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Synthesis of vanadium phosphate catalysts by hydrothermal method for
selective oxidation of n-butane to maleic anhydride
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Two vanadium phosphate catalysts (VPH1 and VPH2) prepared via hydrothermal method are described and discussed. Both
catalysts exhibited only highly crystalline pyrophosphate phase. SEM showed that the morphologies of these catalysts are in plate-
like shape and not in the normal rosette-type clusters. Temperature-programmed reduction in H, resulted two reduction peaks at
high temperature in the range of 600-1100 K. The second reduction peak appeared at 1074 K occurred as a sharp peak indicated
that the oxygen species originated from V** phase are having difficulty to be removed and their nature are less reactive compared
to other methods of preparation. Modified VPH2 gave better catalytic performance for n-butane oxidation to maleic anhydride
contributed by a higher BET surface area, high mobility and reactivity of the lattice oxygen associated to the V** which involved in
the hydrocarbon’s activation. A slight increased of the V> phase also enhanced the activity of the VPH2 catalyst.
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1. Introduction

Vanadium phosphorus oxide (VPO) is versatile
catalytic component that has been extensively applied
in selective oxidation of n-butane to produce maleic
anhydride (MA). Most attention has focused on the
hemihydrate precursor phase, VOHPO,-0.5H,0,
which is transformed under reaction conditions to give
a complex mixture of V** and V> phases.

To date, a number of variations of VOHPO,-0.5H,O
formation have been documented which included (i)
VPA, prepared by using the standard aqueous HCI
method followed by water extraction step; (ii)) VPO,
prepared by the reaction of V,05 with H;PO, in iso-
butanol followed by water extraction step; (iii) VPD,
prepared by the reaction of VOPO,-2H,O with iso-
butanol [1,2], (iv) sonochemical method, using ultra-
sound and microwave irradiation [3] and (v) using
surfactants, reacting V,Os and H;PO4 with cetyltrime-
thylammonium chloride [4]. However, there has been
little interest in the preparation of vanadyl pyrophos-
phate catalyst using hydrothermal synthesis. Previous
studies by Torardi et al. [5] and Bartley et al. [6] have
reported the preparation of (VO),P,O; catalyst by
hydrothermal synthesis using V,04 and H3;PO, as
starting materials. Bartley et al. [6] reported that the
selectivity to MA for the hydrothermal prepared catalyst
(22 h for crystallization time in autoclave) was similar to
other non-promoted VPO catalysts and also gave higher
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space time yield than that of catalysts prepared using
alcohol as solvent.

In this study, vanadium phosphate catalysts were
prepared via two different procedures using hydro-
thermal method. It highlights the development of an
improved hydrothermal method for the synthesis of
this catalyst. The physico-chemical properties of these
catalysts synthesized using V,0s as a starting material
were investigated by means of various techniques, i.e.,
XRD, BET, SEM, O,-TPD and TPR. The catalytic
property of both catalysts will also be reported.

2. Experimental
2.1. Catalysts preparation

The (VO),P,0 catalysts were prepared using differ-
ent procedures of hydrothermal method with the same
starting material. The first method was carried out
according to the procedure proposed by Fraztky et al.
[7]. The precursor obtained was denoted as PVPHI.
Another preparation procedure was used to prepare this
catalyst by using V,0s5 (7.3 g from Fluka),0o-H3;POy4
(5.4 mL, 85% from Merck), oxalic acid dihydrate (7.5 g
from Merck) and water (16 mL) as a mineralizer. The
starting material and mineralizer were mixed uniformly
before was charged into a Teflon-lined stainless steel
autoclave. The hydrothermal synthesis was conducted at
423 K for 144 h. After the autoclave was cooled, the
powder was centrifuged, washes with deionized water,
and dried at ~373 K for 5 h. The precursor obtained
was denoted as PVPH2.
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Both precursors were then calcined in a reaction flow
of n-butane/air mixture (0.75% n-butane/air) for 6 h at
713 and 733 K, respectively. The catalysts obtained were
denoted as VPH1 and VPH2.

2.2. Catalysts characterization

XRD analyses were carried out using a Shimadzu
diffractometer model XRD-6000 employingCu K, radi-
ation to generate diffraction patterns at ambient tem-
perature.

