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SYNTHESIS AND CHARACTERIZATION OF NIOBIUM AND TUNGSTEN SUBSTITUTED VOPO,
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ABSTRACT

Tungsten and Niobium substituted a,-VOPO, structure type solid solution (V1-x.,\WW\Nby) OPO,4 where x = 0.07
and y < 0.05 was synthesized by solution combustion technique followed by heating in air at 700°C for 3 days.
Further incorporation of niobium (y > 0.05) leads to a mixture of au-VOPO, structure type solid solution and two
very weak reflections of another unknown phase. The synthesized product was characterized by X-ray powder

diffraction, SEM/EDX, FTIR, and magnetic property analysis.
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INTRODUCTION

For the period of last decades Vanadyl
pyrophosphate, (VO),P,0; (VPP) has been
comprehensively studied due to its exceptional
catalytic properties for the selective oxidation of
n-butane to maleic anhydride (MA, furan-2,5-
dione) (Bordes et al. 1979 and Schlégl 2009,
eq. 1). The importance of MA can well be
understood by its huge annual production of 2.7
million tons (Trifiro et al. 2014). The catalytic
behavior of VPP is attributed to its exceptional
physicochemical properties and crystal structure

(Fig. 1).
n-C,H,, +7/20, —**— C,H,(CO),0+4 H,0;
AH =-1236 KJ/mol (eqg. 1)
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Fig. 1. Crystal structure of (VO),P,07 (Hiroi et
al.1999), deep V010 edge-sharing dioctahedra,
light P,O7 groups.

*Corresponding author: <scroy1979@yahoo.com>.

The true chemical composition and the structural
properties of the active site of VPP for this
catalytic reaction under operando conditions are
still under debate (Hutching et al. 1998 and
Hodnett 2000). Scientists are trying to explore
the mystery of this complicated catalytic
reaction process. However, this catalyst shows a
conversion and yield of about 85% and 65%
(Ballarini 2006), respectively. It was shown that
an amorphous surface layer on crystalline
(VO),P,07 might be the active phase (Zazhigalov
1983). The existence of other polymorphs (au-,
B~ 7-, -, w-) of VVOPO, were also confirmed
by in-situ spectroscopic and diffraction studies
(Hutching et al. 1994, Hutching et al. 1996, and
Conte et al. 2006) This can be attributed to the
oxidation of VPP as shown in eq. 2.

(VO),P,0,+0.50, - 2VOPO, (eq. 2)

Scientists are yet to modify the existing catalyst
by adding promoters or dopants, since there is
enough opportunity to improve the yield of MA.
However, studies on incorporation of catalytic
promoters did not lead to an improved catalyst
activity and selectivity (Agaskar et al. 1997,
Davis et al. 2002, Guliants et al. 1999,
Rownaghi et al. 2009). Recently it was reported
that the catalytic activity and selectivity of
various, polynaryvanadium (V) phosphates
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containing a transition metal (Cr, Fe, Ni, Cu) in
the phosphate framework do not reach the
conventional VPP catalyst (Glaum et al. 2007
and Benser et al. 2007).

P. K. Grasselli (2002) reported that redox active
transition metals with oxidation states are
vanadium (IV, V), iron (11, 1), copper (1, 1I),
manganese (111, 1V), molybdenum (V, VI), and
rhenium (IV, V, VI, VII), niobium (IV, V) which
could be potential components of oxidation
catalyst materials. Aiming at the inclusion of
mixed-valency in ay-VOPO4 by solid solution
formation with (V'VO)MoY'O4 or (MoYO)PO4
led to 7% of heterovalent substitution of PO4 by
Mo0O4 and V5 by V#* (Raminosona et al. 1987).
On the other hand, substitution of “Nb” by “W”
in a-NbOPQ,4, S.G. P4/n (Longo et al. 1996)
lead to (Nbvo,7g7WVo,213)OPO4, S.G. P4/nmm
(Leclaire et al. 1997) which is very much related
to the host structure. It is worth to be mentioned
that the high temperature polymorph S-NbOPO,
(Leclaire et al. 1986) is isotypic to WOPQO,
(Wang et al. 1989, and Roy et al. 2016). However,
information on solid solution formation among
VOPO,; NbOPO, and WOPO, were lacking in
literature. This might be attributed to their
different crystal structures and the quite different
redox behavior of V>*, Nb>*and W5*.

Here the synthesis and characterization of solid
solution of polynaryphosphate, (Vi_yWxNby)
OPO4 (an-VOPO4type); where x = 0.07 and 0 <
y <0.15 is reported. This solid solution allows to
incorporation of a third redox active transition
metal center “Nb” besides “V” and “W”.
on-VOPQ, structure could be stabilized by
substitution of vanadium by tungsten in the
range of 0.04 < x < 0.24 (Roy et al. 2014).
Moreover, partial substitution of “V” by “W” in
on-VOPQy leads to promising catalyst material for
butane based oxidation (Schulz et al. 2018).
Therefore to attain the a-VOPQ, structure type
solid solution the amount of “W” in the aiming
product is taken 0.07.
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MATERIALS AND METHODS

Synthesis of solid solution of
polynaryphosphates.

