Catalysis Letters Vol. 89, Nos. 1-2, July 2003 ( © 2003)

87

Bismuth-modified vanadyl pyrophosphate catalysts
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A 1% bismuth-doped VPO catalyst was prepared by refluxing Bi(NO;3); and VOPOy - 2H,0 in isobutanol. The incorporation of
Bi into the VPO lattice lowered the overall V oxidation state from 4.24 to 4.08. It also lowered both the peak maximum temperature
for the desorption of oxygen from the lattice from 1001 K (undoped) to 964 K with a shoulder at 912 K and the peak maxima for H;
temperature-programed reduction from 863, 1011 and 1143 K (undoped) to 798, 906 and 1151 K. The total oxygen desorbed from the
Bi-doped catalyst was only one-fourth that of the undoped catalyst, while the amount of oxygen removed by TPR was roughly the
same for both catalysts. These results suggest that in anaerobic oxidation, the Bi-doped catalyst will have roughly the same activity as
in undoped catalyst in C4 hydrocarbon oxidation but will have a higher selectivity to products such as olefins and maleic anhydride.
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1. Introduction

Vanadium phosphorus oxide (VPO) is the commer-
cial catalyst for the selective oxidation of butane to
maleic anhydride. It is, so far, the only successful
industrial process utilizing alkanes [1,2]. It is considered
that the main active phase in catalysts stabilized under
reaction conditions is (VO),P,07, which is formed
topotactically from the precursor VOHPO, - 0.5H,0
that can be prepared by a number of methods [3]. One of
the methods of preparation is by the reduction of
VOPO, - 2H,0, the catalyst resulting from which is
found to be particular effective for n-butane oxidation.
Catalytic performance may be improved by adding
specific doping agents to the VPO composition. The
nature, the location and the role of these dopants have
been previously reviewed [4]. Several different metals
have been used as the modifier, and data has been
published on their influence on the yield and selectivity
of formation of maleic anhydride, and on the reaction
rate of these catalysts [5,6]. A somewhat recent
publication was concerned not only with general aspects
of the reaction of modified VPMO catalysts (where M
stands for metal promoter) but also with the effect of
modifiers on the structure and morphology of the
catalysts in optimizing selective butane oxidation to
maleic anhydride [7].

In general, promoters only constitute a small part of
the overall composition of VPO catalysts [8]. Bismuth
(Bi) has been used as a promoter by some researchers [9—
11], showing an increase in selectivity to MA upon the
addition of Bi. For the most advantageous performance
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properties, it is preferred that the total atomic ratio of Bi
to the proportion of vanadium should be in the range of
0.001:1 to 0.2:1, preferably 0.005:1 to 0.07:1 [10].
Furthermore, X-ray diffraction (XRD) studies have
shown that the Bi-doped materials are predominantly
(VO),P,07 with a minor amount of BiPO4 [12].

A bismuth additive was introduced into VPO catalyst
as bismuth chloride, but a yield of only 37% was found
with this catalyst [8]. Haber et a/. [13] have studied the
effect of bismuth additive introduced into the VPO
precursor, which was prepared in a classical organic
medium. The Bi-doped catalyst gave an n-butane
conversion of 76% and selectivity of 68% after the
catalytic tests. A VPBIO catalyst is also used in
n-pentane partial oxidation [14].

In this paper, the physical and chemical modifications
induced in a vanadyl pyrophosphate catalyst will be
examined.

2. Experimental

2.1. Preparation of doped vanadyl pyrophsophate
catalysts

The undoped VOHPOy, - 0.5H,0 precursor was pre-
pared via VOPOy,-2H,0 (denoted as VPD method).
V,05 (12.0 g from Fisher Scientific) and ortho-phospho-
ric acid H3POy4 (115 g, 85% from Fisher) were refluxed in
water (24-mL H,0O/g solid) for 24h. The resulting
VOPO, - 2H,0 was recovered by filtration and washed
with water and finally identified by XRD. This solid
(4g) was then refluxed with isobutanol (80mL from
BDH) for 21 h, and the resulting solid was recovered by
filtration and dried in air (383 K, 16h).
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For the preparation of the Bi-doped precursor, the
required mass of the bismuth nitrate salt was previously
dissolved in isobutanol, prior to refluxing it with
VOPO, - 2H,0 in isobutanol. The doped precursor
was denoted PVPDBIl.

The resulting precursors were then calcined in a
reaction flow of n-butane/air mixture for 75h at 673 K.
The activated doped catalyst was denoted VPDBIl.

