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Abstract

The effects of the nature of silica support and removal of soluble vanadium species by ethanol on the catalytic properties of
silica-supported VPO catalysts were investigated. Ethanol preferentially removes V> species. For a silica-supported sample
of P/V ratio much lower than two, ethanol treatment resulted in a sample of higher P/V ratio and higher selectivity for maleic
anhydride in butane oxidation. The crystalline VPO phases formed differed on a hydrophobic vs. hydrophilic silica.
(VO),P,07 could be formed more easily on the former support. Interestingly, for all silica-supported catalysts, the maleic
anhydride selectivity depended much more strongly on the P/V ratio than on the method of preparation, the nature of the silica,
or the crystalline VPO phase present. © 1998 Elsevier Science B.V. All rights reserved.
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Preparation of supported VPO catalysts

1. Introduction

Currently, the selective oxidation of butane to
maleic anhydride (MA) is the only large volume,
commercially-practiced chemical synthesis by oxida-
tion of an alkane [1]. The catalyst used for this reaction
consists primarily of unsupported vanadyl pyropho-
sphate, (VO),P,0O;. Supported catalysts, however,
offer many potential advantages over their unsup-
ported counterparts: (1) increased surface area to
volume ratio of the active phase, (2) increased
mechanical strength and (3) improved heat transfer
characteristics. Although many researchers have
attempted to prepare supported vanadium phosphorus
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oxide (VPO) catalysts, the resulting materials exhib-
ited much lower MA selectivity compared to unsup-
ported catalysts [2-5]. In our earlier studies [6-9], we
found that on the SiO,-supported catalysts, the MA
selectivity depends on the nominal P/V ratio of the
catalyst. Catalysts with P/V ~ 1 have about 25%
selectivity to MA, much lower than the typical value
of about 70% achieved over unsupported (VO),P,0-,
but increases to 50-55% for catalysts with P/V ~ 2
[1,6]. Furthermore, interaction between VPO and the
silica support hinders the formation of (VO),P,0O, and
promotes the formation of VOPO,-like phases. The
latter observation suggests that, perhaps, the strong
VPO-Si0; interaction has resulted in the presence of a
much higher than optimal V™3/V** concentration in
the supported catalysts leading to poor MA selectivity
[6]. If so, it might be possible to prepare supported
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(VO),P,0; and/or obtain catalysts of higher MA
selectivities by: (1) using different preparation proce-
dures, such as extracting V"> compounds from the
supported catalysts with ethanol; or (2) preparing
samples with hydrophobic silica, the surface of which
is covered by siloxane groups to minimize VPO-SiO,
interaction. Here, we report the results of these experi-
ments.

2. Experimental
2.1. Catalyst preparation

2.1.1. Silica

Three types of silica were used. For investigations
of ethanol extraction, Davison silica, grade 62
(300 mZ/g), mesh 120-150, was used. Before use,
the silica was washed with 1 N nitric acid to remove
cationic impurities [10]. Catalysts prepared on this
silica are labeled VPO/SiO,-D. The silica used to
investigate the VPO-SiO, interaction was Cab-O-
Sil fumed silica. These fumed silicas consisted of
nearly spherical silica particles that form three-dimen-
sional, branched chain aggregates that can further
intertwine to form agglomerates of the chains. The
hydrophilic silica used was Cab-O-Sil L-90 (90 m*/g)
[11]. Catalysts prepared with this silica are labeled
VPO/SiO,—OH. The hydrophobic silica used was
Cab-O-Sil TS-720 (100 m?*/g) [11]. Terminal silanol
groups of this silica have been replaced by chains of
dimethyl siloxane (—O[Si(CH3),0],Si(CH3)3). Cata-
lysts prepared with this silica are labeled VPO/SiO,—
CH;. Both types of silica were used as received.