The aimed a-VOPO, structure type solid
solution  of  polynaryphosphates, (Vi
yWxNby)OPO4 where x = 0.07 and 0 <y < 0.15
were synthesized by solution combustion
synthesis, SCS (Patil et al. 1997 and Moore et al.
1995) followed by heating the reaction
intermediates after combustion in air up to 700 °C
according to eq. 3.

x/12 (NH4)6W12039 +y (N H4)NbOC40g + (l-X-
y) NH.VO; + (NH4)2HPO4 — (Vlfx. bey)OPO4

+CO,+ H0 (eq. 3)
Appropriate  amount of precursor materials:
ammonium  metatungstate [(NH4)6W12039

5.21H,0], ammonium niobate(V) oxalate [(NH,)
NbOC404-0.59H,0], diammonium hydrogen

phosphate  [(NH:).HPO4], and ammonium
metavanadate [(NHs)VOs] (all from Sigma
Aldrich, p.a) were dissolved in minimum

amount of water together with oxidizer (HNO3)
and fuel (glycine) with continuous stirring as
described in Roy et al. 2014.

X-ray powder Diffraction analysis

The X-ray powder patterns of the samples
(V15 WiNby) OPO,4were taken by Rigaku Ultima IV
diffractometer at the Centre for Advanced Research
Centre, (CARS) University of Dhaka, Bangladesh.
The operating conditions of the diffractometer were
40 KV, 40 mA, Cu-Ko radiation (A = 1.54051 ),
exposure time 3 deg/minute.

SEM and EDX analysis

Scanning Electron  Microscopic and  Energy
Dispersive X-ray analysis were carried out by Zeiss
Evo 18 (operated at 10 kV) and EDAX, respectively
from Bangladesh Council of Science and Industrial
Research (BCSIR), Dhaka-1205, Bangladesh. The
sample was sputtered with gold before EDX
analysis and three different areas of the sample were
focused with electron beam to get the average
elemental composition.
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Magnetic measurements

The mass magnetic susceptibility of the powder
sample was measured by magnetic susceptibility
balance MARK 1, (Sherwood Scientific Ltd.,
Cambridge) at Jagannath University, Dhaka-
1100, Bangladesh using the eq. 4.

I (R—R,)

X =C—. (eq. 4)

g m 109
Where, | = 3cm (length of sample on sample
holder); m = 0.241 g, mass of the sample;

(R-Ro ) = 7-(-29), difference between balance
reading for the sample holder tube with sample
and without sample; C=957.08x10,
proportionality constant.

FTIR analysis

The FTIR analysis was carried out by Shimadzu
IR Tracer-100 at Jagannath University, Dhaka-
1100, Bangladesh. The powder sample was
mixed and ground with highly purified KBr
(p.a.) as approximate 10:1 ratio in a clean agate
mortar to a fine powder. Transparent discs from
that mixture were prepared by manual pressing.
All the infrared transmission spectra were
determined at room temperature in the range of
wave number 400 to 4000 cm-2.

RESULTS AND DISCUSSION

X-ray powder diffraction patterns of powder
samples show single-phase solid solution
(V1-x yWiNb,)OPO, where x = 0.07 and 0.0 <y <
0.05 with a;-VOPO, structure type (Fig. 2.).
Further incorporation of niobium 0.05 <y <0.15
leads to two very weak diffraction peaks of
unknown phase. With increasing the niobium
concentration the intensity of unknown phase
increases but it is very little. Due to small number
of diffraction peaks as well very low intensity,
they are not possible to index.
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Fig. 2. Comparison of X-ray powder diffraction
patterns of members of the solid solutions
(V1xyW,Nby) OPO, (with x = 0.07 and 0.0 <y <
0.15) where 0.0 <y < 0.05 is only ay-VOPO4
structure type, and y> 0.05 is mixture ay-VOPO,
structure type solid solution and an unknown
phase (indicated by down arrows). Asterisks are
VOPO4-2H,0 type phase due to hydration of
(Vo.88Wo.07Nbo,0s)OPO4in lab condition.

Exposure of solid solution (V1yWxNby) OPOs,
with ay-VOPOQ4 structure type to lab atmosphere
over a period of several days led to their
hydration, as it is suggested by the XRPD
pattern of the phases (Fig. 2., indicated by
asterisk), which is very similar to the one
observed for (VixWy) OPOs2HO and
VOPO,2H,0 (Roy et al. 2014, and Tietze 1981).
The layer type structure of (Vo.gs\Wo.07Nbo.os)
OPO4 (au-VOPO4 structure type, (Fig. 3) allows
the incorporation of water molecules as guest
species between the layers of the host structure.
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Polyhedral
(Vo.88Wo.07Nboos) OPO4 (a-VOPOs4 type). [MOs]
square pyramids (M = V/W/Nb): deep, [PO4]
tetrahedra: light, filled circles represent oxygen
atoms of (M=0)3*.