2.2. Catalysts characterization

The total surface area and porosity of the catalysts
were measured by the BET (Brunauer—Emmer—Teller)
method using nitrogen adsorption at 77 K. This was
done by the Micromeritics ASAP 2000 nitrogen
adsorption/desorption analyzer.

The bulk chemical composition was determined by
using a sequential scanning inductively coupled plasma-
atomic emission spectrometer (ICP-AES) Perkin Elmer
Emission Spectrometer model Plasma 1000. Each
sample was digested by concentrated nitric acid (8 M)
with slow heating. The resulting solution was diluted
with distilled water to 250 mL.

The average oxidation state of vanadium in the
catalysts were determined by redox titration following
the method of Niwa and Murakami [15]. About 0.1 g of
each catalyst was dissolved in 100 mL of 2M H,SO, at
353 K. The vanadium (IV or III) content was determined
by titration with a solution of KMnQOy4 (0.01 N). The
vanadium (V) content was determined by titration with a
solution of a Mohr salt (FeSO4- (NH4),SOy - 6H,0,
0.01 N) using diphenylamine as an indicator.

The XRD analyses were carried out using a
Shimadzu diffractometer model XRD 6000 employing
Cu Ko radiation to generate diffraction patterns from
powder crystalline samples at ambient temperature.

SEM was done using a Jeol JSM-6400 electron
microscope. The samples were coated with gold using
a Sputter Coater. The photographs were captured using
a Mamiya camera with Kodak Verichrome Pan 100
black and white negative film at various magnifications.

TPD (temperature-programmed desorption) and
TPR (temperature-programmed reduction) analyses
were done by using a ThermoFinnigan TPDRO 1110
apparatus utilizing a thermal conductivity detector
(TCD).

3. Results and discussion

3.1. BET surface area measurement, chemical analysis
and redox titration

The Bi-doped catalyst, VPDBIi1, had a higher surface
area, 25.0m?g~!', than that of VPD (20.3m?g™!).
Doping with Bi has somehow altered the development
of the basal (100) (VO),P,O; face, which is the

interesting feature of the high BET area of the catalyst.
The addition of Bi cation into the VPD matrix has
encouraged the formation of crystal phases with higher
surface area. Chemical analysis using ICP indicated that
the P/V ratio for VPD and VPDBIl are 1.09 and 1.12
respectively, and confirmed the presence of Bi with a
Bi/V atomic ratio of 0.0096.

The average oxidation number and percentage of VV
and V!V oxidation state is shown in table 1. Bi was
found to decrease the average oxidation number from
4.24 to 4.08, i.e., a reduction of VV oxidation state in
VPD from 24 to 8%.

3.2. X-ray diffraction (XRD)

XRD patterns of both precursors (figure 1) are
identical to VOHPO,-0.5H,0 with peaks at
20 =15.75, 19.83, 24.42, 27.28 and 30.63°. The XRD
patterns for VPD and VPDBIl catalysts are shown in
figure 2 and these materials have similar patterns to a
well-crystallized (VO),P,07, with main peaks appearing
at 260 = 22.9, 28.4 and 29.3°, which correspond to (020),
(204) and (221) planes respectively [16]. The addition of
Bi leads to the reflection at 260 = 22.9° indexed to the
(020) plane being more intense compared to the
undoped catalyst. Our lack of observation of a separate
BiPO,4 phase at a Bi:V ratio of 0.0096 would suggest
that no BiPO, phase was formed and that all of the Bi
was incorporated into the (VO),P,0O; lattice. This is
implied in the finding by Ayub et al. [12] of a
predominantly (VO),P,07 crystal with a minor BiPO4
phase for higher loadings, suggesting that the majority
of the Bi was incorporated into the (VO),P,07 lattice.
Obviously, since the Bi** is much larger than V** (Bi**
radius 103 pm; V* radius 58 pm), replacing a V** with
Bi** will cause considerable strain in the lattice. This
strained lattice would be suspected to release oxygen at a
lower temperature (see below) and so increase both
activity and selectivity.