2.1.2.  VPO/SiO»-D catalysts

The VPO precursor was prepared by reduction of
V,05 in water by HCI at 100°C (~ 72 h) following the
method described by Centi et al. [12]. H;PO, (85%)
was then added to the solution, and the mixture was
refluxed for 1 h to obtain solution A. The P/V ratio was
varied by adjusting the amount of H;PO, added during
the synthesis of solution A. Solution A was then
directly used for impregnation at loadings of 8.4
wt% vanadium. A bulk sample was prepared by
evaporation of solution A. The supported samples
obtained are labeled VPO/SiO,-D-y, and the bulk
sample is labeled Bulk-y, where y represents the

nominal P/V ratio before activation. Some samples
were washed with ethanol before activation. They are
labeled VPO/SiO,-D-yW, where y represents the P/V
ratio before ethanol washing. The samples were acti-
vated under reaction conditions by first heating to
100°C at 2°C/min in a total flow of 41 ml/min. The
samples were then heated to 380°C and held at that
temperature for 8 h. The temperature was then
increased to either 475°C or 550°C and held at that
temperature for an additional 8 h. The temperature
was then lowered to the reaction temperature.

2.1.3. VPO/SiO,~OH and VPO/SiO,—CHj; catalysts

For samples VPO/Si0,—-OH, solution A with a P/V
ratio of 1.1 was used directly for impregnation. For
samples VPO/SiO,—CHj;, the same solution was first
evaporated in air to decrease the water content, then
redispersed with acetone. The acetone solution was
then used for impregnation. Loadings were 15 g V/
100 g SiO,. Bulk samples were obtained by evapora-
tion of solution A to a brown solid and are labeled
Bulk.

The impregnated samples and the bulk precursor
were activated by first calcining in air at 500°C for
24 h. Such derived catalysts are labeled —A. Some of
the samples were further heated in flowing N,
(200 ml/min) at 770°C for 2 or 24 h. The resulting
catalysts are labeled —Nx, where x indicates the time
(in h) for which the sample remained in the nitrogen
treatment.

2.2.  Catalyst characterization

X-ray diffraction (XRD) patterns were collected in
air with a Rigaku diffractometer using Cug,, radiation
with a Ni filter. For the VPO/SiO,-D catalysts, the
patterns were collected in an air-tight sample cell.
After the various pretreatments, the samples were
quickly loaded into the cell under ambient conditions.
For the other catalysts, the patterns were collected
under ambient conditions. Laser Raman (LRS) spectra
were collected using the 514.5 nm line of the Coherent
INOVA 70-2 Ar ion laser and spectrometer previously
described [13]. Spectra were collected either in situ
(0.99/10.2/88.81 = C4H,¢/O,/He, 400°C) or under
ambient conditions at a laser power of either 20 or
25 mW. Samples that had been used previously for
reaction in a microreactor were used to collect spectra
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under in situ conditions to avoid possible complica-
tions due to transient behavior. To verify that no
changes occurred during the in situ LRS collection,
three spectra for each sample were collected: first at
room temperature, then at 400°C, and finally after
cooling to room temperature. Phosphorus and vana-
dium concentrations were determined by inductively
coupled plasma atomic emission spectroscopy. Dif-
fuse reflectance spectra (DRS) were obtained in air
with a Cary 5 Spectrometer using polytetrafluoro-
ethylene as a reference.

2.3.  Reaction

Steady-state reactions were conducted in a tubular,
fused silica microreactor near atmospheric pressure.
Reactions were typically carried out with a C4H;/O,/
He feed of 2/20/78 or 2/24/74 at a total flow rate of 40—
70 ml/min with 0.15-0.8 g of catalyst. When neces-
sary, the amount of catalyst and the total flow rate were
adjusted to maintain similar W/F values. Carbon
balances were typically between 100% and 104%.
The catalyst bed was supported on acid-washed quartz
wool, and the remaining volume of the reactor was
filled with fused silica chips to minimize gas-phase
reactions. On-line gas chromatography employing a
combination of Carbosphere, VZ-7, and Carbowax on
Graphpac GB columns in parallel was used to analyze
the reaction products as previously described [6].

