Catalysis Letters 65 (2000) 9-17

Oxidation of butane over vanadium—phosphorus oxides of P/V > 2
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Two mixed oxides of vanadium and phosphorus, with phosphorus to vanadium atomic ratio (P/V) about 2 and 2.4, were studied as
catalysts for selective oxidation of butane to maleic anhydride. The sample with P/V about 2 was poorly crystalline, contained a small
amount of V(V), and oxidized butane to maleic anhydride with about 50% sdlectivity. The sample with P/V about 2.4 contained well
crystalline VO(PO3), phase, but it deactivated with time-on-stream with the formation of V(POg3)3. The results suggested that the two
samples differed greatly in their rates of oxidation of the vanadium ions.
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1. Introduction

Vanadium—phosphorus oxide (VPO) is the commercial
catalyst for the selective oxidation of butane to maleic an-
hydride (MA) [1]. Even though the bulk phase of this
catalyst is composed of well-crystallized vanady! pyrophos-
phate ((VO),P,0y7), the best industrial catalysts always have
phosphorus to vanadium atomic ratios (P/V) dightly higher
than unity [1,2]. The status of the extra phosphorus and its
effect on the catalytic performance has long been one of the
most interesting topics in this catalytic system. Surface en-
richment of phosphorus was observed by X-ray photoelec-
tron spectroscopy and other techniques[3-5], and recent re-
sults have suggested strongly that the crystalline (V O),P,0;
phaseis hot necessary for high selectivity and activity [6,7].
For example, Hutchings et al. [3] observed that, on the
surface of a well-crystallized vanadyl pyrophosphate with
bulk P/V ratios between 1 and 1.2, surface enrichment of
phosphorus results in surface P/V ratios near 2. Therefore,
studies of VPO catalysts with bulk P/V ratios higher than
unity have been of interest among researchers [8-12].

A general dependence of the catalytic performance on
the P/V ratio near unity isthat increasing P/V ratio improves
the selectivity to MA while decreasing activity. In our
previous studies over silica-supported VPO catalysts, it was
observed that the selectivity for maleic anhydride in butane
oxidation increased from about 25% for catalysts with a
P/V ratio of unity to about 50% for a P/V ratio of about
two [8,9].

However, controversial results have been reported on the
performance of VPO catalysts with P/V ratios near or above
two, especialy for the catalysts derived from vanady! dihy-
drogen phosphate, VO(H2PO,4)2. Morishige et al. obtained
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a low activity with 64.5% selectivity for butane to maleic
anhydride[10]. Sananeset al. reported 100% sel ectivity to-
ward partial oxidation products (mainly maleic anhydride)
at very low conversions [11,12], whereas Guliants et al.
found the compound to be completely inactive for butane
oxidation reaction [13]. Even with these controversies in
the literature, continual efforts are still being made to im-
prove VO(H2PO,), as selective oxidation catalysts [14,15].

In this paper, two catalysts prepared from precursors of
different P/V ratios but containing crystalline VO(H2POy,),
were characterized. The implications of their different cat-
alytic properties on the nature of the active phase are dis-
cussed.

2. Experimental
2.1. Catalyst preparation

VO(H2PO4), was prepared by an agueous procedure
based on the method of Sananeset al. [11]. AqueousH3PO,
was mixed with V,0,4 and allowed to sit overnight. The
deep blue, glassy mixture was then refluxed between 180
and 200°C for 1-6 h until the suspension became predom-
inately pale blue. The suspension was centrifuged. After
decanting the liquid, the solid was redispersed with diethyl
ether. The centrifugation and resuspension with anew batch
of ether was repeated for five times to remove H3PO,. Fi-
nally, the pale blue solid was dried at 100°C overnight.
The resulting precursor is referred to as precursor A. It
had a P/V ratio of 2.05 4 0.08, as analyzed by inductively
coupled plasma (ICP).

