.
Delmon and Hodnett® recently indicated that the 3%
phase (=Xi) was the efficient phase. The data obtained
for the B* phase were comparable with the X, phase
in the present study. The X; phase was transformed
to Xz and ¢-VOPOy during the reaction (Table 5). If
one considers the low selectivity of the a-phase, the
pure Xz phase itself could be a fairly good catalyst.

The variations of activity and selectivity of amor-
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phous catalysts 7 and 8 with reaction time are con-
sistent with the concurrent structural changes. When
the amorphous catalyst 7 was used as a catalyst, the
conversion increased from about 20% (at 3 h) to 60%
(after 12h), and the selectivity to MA decreased from
about 30 to about 20%. The steady activity and selec-
tivity were close to those of a-VOPQO4. While the con-
version was less than 20% (during 15 h) over the catal-
yst 8, the selectivity to MA gradually increased with
time from 25 to 40% (15h). This is consistent with the
result for Xo.
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