3. Results
3.1. Effect of ethanol extraction and P/V ratio

Three VPO/SiO,-D catalysts of different P/V ratios
were prepared and studied. The compositions of these
catalysts before and after ethanol extraction, analyzed
post-reaction, are listed in Table 1. As the P/V ratio of
the catalysts increased, the fraction of vanadium
extracted with ethanol decreased. Analysis of ethanol
after extraction showed dissolution of a small amount
of phosphorus also. For sample VPO/SiO,-D-2.4, only
a small amount of vanadium was extracted.

3.1.1. Catalyst characterization
The XRD pattern of the bulk precursor corre-
sponded to VOHPO,4-0.5H,0 [14]. After activation

Table 1
Composition of VPO/SiO,-D catalysts (post-reaction)
Sample PV Wt% P/Vin Vextracted!
VISiO, ethanol Vinitial
D-1.1 1.08 8.2 — —
D-2.0 1.96 8.1 — —
D-2.4 2.38 8.3 — —
D-1.1W 1.72 4.6 0.39 0.481
D-2.0W 2.00 7.7 1.51 0.068
D-2.4W 2.30 8.0 6.02 0.021
Bulk-1.1 1.08 — — —

at 380°C, (VO),P,0; was formed with trace amounts
of a-VOPO,, 6-VOPO, and y-VOPO,. Hutchings
et al. [15] have shown similar transformations using
laser Raman spectroscopy. After activation at 475°C,
the sample showed patterns of only (VO),P,0O; and
OLH-VOPO4.

Before activation, the VPO/SiO,-D samples were
X-ray amorphous. The XRD patterns showed only a
very broad peak at 20~22° due to SiO,. After activa-
tion, the XRD patterns depended on the P/V ratio.
Sample VPO/SiO,-D-1.1 showed a broad peak at
20=29.3° which could be attributed to either oy-
VOPOQ,, o;-VOPO, or VOPO,-xH,O0. It also showed
a weak peak at 20=11.5° which could be assigned to
VOPO,4-2H,0. However, patterns collected in an air-
tight cell did not show the main peak of o-VOPQ,,
20=25° [16]. Samples with P/V ratio greater than 2
were amorphous.

The diffuse reflectance spectra for the VPO/SiO,-D
samples after activation are shown in Figs. 1 and 2.
Samples VPO/SiO,-D-1.1 and VPO/SiO,-D-2.0
(Fig. 1(a) and (b)) showed an intense asymmetric
band that was most likely a combination of two
overlapping bands at about 590 and 650 nm. Another
major band at about 420 nm was also present, which
was absent in the other samples. For sample VPO/
Si0,-D-2.4, two intense bands at greater than 800 nm
and 660 nm were observed, together with a weak band
at 460 nm (Fig. 1(c)).

The spectra for the ethanol-extracted samples
(Fig. 2) were generally similar to that of VPO/SiO,-
D-2.4. The two intense bands in the region above
650 nm were easily observable. The weak band at
~ 460 nm was apparent for sample VPO/SiO,-D-
2.4W, but not for sample VPO/SiO,-D-2.0W. For
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Fig. 1. Diffuse reflectance spectra: (a) VPO/SiO,-D-1.1, (b) VPO/
Si0,-D-2.0 and (c) VPO/SiO,-D-2.4.
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Fig. 2. Diffuse reflectance spectra of ethanol-extracted catalysts:
(a) VPO/Si0,-D-2.0W, (b) VPO/SiO,-D-2.4W and (c) VO(PO3),.

comparison, the spectrum of VO(POj), is also shown
(Fig. 2(c)).