Precursor B was prepared by three times re-crystalliza-
tion of the pale blue mixture after reflux by dissolving the
solid in water. After the final recrystallization, the solid
was washed with diethyl ether. Precursor B was bluish
gray after drying at 100°C overnight. The P/V ratio of
precursor B was 2.40 + 0.08.
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After activation under reaction conditions for 2 h, the
BET surface area of the P/V = 2.05 sample was 5 m?/g,
and of the P/V = 3.4 sample it was 3.6 m?/g.

2.2. Catalytic test

Catalytic tests were carried out using a fixed-bed mi-
croreactor. Gas mixtures of C4H10/O,/He of 2/24/74 or
1.0/10.2/88.8 (vol%) were used at flowrates of 70 ml/min
and 20 ml/min, respectively. About 0.8 or 1.7 g catalyst
with particle size between 20 and 40 mesh was used. When
the catalyst was activated in situ, the temperature was in-
creased from room temperature to 100°C at 2 °C/min, then
held at 100°C for 1 h. The temperature was then increased
to the reaction temperature at 10°C/min. In some exper-
iments, precursor A was activated by calcination in air at
500°C for 24 h. The effluent gases were analyzed in the
same way as described in the literature [8,9].

2.3. Characterization

The precursors and catalysts were characterized by X-ray
diffraction (XRD) on a Rigaku powder diffractometer using
Cu Ko radiation and Ni filter. LiF was used as an inter-
na standard to calibrate the peak positions. The spectra
were collected under ambient conditions, including those
for catalysts after reaction. Laser Raman spectra (LRS)
were collected using Ar ion laser excitation (514.5 nm).
The power of the laser a the sample was 25 mW. The
spectrawere collected under ambient conditions. The phos-
phorus to vanadium ratios were determined by inductively
coupled plasma (ICP) after dissolving the solid sample in
water. The diffuse reflectance spectra (DRS) were collected
under ambient conditions using polytetrafluoroethylene as
the reference.

3. Results and discussion
3.1. VO(H2PQO,), precursors

Figure 1 showsthe XRD patterns of precursors A and B.
Both precursors showed only sharp diffraction peaks for
VO(H2POg4), [11]. The relative intensities of the peaks
were roughly the same for both samples. The Raman spec-
trum of precursor A (shown in figure 2) showed a main
peak at 937 cm™!, which is in agreement with the liter-
ature data for VO(H2POgy), [11,12]. Figure 3 shows the
diffusive reflectance spectrum of precursor A. There were
three broad absorption bands at 205, 378 and 618 nm. Ac-
cording to Villeneuve et a. [16], they can be attributed to
thee, — €, 2B, — 2A;, and 2B, — 2B transitions of the
V(IV) ion in VO(H2POy,),, respectively. There was also a
shoulder at about 275 nm. A similar spectrum was obtained
for precursor B.

The ICP analyses indicated that precursors A and B had
P/ atomic ratios of 2.05 + 0.08 and 2.40 + 0.08, respec-
tively. Within experimental error, precursor A had the sto-
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Figure 1. XRD patterns of VO(H2PO,), precursors: (&) precursor A and
(b) precursor B.
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Figure 2. LRS of VO(H2POy),, precursor A.

ichiometric P/V ratio of VO(H2PO,),. The higher PV ra-
tio for precursor B suggested the presence of extra phos-
phoric acid in this precursor, that was probably intercalated
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Figure 3. DRS of VO(H2POy),, precursor A.

in the crystalline structure of VO(H,PO,), as suggested
by Lodwig [17]. Results of activation experiments (shown
later) indicated that the occluded phosphoric acid affected
the transformation of VO(H,PQO,), to crystalline VO(PO3)..

3.2. Catalysts derived from precursor A

3.2.1. Catalyst structure

In order to obtain a well-crystallized VO(PO3),, activa-
tion of the precursor was attempted using various proce-
dures, such as calcination in dry air, moisture air, or nitro-
gen, or under reaction conditions. No pure crystal phase
was obtained in any of these treatments. Figure 4 shows
the XRD patterns of samples after activation by calcination
in air a 500°C or under reaction conditions. A common
feature in these patterns is the presence of a very broad
peak spanning 20 = 15-35°, indicating the presence of an
amorphous phase.