BET surface area was done by using a Thermo-
Finnigan Sorptomatic Instrument model 1900 nitrogen
adsorption/desorption at 77 K.

The average oxidation states of vanadium in the
catalysts were determined by redox titration following
the method of Niwa and Murakami [8].

A Jeol JSM-6400 scanning electron microscope
(SEM) was used to obtain topographical information
from the catalysts.

Temperature-programmed desorption (TPD) and
Temperature-programmed reduction (TPR) experiments
were performed by using ThermoFinnigan TPD/R/O
1100 Series instrument.

2.3. Catalytic test

The oxidation of n-butane to maleic anhydride was
carried out in a fixed-bed flow microreactor containing a
standard mass of catalyst (0.25 g) at 673 K with GHSV
of 2400 h™". Prior to use, the catalysts were pelleted and
sieved to give particles (250-300 ym in diameter).
n-Butane and air were fed to the reactor via calibrated
mass flow controllers to give a feedstock composition of
1.7% n-butane in air. The products were fed via heated
lines to an on-line gas chromatography for product
analysis. The reactor comprised a stainless steel tube
with the catalyst held in place by plugs of quartz wool. A
thermocouple was located in the centre of the catalyst
bed and temperature control was typically £1 K. Car-
bon mass balances of 295% were typically observed.

3. Results and discussion
3.1. X-Ray diffraction

XRD patterns of the precursors (figure 1) prepared
throughout both routes gave highly crystalline and
exposure of the crystallographic phase (001) and in good
agreement with those reported for VOHPO,-0.5H,O
phase [1,2]. Interestingly, no traces of VO(H,PO,),, an
impurity noted to be readily formed under traditional
aqueous preparation conditions [9] was observed.

The XRD patterns (figure 2) for both catalysts
(VPH1 and VPH2) showed well-crystalline materials
with the same structured characterized by sharp peaks
appeared at 20=23.0°, 28.35° and 29.83° correspond to
(020), (204) and (221) plane reflections, respectively.
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Figure 1. X-ray diffraction patterns of PVPH1 and PVPH2.

These results are in agreement with the report for van-
adyl pyrophosphate phase by Kiely et al. [2]. The (020)
plane reflection for both catalysts were more intense and
narrower compared to other methods of preparation
[1,2,10,11]. The particles thicknesses were such calcu-
lated using Debye—Scherrer equation [12] shows that
VPH2 has smaller particles than the VPHI catalyst.

The value of the crystallite size was summarised in
table 1. The line width increases with the decreasing size
of the crystallites. The crystallite sizes obtained by
observations from SEM micrograph were larger than
those obtained from theoretical calculation using the
Debye—Scherrer equation, attributing to the presence of
polycrystallinity in the particle.

3.2. BET surface area measurement and volumetric
titration
The specific surface area for VPH2 (9.5 m”> g7 is

slightly higher than VPHI catalyst (8 m® g”'). These
values are higher than those reported for VPO catalyst
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Figure 2. X-ray diffraction patterns of VPHI1 and VPH2 catalysts.
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Table 1
XRD data for VPHI1 and VPH2 catalysts

Catalysts  Line width®  Line width®  Thickness®  Thickness®
(020) (204) (020)/A (204)/A

VPH1 0.2337 0.2083 347.30 394.01

VPH2 0.3042 0.3188 266.84 257.37

2 FWHM of (020) reflection.

® FWHM of (204) reflection.

¢ Plate thickness by means of Scherer’s for-
mula:7(A) = (0.9 x 1)/(FWHM x cos 0).

prepared via aqueous method [2,11]. However, the value
obtained was lower than the organic [10] and dihydrate
methods [11]. Recently, Bartley et al. [6] reported that
the surface area of vanadium phosphate derived from
hydrothermal synthesis using V,04 as vanadium source
was slightly higher i.e. 11 m?g™". As mentioned previ-
ously, the BET surface area value is in accordance with
the crystallite size distribution which indicates large
crystallite size gives low surface area. So, from the
crystallite size result calculated using Debye—Scherrer
equation, VPH2 catalyst with smaller particle size gave a
higher surface area compared to VPHI.