Fig. 3 shows the laser Raman spectra. The spectrum
of sample VPO/SiO,-D-1.1 after activation showed
strong bands at 1030 and 942 cm ™' and a weak band at
995 cm ™', which indicated the presence of mostly
VOPO,-2H,0 (Fig. 3(a)) [16,17]. The LRS spectrum
obtained at room temperature after in situ reaction
showed strong bands at 1040 cm ™" and 920 cm ™' with
a shoulder at 953 cm_l, which was characteristic of
a-VOPOy (Fig. 3(b)) [16]. As shown in Fig. 3(c), a
similar spectrum was obtained for the ethanol-washed
sample (VPO/Si0,-D-1.1W). For the ethanol-washed
sample VPO/Si0,-D-2.0W, the LRS spectrum showed
a broad peak at 960 cm ! (Fig. 3(d)), which could be
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Fig. 3. Room temperature Raman spectra of VPO/SiO,-D
catalysts:(a) VPO/SiO,-D-1.1 (after activation), (b) VPO/SiO,-D-
1.1 (after in situ reaction),(c) VPO/SiO,-D-1.1W (after in situ
reaction) and(d) VPO/SiO,-D-2.0W (after in situ reaction).

due to VO(POs3),. The latter has main peaks at 961 and
972 cm™' [18].

3.1.2.  Reaction data

Table 2 shows the reaction data for the VPO/SiO,-
D samples. Independent of ethanol-washing, the MA
selectivity increased with P/V ratio until the ratio
reached 2.0, thereafter, MA selectivity remained at
approximately 50%. Activation temperatures used in
this study had a negligible effect on MA selectivity.

3.2.  Effect of nature of SiO, surface

The effect of the nature of the silica surface was
studied with samples prepared on SiO,—OH and SiO,—
CH;. Two samples, VPO/SiO,—OH-1.1 and VPO/
Si0,—CHj3-1.1, were prepared, characterized and com-
pared.

3.2.1. Catalyst characterization

XRD patterns of silica-supported samples and the
bulk sample after treatment in air at 500°C for 24 h are
shown in Fig. 4(a)—(c). Both silica-supported samples
give identical patterns which corresponded to -
VOPO, (Fig. 4(a) and (b)) [19], in addition to the
broad peak of silica at 2©=22°. Patterns collected
before and after reaction were identical for both
samples with the exception of a weak peak at 20
=12.5° which occasionally appeared. Amoros et al.
[20] have reported that ®-VOPO, rapidly absorbs
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Table 2
Reaction data for VPO/SiO,-D catalysts at 425°C
Activation temperature 475°C 550°C
Sample® Wt (g) Conv (%) Selectivity (%) Conv (%) Selectivity (%)

MA CO, CcoO MA CO, CcO
D-1.1 0.18 44 26 19 55 47° 23 19 58
D-2.0 0.33 25 50 13 37 37° 45 15 38
D-2.4 0.74 11 53 11 36 9¢ 50 38 12
D-1.1W 0.39 32 46 16 38 — — — —
D-2.0W 0.57 28 53 13 34 — — — —
D-2.4W 0.67 20 51 12 37 — — — —
Bulk-1.1 2.0¢ 41 67 11 22 — — — —
# Reaction conditions: 41 ml/min, C4/O,/He=2/20/78.
®C, and C; products were formed.
¢ Catalyst wt.=0.54 g.
4 Weight of precursor.
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Fig. 4. XRD of samples after air calcination: (a) VPO/SiO,—CHj3-
A, (b) VPO/SiO,-OH-A, (c) Bulk-A and (d) Bulk-A (after
reaction). ®=m0-VOPO,, 8=3-VOPO,, oj=0y;-VOPO,, *=LiF
(internal standard).