The pattern for the air-calcined catalyst also showed
peaks at 20 = 22.4°, 22.9°, and 24.2° in addition to
other small peaks (figure 4(a)). They could be all assigned
to VO(POz3), [13,18,19]. Thus, this catalyst contained a
mixture of an amorphous phase and crystalline VO(POs)s.
A comparison of curves (a) and (b) in figure 4 showed that
there were no obvious changes in the XRD pattern of the
catalyst after reaction. However, the catalyst did change its
color from yellowish brown to brown after reaction. This
change could be reversed by calcining the used catalyst in
air at 500°C for 24 h without changing its XRD pattern.
From our experience, the color change corresponded to the
reduction of vanadium ions from V(V) to V(IV) and/or
V(1) [20].

For the catalyst activated in situ, there were three small
peaks at 20 = 14.3°, 23.9°, and 28.8° (see figure 4(c)).
They should be assigned to VOPO,4-2H,0 (20 = 28.8°,
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Figure 4. XRD patterns of catalysts derived from precursor A: (a) activated

inar a 500°C, for 24 h, (b) asin (&) and then used for butane oxidation,

(c) activated under reaction conditions at 425 °C in butane/oxygen/He =
2/24/74 (vol%).

24° and the hydrate peak at 20 < 15°) [15,21]. In ad-
dition, there was a relatively large broad peak centered at
about 20 = 22°, which indicated that this sample contained
alarger portion of amorphous material than the air-calcined
sample.

The LRS spectra of the samples obtained by calcina
tion in air or activated in a reaction mixture are shown
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Figure 5. LRS spectra of VPO catalysts derived from precursors A: (a) ac-
tivated in air at 500 °C, for 24 h, (b) activated under reaction conditions
a 425 °C in butane/loxygen/He = 2/24/74 (vol%).

in figure 5. In the spectrum for catalyst activated in air
(figure 5(a)), there were four absorption peaks. The peak
at 1038 cm™! indicated the presence of an a-VOPO,-
like compound [22]. The sharp pesks a 971.6 and
961.1 cm~1 can be attributed solely to the crystalline phase
of VO(POs),. The dlight difference in peak positions ob-
served here with the literature data could be due to interfer-
ence from the broad background peak. The broad peak at
about 936 cm~* could be formed by the overlap of peaks
at 957 cm~?! (for VO(PO3),) and 926 cm~! (for the a-
VVOPQO;y-like compound).

The spectrum for the catalyst activated under reaction
conditions was much less well resolved (figure 5(b)). This
isin agreement with the XRD results that there was a minor
amount of crystalline materials in the sample. In general,
this spectrum was in agreement with the presence of a-
VOPO4-like compound and VO(POs),.

These characterization results showed that crystalline
VO(PO3), was formed more readily by air calcination than
under reaction conditions. A substantial fraction of the sam-
ple was amorphous to X-ray diffraction. The color change
of the air-calcined sample after reaction was indicative of
some reduction of V(V) to V(IV) or V(lIl), which was
present in the amorphous phase. Activation under reaction
conditions also resulted in some oxidation of V(IV) in the
precursor to V (V). The resulting sample was less crystalline
than the air-calcined sample.
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Figure 6. Butane oxidation on precursor A activated in situ. Reaction con-

ditions: 485°C, catalyst weight 0.8 g, total gas flow rate 70 ml/min, gas

composition: butane/oxygen/He = 2/24/74 (vol%). (a) Butane conversion
and (b) product selectivities.