Fig. 3. representation  of

Immediately after ignition at 400°C for five
minutes the XRPD pattern of the combustion
product shows reflections of Keggin type
structure,  (NHg)3PW12040-9.5 H,O  (Zubkov
1998) as shown in Fig. 4. Further heating
(stepwise upto 600°C) of the material after
grinding in an agate mortar shows the same
phase. The aimed solid solution
(Vo,ggWomNbo,os) OPO4 is obtained at 700°C for
3 days.

The formation of Keggin type structure,
(NH4)3PW12040-9.5 H,O prior to the occurrence

of aimed solid solution, (Vo.8sWo.07Nbo.05)OPO4
(ou-VOPOQ4 structure type) is obvious.

IR spectrum Fig. 5 shows that a weak peak at
1091 cm* which corresponds to the asymmetric
stretching vibration of the PO, tetrahedra, while
the peak at 921 cm? can be assigned to the
symmetric stretching vibration of the PO4
tetrahedra (R’kha et al. 1986). In addition, the
peaks at 534 cm?® and 427 cm? reflect the
bending vibration of the PO4 tetrahedra.
Symmetric stretching mode of M=0 (M:
VINb/W) of vanadyl group was observed at 968
cm™ (Barraclough et al. 1959). Furthermore, the
sharp peaks close to 605, and 628 cm™ can be
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Fig. 4. Powder  diffraction patterns

(Vo.88Wo.07Nbo05)OPO4, showing the progress of
phase formation with temperature by heating in
air. Asterisks are VOPOs2H>O type due to
hydration of (VogsWo07Nboos)OPOs in lab
condition.

attributed to the M-O bending vibrations in MOg
octahedra. The weak and broad band at 3527 and
1635 cm! arises from the O-H bond stretching
modes and HOH bending modes, respectively.
Weak band at 686 cm™ corresponds to bending
vibration modes of (M-OH) or (P-OH). The
incorporation of water molecule is also
confirmed by XRPD (Fig. 2.) as hydration of
(Vo,ggWo,o7Nbo,05)OPO4 led to formation of
(Vo,ggWomNbo,os)OPO4'2Hzo.

The magnetic measurement of the powder
sample of (VogsWo07Nboos)OPO, reveals the
paramagnetic behavior. The measured mass
susceptibility, g (at room temperature, 28°C) is
428.90x10° cm® g! and the molar magnetic
susceptibility, ymor is 112.41x10¢ c¢m? mol-L. Roy
et al. reported (2014) that incorporation of W®* in
an-VVOPOQy led reduction of V5* to V4" according
to (VIV0,24VV0,52WV|0,24) (0] PO4. Therefo re,
paramagnetic property of (VogsWo07Nboos)OPO4
can be attributed to the presence of tetravalent
vanadium as (V'Voo7VVos1WV'0.07NbY0.05)OPOs4.
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Fig. 5. FTIR spectrum of solid solution
(Vo,ggWo,o7Nbo,05)OPO4 (a||-VOPO4 type) with
KBr.

The SEM image of (Vo,ggWo,o7Nbo,05)OPO4
(Fig. 6a) shows crystallites with homogeneous
morphology which indicates all the crystallites
contain same type of elements. The EDX result
shows no hints on impurity elements (Fig. 6b)
and the average atomic (%) ratio of V:W:Nb:P =
46.1:2.4:2.0:49.5 which is close to the nominal
composition 44.0:3.5:2.5:50.0, respectively.
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Fig. 6. SEM image (a), and EDX spectrum (b),
of (VogsWoo7Nboos) OPOs.

CONCLUSION

Pure VOPO; is catalytically dead for the partial
oxidation of n-butane to maleic anhydride
however, only tungsten substituted
VOPOs, (VixW,)OPOs; where 0 < x < 0.24
(o-VOPO4 structure type) [Schulz et al. 2018]
leads to a new catalyst material for that purpose.
Since the insertion of another redox active
transition metal, niobium in presence of tungsten
might increase this catalytic efficiency.
Therefore, the niobium and tungsten substituted
an-VOPO, type solid solution (Vi.yW\xNby)
OPOs4; where x=0.07 and y<0.05 (cu-VOPO4
structure type) was synthesized by solution
combustion technique followed by heating in air
at 700°C for 3 days. The metanyl bond (M = O;
M: V, Nb, W) and bonds in PO, were confirmed
by FTIR spectrum. The paramagnetic behavior of
the synthesized product indicates the presence of
tetravalent vanadium and EDX analysis showed
the incorporation of both tungsten and niobium in
an-VOPO; structure type phase.
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