water and irreversibly transforms into VOPO4-2H,0.
Thus, the 12.5° peak could be a strong diffraction
for VOPO,4-2H,0. As shown in Fig. 4(c), the bulk
sample, Bulk-A, showed similar diffraction peaks to
the silica-supported samples, with the exception of
seven unidentified, broad, weak peaks at 20 =23.6°,
26.3°, 36.0°, 41.1°, 42.3°, 47.4° and 57.5°. The
major peaks, however, were slightly shifted towards
higher 2© values (smaller d-spacing) compared to
the silica supported samples. Unlike the supported
samples, Bulk-A underwent transformation during
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Fig. 5. XRD of samples after air calcination, followed by N,
calcination for 2 h: (a) VPO/SiO,—CH3-N2, (b) VPO/SiO,—OH-
N2, (¢) Bulk-N2 and (d) Bulk-N2 (after reaction). P=(VO),P,0-,
ag=0o-VOPO,, 8=38-VOPO,, B=B-VOPO,, *=LiF (internal
standard).

reaction (Fig. 4(d)). The dominant species present
after reaction was 0-VOPO, [21] with traces of
GH-VOPO4 [16]

Diffraction patterns for samples treated in nitrogen
for 2 h at 770°C are shown in Fig. 5. The sample
supported on the hydrophobic silica, VPO/SiO,—CH;3—
N2, showed diffraction peaks characteristic of
(VO),P,O, (Fig. 5(a)) at 20=14.1°, 15.5°, 18.4°,
22.7°,28.4°,29.8°, 33.7°, 36.7° and 43.2° [16]. There
was a small unidentified peak at 58.4°, and the peak at
25.0° appeared to be unusually large to be the (211)
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plane of (VO),P,0; [16]. A small amount of o-
VOPO,, which has a principal diffraction at
20=25.0°, may contribute to the latter peak [16].
The sample supported on hydrophilic silica, VPO/
Si0,—OH-N,, showed peaks attributed to o;-VOPOy,
(Fig. 5(b)) in addition to unidentified peaks at 20
=22.7°, 23.7°, 25.7°, 31.3°, 32.2°, 37.6°, 54.4° and
63.5° [16]. After being used in reaction, two new
weak, unidentified peaks appeared (20 =18.1° and
27.4°%). The pattern from the bulk sample, Bulk-N,,
corresponded to (VO),P,0; with a small amount
of 8-VOPO, along with small unidentified peaks
at 20=28.9°, 46.9°, 49.5°, 58.5° and other weaker
peaks at 20>45.0° (Fig. 5(c)) [16,21]. The peak at
20=28.9° might be attributed to one of the main
peaks of B-VOPO,, but the other main peak of
B-VOPO, at 20=26.2° was not detected [16]. After
being used in reaction, the relative intensities of the
peaks changed, the presence of B-VOPO, became
clearly evident, and a small unidentified peak at
20=24.9° appeared [16].

The diffraction patterns for the silica-supported
samples treated in nitrogen for 24 h at 770°C are
shown in Fig. 6. Both samples showed diffraction
peaks, most of which could be attributed to (VO),P,0,
and VO(SiO)P,05 [16,22]. By comparing the relative
intensities of the strong VO(SiO)P,0; peaks
(26=28.8° and 20.3°) to the strong (VO),P,0- peaks
(20=28.4° and 22.7°), it could be concluded that
relatively more VO(SiO)P,O; was present in the

Intensity (a.u.)

Fig. 6. XRD of samples after air calcination, followed by N
calcination for 24 h: (a) VPO/SiO,—CH3-N24, (b) VPO/SiO,—~OH-
N24. P=(VO),P,07, S=(VO)(SiO)P,07, * =LiF (internal standard).
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Fig. 7. Room temperature Raman spectra of samples after air
calcination:(a) VPO/SiO,—CH;3-A (after in situ reaction), (b) VPO/
SiO,—OH-A (after in situ reaction) and (c) Bulk-A (after
calcination).

sample supported on hydrophilic silica (VPO/SiO,—
OH-N24) than in the sample supported on hydropho-
bic silica (VPO/SiO,—~CH;—-N24).