3.2.2. Catalytic activity

The activity with time on stream of the catalysts from
precursor A depended on the activation procedures. Fig-
ure 6 (a) and (b) shows the reaction results for a catalyst
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from precursor A activated in situ. The first data point was
recorded after the catalyst had been activated at 485°C
for about 2 h in a gas mixture of C4H10/Oz/He = 2/24/74
(vol%) at total flowrate of 70 ml/min. Butane conversion
increased continuously with time-on-stream, from 8 to 12%
after 24 h. The selectivity to maleic anhydride was stable
at about 55% during the entire period.

On the other hand, the behavior of precursor A after ac-
tivation in air at 500°C for 24 h was different. As shown
in figure 7 (a) and (b), the activity of the catalyst decreased
in the first few hours and leveled off after about 10 h on
stream. The selectivity for MA was quite constant, although
there was a dlight change in the CO/CO;, ratio, being in fa-
vor of CO, with time-on-stream. The highest selectivity to
maleic anhydride was 55%, which was obtained at 425°C
at atotal gas flowrate of 70 ml/min.

Table 1 summarizes the reaction data obtained at rela-
tively steady state for different activation procedures. At
comparable conversions, the product selectivity at steady
state was independent of the activation procedure.

3.2.3. Active phase in catalysts from precursor A

It has been widely accepted that butane oxidation on
V—P-0 catalysts takes place through a Mars and Van Krev-
elen redox mechanism involving lattice oxygen (scheme 1
below) [20,23]. During the reaction process, the surface
active site undergoes reduction and oxidation in turn, by
butane and oxygen.

Vanadium exists as V(IV) in the catalyst precursor
(VO(H2PQg4)2). When the precursor was activated in air,
the LRS spectra showed that an amorphous phase con-
taining structural units like those formed in o-VOPO, ap-
peared. Thus, at least some of the vanadium in the amor-
phous phase was oxidized to V (V). This was in agreement
with the yellowish color of the air-calcined sample. When
such sample was used for catalytic test in a gas mixture of
butane/oxygen/He = 2/24/74 (vol%), its activity decreased
with time-on-stream, together with the change in color in-
dicating reduction of some V(V) to V(IV).

On the other hand, when the precursor was activated
in the reactant mixture, a small amount of VOPO, phase
was detected together with an amorphous phase. Thus,
some vanadium was oxidized from V(I1V) in the precur-
sor to V(V) in the reaction mixture. We postulate that the
increase in activity with time-on-stream (figure 6(a)) is as-
sociated with the dow build-up of V(V) in the catalyst.
Since a-VOPQy is not a selective oxidation catalyst [24],
the catalyst can only form a limited amount of this phase
before degradation in selectivity becomes significant. The
ability of this catalyst to retain the amorphous phase is im-
portant.

Thus, these data are consistent with the assumption that
the catalytic activity for butane oxidation is closely corre-
lated with the concentration of V (V) ions. The importance
of V(V) in activating butane has been emphasized in the
literature. In our early results, a correlation was also found
between the catalytic activity of the vanadium pyrophos-
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Figure 7. Butane oxidation on precursor A activated in ar. Reaction

conditions: catalyst weight = 1.7 g, butane/oxygen/He = 2/24/74 (vol%);

period I: reaction temperature = 380°C, gas flow rate = 70 mi/min;

period 11: 425°C, 70 mi/min; period I11: 425°C, 40 mi/min. (a) Butane
conversion and (b) product selectivities.

phate catalyst with its V(V) concentration [22]. Deteriora-
tion of maleic anhydride selectivity with increasing V (V)
has also been documented [25].
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Table 1
Butane oxidation with precursor A derived bulk catayst.2

Activation  Reaction temperature  Mass of sample  Butane conversion Selectivity? (%)
method (°O) (9) (%) MA AR G, Cs CO CO;
In situ 425 0.8 2 62 6 2 Trace 24 6
In situ 485 0.8 12 57 2 2  Trace 29 9
Air 425 17 84 57 2 2  Trace 28 11

2Total flow rate: 70 mi/min, C4H10/O2/He = 2/24/74 (vol%).

bMA = maleic anhydride, AR = acrylic acid, C, = ethane; C3 = propane.