Table 2 shows the line width of the (020) and (204)
plane reflections. The parameter used to determine the
crystal size is the half width of the (020) peak. The line
width increases with the decreasing size of the crystal-
lites [17]. The decrease in the FWHMs of the (020)
reflection indicates that the thickness of the particles in
the (100) direction decreases. The half width of the (204)

Table 1
Average oxidation numbers and percentages of V¥ and V'Y oxidation
states present in VPD and VPDBIl

Catalyst VY (%) V! (%) Average
oxidation
number

VPD 24 76 4.24

VPDBIl 8 92 4.08
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Figure 1. XRD patterns of PVPD and PVPDBIl.

peak changes slightly, reflecting a constant crystalline where ¢ is the particle thickness for the (hkl) phase, A is
order of the bc plane, as well. the X-ray wavelength of radiation for Cu Ka, By is the

The particle thickness is given by the Debye—Scherrer  full width at half maximum (FWHM) at the (hkl) peak
and 6y, is the diffraction angle for the (hk/) phase [18].

equation:
The particle thickness for VPD at (020) and (204) were,
:& as calcoulated from the above formula, 69.09 and
Biki €OS O 173.62 A respectively (table 2). However, the particle
2000
(204)
(020)
1500 « (VO),P,0,

VPDBI1

1000

Intensity / a.u

VPD

500

10 20 30 40 50 60
20/ degree

Figure 2. XRD patterns of VPD and VPDBIl.
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Table 2
XRD data of undoped and doped VPD catalysts

Catalyst ~ Line width®  Line widothb Thickness®  Thickness®
(020)/A (204)/A (020)/A (204)/A

VPD 1.1600 0.4616 69.09 173.62

VPDBIl 0.5873 0.3541 136.46 226.32

“FWHM of (020) reflection.

"FWHM of (204) reflection.

“Plate thickness by means of Scherrer’s formula: T’ (A) =(0.89 x 1)/
(FWHM x cos 6).

thickness of (020) and (204) for the Bi-doped VPD
catalyst were both increased to 136.46 and 226.32 A
respectively.

3.3. Scanning electron microscopy (SEM)

The morphology of the undoped and Bi-doped VPD
catalysts is shown in figure 3. The principle structure of
the catalysts is the same, consisting of platelike crystals,
which are arranged into the characteristic rosette-shaped
clusters [19]. The undoped VPD catalyst shows a
rosette-type structure with a crystallite of uniform size.

However, Bi-doped catalyst showed more layered
platelike crystals, which form at the surface of clusters.
This could explain why the Bi-doped catalyst had a
higher surface area than VPD. The layered structure
increased the exposure of the basal (100) (VO),P,0;
face. The rosette-type agglomerates are made up of
(VO),P,07 agglomerates of platelets that are preferen-
tially exposing (100) crystal planes [20].

3.4. O, temperature-programed desorption (TPD)

The oxygen desorption spectra for VPD and VPDBil
catalysts shown in figure 4 were carried out by
pretreating the catalysts by heating them to 673K in
an oxygen flow (1 bar, 25cm? min_l), holding it under
that stream at 673K for 1h, before cooling it to
ambient. Then the flow was switched to helium and the
temperature was raised to 1223 K (20 K min™") follow-
ing the conductivity of the oxygen by a thermal
conductor detector. The onset of O, evolution for
VPDBIil occurs at ~ 810K with a peak maximum
observed at 964 K and a shoulder at 912 K. However,
VPD gave only one higher temperature (37 K higher) peak
at 1001 K with an onset oxygen peak at ~ 840 K. These
are assigned to the lattice oxygen, which also has been
observed earlier in organic method preparation of the
VPO catalyst [21]. The addition of Bi significantly reduced
the lattice oxygen desorption temperature by ~ 89 K.

The total amount of oxygen desorbed from VPDBIl
is 9.45 x 10" atom g~' corresponding to a coverage of
3.78 x 10'* atom cm?, which is equivalent to ~ 0.54% of

I 1mm 1

Electron Imsge 1

(b)

Figure 3. SEM micrographs of (a) VPD and (b) VPDBIl catalysts.

the lattice oxygen. This amount is only one quarter of
the undoped catalyst (table 3).

The desorption activation energy for the peak at
1001 K for VPD corresponds to 276.4kJ mol~! (table 3),
whereas peaks for VPDBil at 912K and 963K
correspond to 251.8 and 266.2kJmol™" respectively.
The desorption activation energies were obtained by
solution of the Redhead equation [22],

ro=(5)o(wr)
rT,?~ \8)"P\RT,
where Ej is the desorption activation energy (kJ mol™'),
A is the desorption A-factor (10'3/s, assumed), R is the

gas constant (J/K/mol), B is the heating rate (K/s) and
T (K) is the temperature of the peak maximum.

3.5. Temperature-programed reduction (TPR)

Figure 5 shows the TPR profile in a H,/Ar stream
(5% H, in Argon, 1 bar, 25cm? min~!), using a fresh
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Figure 4. TPD of O, for VPD and VPDBIl catalysts.

sample of catalyst and raising the temperature from
ambient to 1223 K at 20 Kmin~' in that stream.