Figs. 7 and 8 show the LRS spectra of the silica
supported samples calcined in air and treated in
nitrogen for 2 h, respectively, at room temperature
after in situ reaction at 400°C. The spectra for the bulk
catalysts were collected under ambient conditions
before reaction. The spectra for the catalysts activated
in air are shown in Fig. 7. The spectra for the bulk
sample and both silica supported samples showed
bands at 934, 979, 1022 and 1083 cm ! Although
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Fig. 8. Room temperature Raman spectra of samples after air
calcination, followed by N, calcination for 2 h: (a) VPO/SiOp—
CH3-N2 (after in situ reaction),(b) VPO/SiO,—~OH-N2 (after in situ
reaction) and (c) Bulk-N2 (after calcination).
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these spectra were similar to those reported for
5-VOPO, [16], they might be due to ®-VOPO, for
which no spectrum has been reported. The spectrum
for the Nj-treated VPO-SiO,—~CH3;-N2 (Fig. 8(a))
showed strong bands at 928 and 933 cm ™' which were
assigned to the asymmetric P-O-P stretches of
(VO),P,07 [23]. In addition, there might be bands
at 950cm™' and 1025cm™', perhaps due to
a-VOPOy, but the spectrum was too noisy to be
definitive [16]. The spectrum for the sample VPO/
Si0,—~OH-N2 (Fig. 8(b)) showed bands at 944, 980,
995 and 1089 cm™' which corresponded to ay-
VOPO, [16]. An additional band at 1021 cm”! might
be due to 6-VOPO, [16]. A very weak band at
1036 cm ™' remained unidentified. Bulk-N2 showed
the characteristic peaks of (VO),P,O; at 927 and
933 cm™ ! (Fig. 8(c)) [16].

3.2.2.  Reaction data

The reaction data are shown in Table 3. Interest-
ingly, the selectivity for MA on the supported cata-
lysts, 19-27% at 425°C and 17-23% at 485°C, did not
differ substantially in spite of the very different crys-
talline phases detected. The VPO/SiO,—CH; samples
were slightly more active than the VPO/SiO,—~OH
samples. The activity for sample VPO/SiO,—CH;-
N24 was much lower than the others, which could
be due to loss in surface area and the formation of
VO(SiO)P,04. In contrast, the Bulk-A sample exhib-
ited 45-55% MA selectivity for butane conversions
between 5% and 20% and, Bulk-N2 produced MA
with selectivity ranging between 30% and 45% (which
varied from batch to batch) at conversions ranging
from 5% to 30%.

107
4. Discussion

4.1. Effect of ethanol extraction and P/V ratio

Catalysts prepared with SiO,-D show clearly that
the nature of the vanadium species depends strongly
on the P/V ratio. The diffuse reflectance spectra of the
samples VPO/SiO,-D-1.1 and VPO/SiO,-D-2.0 are
different from the other samples. The spectra of these
other samples are close to that of VO(POj3),. They all
show strong absorption above 700 nm, which is indi-
cative of the presence of VO by comparison with
spectra of known compounds (see Table 4). This is
consistent with the fact that silica-supported samples
of P/V=2 and higher contain a high concentration of
V4T [6] and ethanol preferentially dissolves V>
compounds. By inference, the strong absorption at
590-650 nm of samples VPO/SiO,-D-1.1 and VPO/
Si0,-D-2.0is due to V> oxo species. The presence of
VOPO, is detected by LRS (Fig. 3(a)), and washing
the sample with ethanol causes the appearance of
a Raman peak at ~960 cm ! (Fig. 3(c)) which is
consistent with preferential removal of VOPO, by
ethanol.

The catalytic data in Table 2 show that ethanol
washing increases MA selectivity for sample VPO/
Si0,-D-1.1 substantially, but has much less effect for
samples of higher P/V ratios. This is true in spite of
different conversion data being used for comparison,
since previous data of such supported VPO catalysts
showed that the selectivity only depends weakly on
conversion [6,7].