2 Theta

Figure 8. XRD patterns of catalysts derived from precursor B: (a) ac-

tivated in the flow of 20 ml/min of butane/oxygen/He = 1.0/10.2/88.8

(vol%) at 400°C for 4 h, (b) deactivated sample, and (c) re-oxidized after
deactivation.

There was no detectable crystalline phase of vanadyl py-
rophosphate in these samples, although maleic anhydride
was produced with over 50% selectivity. Thus, crystalline
vanadyl pyrophosphate is not a necessity for selective pro-
duction of maleic anhydride.

3.3. Catalysts derived from precursor B

3.3.1. Catalyst structure

Activation of precursor B in the flow of 20 ml/min of
butane/oxygen/He = 1.0/10.2/88.8 (vol%) at 400°C for
4 h, produced a sample of a quite pure crystaline phase
of VO(POg3),. The XRD pattern of an activated catalyst is
shown in figure 8, together with a deactivated and a regen-
erated sample. The XRD pattern of the activated sample
agreed well with the one reported for VO(PO3), [13,18,19],
except for a small bump at 26 = 26.2° that could be as-
signed to a tiny amount of V(POz3)3 [13,26].

The VO(PO3), phase was till the dominant phase in the
deactivated catalyst (figure 8(b)). The more pronounced
peaks at 260 = 26.2° and 33° suggested an increase in
the amount of V(POgs)s. Heating the deactivated sample
in flowing oxygen at 400°C for 3 h partially regenerated
the sample. The XRD pattern of this sample (figure 8(c))
showed a corresponding decrease in peak intensities at
20 = 26.2° and 33°, athough they were still substantially
more intense than those for the activated catalyst.

The LRS spectra shown in figure 9 (A) and (B) are
consistent with the XRD results. A common set of dom-
inant peaks was observed in al three samples at 960.9,
694.1, 1106.8, 1064.6, 394.7, 344.8, and 316 cm1,
etc. (figure 9(A)) that could be assigned to crystalline
VO(PO3), [13]. In the region 400-770 cm~* (figure 9(B)),
the intensities of a minor peak at about 671 cm~! were
different. According to the literature [13], V(POg3)3 has its
strongest peak at 671.4 cm~1. This peak was the strongest
for the deactivated sample, and was undetectable in the
activated catalyst.

3.3.2. Catalytic activity

The catalytic property of precursor B for butane oxi-
dation was tested by activating the catalyst in situ under
reaction conditions. in the flow of 20 ml/min of butane/
oxygen/He = 1.0/10.2/88.8 (vol%) at 400°C. The cat-
alytic behavior of this sample is shown in figure 10. From
the second hour on stream, the catalytic activity reached
a steady state with about 4% butane conversion. After
3 h on stream, the butane conversion started to decrease
and in about 6 h, it decreased to 0. Interestingly, as the
catalyst deactivated, the selectivity changed accordingly.
First, the selectivity to CO, decreased, and then the se-
lectivities to CO and MA decreased. At the same time,
the selectivity to furan increased. After the above reaction
test, the catalyst color changed from greenish blue to green,
which suggested the phase transformation from VO(POs)>
to V(POg3)s [27]. Treating the deactivated sample in flow-
ing oxygen at 400°C for 3 h only partidly restored the
catalytic property.

To test the oxygen insertion ability of the deactivated
catalyst, 1-butene oxidation was carried out with the deac-
tivated sample. The test was conducted at 400°C using
a feed of 50 ml/min 1-butene/oxygen/He = 1.5/24/74.5
(vol%). The results are shown in figure 11. The cata-
lyst was only active for double-bond migration. No oxida-
tion products could be detected. The 1-butene conversion
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Figure 9. (A) LRS spectra of catalysts derived from precursor B: (a) activated sample (as in figure 10(a)), (b) deactivated sample, and (c) re-oxidized
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decreased from 76 to ~50% in about 3 h. After the reaction
test, the catalyst became black, indicating the formation of
coke.