The average oxidation state of vanadium for VPHI is
4.23. This is roughly similar for the catalyst prepared via
VPD method but higher from VPO method and lower
than VPA catalyst [11]. However, for VPH2, the value is
higher, i.e. 4.35 which show an increased of V°" phase
from 23% (VPH1) to 35% (VPH2) (table 2).

3.3. Scanning electron microscopy (SEM)

Figure 3 (a and b) show the surface morphologies of
the hydrothermal synthesized catalysts. VPH2 catalyst
shows a small plate-like texture, whereas VPH1 catalysts
illustrate the formation of larger with irregular flaky
shape. These morphologies are different from the com-
mon images for vanadyl pyrophosphate catalysts, i.e. a
rosette-like clusters [1,10,11]. A lower surface area
obtained from these hydrothermally synthesized cata-
lysts may due to the bulk morphologies of these cata-
lysts.

3.4. Temperature-programmed desorption of O
(O»>TPD)

The oxygen desorption spectra shown in figure 4 were
obtained by pretreating the catalysts by heating them to
673 K in an oxygen flow (101 kPa, 25 cm® min~") and

Table 2

BET surface areas and average oxidation numbers with percentages of
V** and V7 oxidation states present in VPHI and VPH2

Catalysts Sger (m® g7')  Average oxidation V** (%) V" (%)
state of vanadium

VPHI1 8 4.23 77 23

VPH2 9.5 4.35 65 35

Figure 3. SEM micrographs for (a) VPH1 and (b) VPH2.

holding them under that flow at 673 K for 1 h before
cooling them to ambient temperature. The high-tem-
perature pretreatment in flowing oxygen removed any
trace of water from the system. The flow was then
switched to helium (1 bar, 25 cm® min™") and the tem-
perature was raised (10 K min™") to 1173 K following
the conductivity of oxygen by a thermal conductivity
detector.

Compared to VPHI catalyst, two differences from
VPH2 can be observed. Firstly, the O, desorption pro-
files show an onset of O, evolution for VPHI1 occurred
at ~100 K higher than observed for VPH2. VPHI1 also
gave two overlapped peaks with their maxima located at
1035 and 1060 K which are higher compared to VPH2
catalyst with only one peak maximum appeared at
997 K. These results suggested that the oxygen species
desorbed from VPH2 is likely to be more labile and
reactive than those of VPHI catalyst. Secondly, the
amount of oxygen desorbed from the VPH2 catalyst is
~33 (3.38x10%° atom g') higher compared to VPHI
catalyst (table 3). The lower desorption peak tempera-
ture and a higher total amount of oxygen desorbed
suggested that VPH2 may possibly favour a higher
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Figure 4. Temperature programmed desorption of O, from VPHI1
and VPH2 catalysts.

activity attributed by a lower desorption activation
energy required for removal of more oxygen atoms from
the lattice.

3.5. Temperature-programmed reduction (TPR)

The surface reactivity of the catalysts was investi-
gated by temperature-programmed reduction in H,/Ar
stream (5% H, in Argon, 1 bar, 25 cm® min™"). The rate
of hydrogen consumption was monitored by a thermal
conductivity detector while raising the sample temper-
ature from ambient temperature to 1173 K at
10 K min™".

TPR profiles (figure 5) show that VPHI1 gave three
reduction peaks observed at 866, 1074 (major peak) and
1139 K. However VPH2 gave two peaks maxima
occurred at 859 and 1075 K. The reduction patterns for
both catalysts are significantly different from that
obtained for VPO [10] and VPD methods [13]. The first
reduction peak appeared at higher temperature and the
major reduction peak appeared as a sharp peak at
~1074 K and occurred at higher range of temperature
(1000-1100 K) compared to VPO and VPD catalysts
which exist as a broad peak at lower temperature (900—
1060 K) [10,13].

1075 K
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500 600 700 800 900 1000 1100
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Figure 5. H, -TPR profiles of VPH1 and VPH2 catalysts.

The total amount oxygen species removed from
VPH1 is 1.96 x 10?! atom g~ '. However, for VPH2, the
total amount was increased to 3.28 x 10*! atom g~!
mainly contributed by the remarkably increased of the
oxygen species from the major reduction peak (with
2.74x 10?" atom g~' compared to 1.35 x 10*° atom g~!
for VPH1). This particular oxygen is associated to V**
phase [14] which is the active phase of the catalyst. A
significant increase of reactive oxygen removed from the
major peak of VPH2 suggested that this catalyst will
obtain a higher C,; conversion compared to VPHI
(table 4).