Previously, we have shown that on SiO,-supported
samples, MA selectivity increases with P/V ratio up to

Table 3
Reaction data for catalysts supported on hydrophilic and hydrophobic silica
Reaction temperature 425°C 485°C
Sample® Wt (g) Conv (%) Selectivity (%) Conv (%) Selectivity (%)

MA CO, Cco MA CO, CO
VPO/SiO,-OH-A 0.50 28 27 18 55 72 23 19 58
VPO/SiO,—OH-N2 0.50 19 19 19 62 53 17 19 64
VPO/SiO,-CH3-A 0.46 33 25 19 56 73 21 21 58
VPO/SiO,—CH;-N2 0.47 24 24 18 58 60 22 18 60
VPO/Si0,~CH;-N24° 0.29 10 24 16 60 32 21 19 60

# Reaction conditions: 70 ml/min, C4/O,/He=2/24/74.
® 40 ml/min.
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Table 4

Absorption bands of some reference compounds®

Compound Medium Maxima (nm) Assignment

VO™ 0.5-2 M HCIO, 763; 625; 240 2By — 2E(I);?By — 2By;?By — 2E(Il)
V0S0,-0.5H,0 Crystal(b) 769(L); 625; 240(L) 2B, — 2E(I);?B, — *By;?By — *E(Il)
VO0S0,-0.5H,0 Powder 775;621 2By, — 2E(I);?B, — *B,

VO, Powder 2B, — 2E(Il

VO(oxalate);” H,0 794; 606; 340 2B, — 2E(I);2B, — 2By; 2B, — 2A,
VO(tartrate)”~ H,0 (909;588); 532; 395 (B, — 2E(1));2B, — *By; 2B, — 24,

# Data extracted from [24].
b Light polarized L to V-0 axis.
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Fig. 9. Effect of P/V ratio on MA selectivity over silica-supported
VPO prepared and pretreated by various methods, i.e. (starting
compounds, silica, pretreatment conditions): €=(V/SiO, +
triethylphosphate, Davisil grade 646, O, at T=425°C [7]),
@=(VO(H,PO,),, Cab-0O-Sil L-90, C4H,,/O,/He at T=425°C or
485°C [25]), ¥=(V,0s + HCI + H3PO,, Davison grade 62,
C4H;¢/Ox/He at T=475°C [this work]), l=(V.0s + HCl +
H;PO,4, Davison grade 62, C4H;o/O,/He at T=550°C [this work]),
A=(NH,VO; + HO,CCO,H + (NH,4),HPOy,, Davisil grade 644 or
646, air at 7=520°C [6]), A=(NH,VO; + HO,CCO,H +
(NH4),HPO,4, Davisil grade 644 or 646, C4H;¢/O,/He at
T=425°C [6]).

P/V=2.0 [6]. The catalytic data shown in Table 2 are
consistent with this trend. In fact, when the collection
of catalytic data of SiO,-supported catalysts are
plotted in Fig. 9, the connection between the P/V
ratio and the MA selectivity is apparent. These
data represent samples prepared and pretreated by
various methods and for butane conversions from
4% to 44%. Details of the preparation and pretreat-
ment conditions are given in the caption of Fig. 9.
Thus, the preparation method, the pretreatment

procedures, the nature of the silica or the butane
conversion do not have as strong an effect as the
P/V ratio on the selectivity.