3.3.3. Active phase in catalysts from precursor B
These results can be explained using the redox scheme
of vanadium:

V(V) + butane — V(IV) + surface intermediate (1)
V(IV) + surface intermediate —

V(I11) + products (MA, CO, CO,) )
V(1) + (1/2)0; — V(V)O ©)
2V(IV) + (1/2)0; — V2(V)O 4
V(I11) 4 3PO3 — V(POy)s (5)

Scheme 1. Redox scheme of vanadium during butane oxidation.

In this scheme, butane is activated by being oxidized
on a V(V) surface site (step 1). A surface intermediate
is formed, and the surface site is reduced to V(IV). Fur-
ther reaction of the intermediate on a V(1V) site eventually
forms the observed products in a multistep process, and
V(I11) may be formed in the process (step 2). At the same
time, V(I11) and V(IV) can be oxidized (steps 3 and 4).
However, if free phosphate groups are present, such as in
samples with P/V larger than two, V(POgs)3 can be formed
aso.

Precursor B was transformed readily into crystalline
VO(PO3), under reaction conditions. The large excess of
phosphorus might have facilitated this transformation com-
pared with precursor A. Conseguently, there was only a
small concentration of V(V) in the activated sample and
the sample was much less active than catalysts from pre-
cursor A.

Continued exposure to the reaction mixture caused re-
duction of the sample. The small amount of V(V) was
reduced to V(1V) and V(I11), and V(PO3)3 was formed. As
aresult, the catalyst deactivated. That this occurs suggests
that the reoxidation rate of the sample was slow, which
agrees with the fact that oxidation at 400°C for 3 h could
not fully reoxidize or regenerate the catalyst. The deacti-
vated sample did not have oxidation activity, although it
was active for double-bond isomerization.

The LRS and XRD results showed that the dominant
crystalline phase of the deactivated sample was VO(PO3),.
Assuming that this phase was not formed rapidly when the
sample was exposed to air, and that the sensitivity factors
for VO(POg3), and V(POs)3 are comparable for both tech-
niques, the amount of crystalline V(POs)3 in the deactivated
catalyst was estimated to be less than 10%. Therefore, the
formation of crystalline V(PO3)3z must be in the near sur-
faceregion. And thetransfer of lattice oxygen to the surface
from the VO(POz3), underneath the surface layer was slow.

The low activity and slow deactivation permitted ob-
serving the change in product distribution at very low bu-
tane conversions (figure 10). The data were consistent with

the scheme that furan is an intermediate oxidation product,
which is further oxidized to maleic anhydride [9,24,28]. In
addition, there is a parallel combustion pathway.

A comparison of the results obtained on catalysts from
precursors A and B shows that, at a P/V ratio near 2, the
catalyst structure and its catalytic performance are very
sensitive to the P/V ratio. Excess phosphate facilitates
the transformation of VO(H2PO,), to a crystal phase of
VO(PO3), and the formation of V(POs3); under reaction
conditions. The controversial results in the literature on the
catalytic performance of such catalysts may originate from
the dlightly different P/V ratios in those catalysts. It should
be noted that the active catalysts reported in literature de-
rived from VO(H,POy,), always contain some amounts of
amorphous phases in addition to VO(POg), [8-10].

4. Conclusions

The transformation of a V—P-O precursor of PV > 2
depends strongly on the presence of excess P. For PV = 2,
a poorly crystalline sample was formed, which could be
oxidized relatively easily. If excess P is present, crystalline
VO(PO3); isformed much more easily, and the oxidation of
V(IV) to V(V) becomes much slower. Asaresult, the cata-
lystisless active in butane oxidation, and it deactivateswith
time-on-stream with the formation of V(PO3)3. This depen-
dence of the properties on the presence of excess phospho-
rus may explain the different behaviors of VO(POgs), re-
ported in the literature. The results also show that vanadyl
pyrophosphate in not a necessary component of a selective
butane oxidation catalyst.
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