3.6. Oxidation of n-butane to maleic anhydride
(1.7% n-butane in air, GHSV: 2400 h™', 673 K)

It is apparent that the improved hydrothermal syn-
thesized catalyst (VPH2) produces higher activity
(35%), which has comparative performance with the
VPHI catalyst (7%). The space time yield of VPH2 is
also higher than VPH1. The MA selectivity obtained is
70 and 61% for VPH1 and VPH2, respectively (table 5).
The enhancement in activity was due to the smaller
crystallite size contributed to a higher surface area and
also to the superior oxidant’s nature with more active

Table 3
0O,-TPD data obtained from VPHI and VPH2

Catalyst® Tmax/K  Desorption activation ~ Oxygen atoms desorbed Oxygen atoms desorbed Coverage®
(peaks) energy, Eq (kJ mol™")  from the catalyst (mol g7')  from the catalyst (atom g~')  (atom m™2)
VPH1

1 1035 285 2.07 x 107 1.25 x 10% 1.55 x 10"
2 1060 292 1.69 x 107 1.02 x 10% 1.26 x 10"
Total oxygen atoms desorbed 3.76 x 1074 227 x 10%° 2.81 x 10"
VPH2 997 275.2 5.62 x 107* 3.38 x 10% 3.56 x 10"

 Surface area: VPH1=8.07 m* ¢g”' and VPH2=9.47 m* g~'.

® The “coverage™ is calculated by dividing the number of oxygen atoms removed (atom g~') by the specific surface area.
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Table 4
Total number of oxygen atoms removed from the VPH1 and VPH2 catalysts by reduction in H/Ar

Catalyst® (peaks) Tmax/K  Reduction activation Oxygen atoms removed Oxygen atoms removed Coverage®
energy, E, (k] mol™")  from the catalyst (mol g~')  from the catalyst (atom g”')  (atom cm™2)
VPHI1
1 866 144.8 8.96 x 107 5.39 x 10%° 6.67 x 10"
2 1074 179.6 2.14 x 1072 1.29 x 107! 1.60 x 10%°
3 1139 190.4 2.24 x 107 1.35 x 10%° 1.67 x 10"
Total oxygen atoms removed 3.26 x 1073 1.96 x 107! 243 x 10%°
VPH2
1 859 143.6 9.06 x 107 5.45 x 10% 5.76 x 10"
2 1075 179.7 4.55 x 107° 2.74 x 107! 2.89 x 10%
Total oxygen atoms removed 535 x 1073 3.28 x 107! 3.46 x 10%

 Surface area: VPH1=8.07 m* g' and VPH2=9.47 m” g™'.

® The “coverage™ is calculated by dividing the number of oxygen atoms removed (atom g') by the specific surface area.

Table 5

Catalytic performance of VPHI1 and VPH2 for the oxidation of
n-butane to maleic anhydride®

Catalysts n-Butane Maleic anhydride 107> Space time yield
conversion (%)  selectivity (%) (mol MA/(m? h))

VPHI 7 70 0.74

VPH2 35 61 2.96

# Reaction condition: 673 K, 1.7% n-butane in air, GHSV: 2400 hl

and labile lattice oxygen as observed from the O,-TPD
and TPR spectra. A larger amount of oxygen atoms
desorbed and removed originated from V** phase
mainly contributed to the enhancement of the n-butane
conversion. A small increment of V> phases (from
23% of VPHI1 to 35%) of VPH2 was also favoured the
activation of the butane [I15]. A combination of
(VO),P,05 and an appropriate amount of oy-VOPO, in
the VPH2 catalyst lead to the enhanced catalytic per-
formance for n-butane oxidation. However, the reduc-
ibility behaviour might also explain the lower n-butane
conversion of both VPH1 and VPH2 as compared to
other methods preparation of VPO catalyst [11,13].
High onset and reduction peak temperatures of the
oxygen species removed from the active V** phase
concluded that their oxygen species are less reactive.
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