4.2.  Effect of the nature of SiO;

The type of silica affects the crystallization process
of the VPO compound. When activated in air at 500°C,
the SiO,—OH and SiO,—CHj supported samples and
the corresponding unsupported sample form predomi-
nantly the same compound, ®-VOPO,. When used in
reaction, Bulk-A transforms into 8-VOPO, and oy-
VOPO,, while the supported samples remain
unchanged. Further activation in nitrogen at 770°C
for 2 h after the air treatment reduces the bulk sample
to predominantly (VO),P,0-, agreeing with the results
of Hannour et al. [26]. The sample supported on
hydrophobic silica, VPO/Si0,—~CH;3;-N2, also formed
(VO),P,0, whereas the sample supported on hydro-
philic silica, VPO/SiO,—~OH-N2, formed o;-VOPO,
and an unidentified phase(s), but no (VO),P,0. For-
mation of (VO),P,07 requires more extended heating.
Thus, the interaction is weaker between VPO and the
hydrophobic silica than between the hydrophilic
silica. The surface of the hydrophobic silica has been
treated with siloxane. It is unlikely that the hydro-
carbon chains of the siloxane can survive the calcina-
tion at 500°C. Instead, it is more probable that the
hydrocarbon chains are oxidized to carbon oxides and
water, leaving behind a network of SiO, that has few
silanol groups. The low density of silanol groups
reduces the extent of interaction of VPO with the
support surface. The hydrophilic silica surface has a
higher density of silanol groups. Thus it interacts more
strongly with the VPO compounds.
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Extended heating in nitrogen for 24 h causes reac-
tion between SiO, and VPO to form VO(SiO)P,0.
The influence of the stronger support—oxide interac-
tion of the hydrophilic silica is still observable. Sam-
ple VPO/SiO,—~OH-N24 shows more VO(SiO)P,05,
relative to (VO),P,0; compared with sample VPO/
Si0,—CH;3-N24.

It is quite unexpected that the MA selectivity of
sample VPO/SiO,—CH;3-N2 is only about 25%, even
though the sample contains (VO),P,0; as the pre-
dominant crystalline phase. The reason for this is not
known. The XRD pattern of the (VO),P,O; phase
agrees quite well with published results [16]. That is,
there is no evidence that the morphology of these
crystallites are very different from the unsupported
(VO),P,0. Tt is possible that the surface of the
supported (VO),P,0; is covered with Vot species
that are less selective. It is also possible that the
supported (VO),P,0O, undergoes oxidation/reduction
with different kinetics than unsupported phases, per-
haps because of different surface area to volume ratio,
or due to interaction with the silica surface. Further
investigation is needed to explain this observation.

Finally, it is interesting that calcination of the
precursor produces ®-VOPQO, . Although this phase
is formed for both the unsupported and the supported
samples, their XRD peaks are slightly shifted from
each other. Hannour et al. [26] have also reported peak
shifts for bulk -VOPOQO, that correspond to variations
over ranges of d-spacing for particular diffraction
planes . The shifts observed in Bulk-A fall within
these ranges [26]. The XRD pattern for the Bulk-A
sample corresponds to a contraction along the a-axis
(from 6.84A to 6.60A) and an expansion along the
c-axis (from 8.42A to 8.65A) of ®-VOPQ,. Overlap of
peaks of ®-VOPQO, and 6-VOPO, may also contribute
to the apparent peak shifts. The 18.4°, 21.2°, 28.1°,
33.8° 49.8° and 61.6° peaks of ®w-VOPO, [19] are
close to the 19.5°, 22.0°, 28.5°, 34.7°, 51.3° and 62.9°
peaks of 3-VOPO, [21].

5. Conclusion

In this study, we have shown that the crystalline
phase of VPO formed on a silica support depends upon
the type of silica and the extent of interaction of VPO
with the silica. Hydrophobic silica interacts less

strongly with VPO than hydrophilic silica does, and
the transformation of the VPO phase on its surface is
more similar to the unsupported VPO. Crystalline
(VO),P,0 can be formed on a hydrophobic silica.
However, the MA selectivity of the silica-supported
catalysts depends much less on the nature of the silica
or the crystalline VPO phases formed than on the P/V
ratio. As was observed previously, selectivity is the
highest when the P/V ratio is about two.
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