Three distinct peaks maxima of VPD were observed
in the rate of hydrogen consumption at 863, 1011, and
1143 K (table 4), whereas Bi-doped catalyst also gave
three peaks maxima. However, the first two peaks
maxima were significantly shifted to a lower tempera-
ture, i.e., 798 and 906 K. The reduction temperature of
oxygen removed from the lattice by reaction of H, is
consistent with the observation of oxygen evolution
from the lattice thermally.

The total amount of H, consumed is 2.53x
102" atomg™! for VPD catalyst and 2.78 x 102!
atomg~! for VPDBIl catalyst, which correspond to
~ 14.4% and ~ 15.8% oxygen atoms removed from the
lattice respectively. The values of the activation energies

are obtained from a modified version of the Redhead

equation,
E, A, —E,
— = | — |[H2],, ex
RT,’ <ﬂ>[ 2o p(RTm>

where T}, is the peak maximum temperature (K) in the
rate of consumption of H», E; is the reduction activation
energy (kJmol™'), 4, is the reduction pre-exponential
term (cm®mol~'s™!) that is given the value of a
standard collision number of 10" cm3>mol~'s~! and
[Hy], is the gas-phase concentration of hydrogen
(mol/cm®) at the maximum peak [23]. The reduction
activation energies for VPD, as such, are calculated to
be (i) 144.3kJmol™" at 863K, (i) 169.1kJmol™" at
1011K and (iii) 191.1kJmol™" at 1143K. Also, the

Table 3
Amount of oxygen desorbed and desorption activation energies obtained by temperature-programmed desorption from VPD and VPDBIl
catalysts
Peaks Tinax(K) Desorption Total amount Total amount Coverage
activation energy, of oxygen of oxygen (atom cm?)
E4 (kImol™) atoms desorbed (molg™") atoms desorbed (atom g~ ')
VPD
1 1001 276.4 512 x 1074 3.08 x 10%° 1.52 x 10"
VPDBIl
1 912 251.8 1.42 x 107* 8.55 x 10" 3.42 x 10"
2 964 266.2 1.50 x 1077 9.03 x 10" 3.61 x 10"
Total oxygen atoms desorbed 1.57 x 107* 9.45 x 10" 3.78 x 10

Note: Surface area: VPD = 20.26m?g~"; VPDBil = 25.03m”g~'; weight:VPD = 0.0861 g; VPDBil = 0.0842g.
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Figure 5. TPR for VPD and VPDBIl catalysts.

Table 4
Total number of oxygen atoms removed from the VPD and VPDBIl catalysts by reduction in H,/Ar

Peaks Tiax(K) Reduction Oxygen atoms Oxygen atoms Coverage

activation energy, removed from the  removed from the (atom cm?)
E, (kJmol™) catalyst (molg™')  catalyst (atomg™")

VPD

1 863 144.3 1.35 x 1073 8.13 x 10%° 401 x 10"

2 1011 169.1 2.10 x 1073 1.26 x 107! 6.22 x 10"

3 1143 191.1 7.58 x 107 4.56 x 10%° 225 x 101

Total oxygen atoms removed 421 x 1072 2.53 x 107! 1.25 x 10'®

VPDBil

1 798 133.5 1.44 x 1073 8.67 x 10% 3.46 x 10

2 906 151.5 1.85 x 1073 1.11 x 107! 4.44 x 10"

3 1151 192.5 1.33 x 1073 8.01 x 10% 3.20 x 10"

Total oxygen atoms removed 462 x 1073 2.78 x 10°! 1.11 x 10

Note: Surface area: VPD = 20.26m?g™"; VPDBIil = 25.03m?g™'; weight: VPD = 0.0379 g; VPDBil = 0.0375¢.

activation energy values for VPDBIl are (i) 133.5kJ/mol
at 798 K, (i) 151.5kJ/mol at 906 K and (iii) 192.5 kJ/mol
at 1151 K.

4. Conclusions

1. The physical effect of the incorporation of Bi (1%)
into a VPO lattice is an increase in the total surface areca
of the catalysts from 20.3m? g~! (undoped) to 25m? g~
This increase in area is brought about by an increase in
the rosette-type platelets subtending the (100) face.

2. The chemical effects of the incorporation of Bi into
the VPO lattice are (i) a reduction in the overall

oxidation state of the vanadium from 4.24 to 4.08 and
(i1) a reduction in its activation energy for the desorption
of oxygen from the lattice and a lowering in the
activation energy for the reduction of the lattice with
H,. We have previously suggested that there is a
correlation between the H, reduction kinetics and its
selectivity of the catalyst in butane oxidation [24].
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