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Highlights

e  solution combustion synthesis (SCS) leads to a variety of phase pure catalysts
e doping with Mo and W tunes the oxidation state of V in VOPO4 between 4+ and 5+
e all-(V1-xWx)OPO4 reaches selectivities of maleic anhydride of more than 30%

o all type solid solutions are a flexible platform for further research

Highlights

e A variety of phase pure catalysts for the selective oxidation of n-butane to maleic anhydride can be prepared via solution

combustion synthesis (SCS)
e By doping with Mo and W the average oxidation state of V in VOPO, can be tuned between 4+ and 5+

e a;-(VixW,)OPO, reaches selectivities of maleic anhydride of more than 30%, which is hardly achieved with other non-VPP

based catalysts

. a; type solid solutions are a flexible platform for further research in selective oxidation catalysis

The vanadyl pyrophosphate (VPP) based catalyst is unique in converting n-butane selectivity (60-70%)
into maleic anhydride (MAN), whereas a MAN selectivity of 10-20% may be regarded as high for
structurally different catalyst systems. We present novel vanadium phosphorous oxides and mixed
metal phosphate solid solutions tested for n-butane oxidation to maleic anhydride with a selectivity of
> 30%. The majority of the catalysts were prepared by solution combustion synthesis. (V1xXWx)OPOa4
with ¢ structure was found to be more active and selective in selective oxidation of n-butane
compared to f-VOPO,. The oxidation state of vanadium in (V1.xWx)OPO4 can be tuned between 4.74
and 4.99 by the tungsten content, which is regarded as the key for MAN production. All catalysts were
structurally stable, but the specific surface area increased during the reaction, as detected by X-ray
diffraction and N physisorption, respectively. (V1.xMox)OPO4 were also stable, but the selectivity for
MAN was lower compared to f-VOPO4. Low conversions result from low surface areas in the

screening samples, however, could be overcome by advanced synthesis protocols.
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1. Introduction

The catalytic oxidation of n-butane to maleic anhydride (MAN) is the first and so far only industrial
process of selective alkane oxidation and has an annual world capacity of more than 1 million tons [1].
Although the molar yield of the industrial process has been steadily improved over the past decades,
the yields are still below 65%, which is mainly limited by product-selectivity [1-9]. The industrial state
of the art catalyst is based on crystalline (V'VO).P.O; (vanadyl(IV) pyrophosphate, VPP). Due to
several vanadium(V) orthophosphate by-phases, which are formed under reaction conditions, the
catalyst is often referred to as vanadium phosphorous oxide (VPO). Significant improvements in
activity and (by-)product selectivity with this catalyst system were achieved by increasing specific
surface areas and by adding promotors like Nb [10], Co [11], Fe [12], and Sm [13]. As the extensive
research on VPP-based systems missed a significant breakthrough within the past decades, a new
perspective on this reaction is expected from the search for new materials rather than improving the
VPO catalyst. In the literature the number of materials selectively converting n-butane to MAN is limited
to VPO [14-21]. They can be subdivided into a) vanadyl(IV) pyrophosphate and b) vanadyl(V)
orthophosphate with different structure types as a-VOPO4, ai-VOPO4, f-VOPO4, »VOPO4, and &
VOPOQO4 [22]. All of them are well discussed in the literature with regard to their catalytic performance
in n-butane oxidation as a by-phase in VPO [23-27].

Less effort was put into synthesis and catalytic testing of single phase bulk VOPO, catalysts. First
results published by Shimoda et al. showed that single phase «-VOPO4 and f-VOPO, can produce
maleic anhydride from n-butane. Starting from (NH4)2((VO)2C204(HPO4)2)-5H20 or NH4HVPOg single

phase a-VOPO,4 and f-VOPO, were synthesized. Selectivities of MAN ranged from 14% to 20% [23].



Under reaction conditions most phases are stable and no indication for by-phases were found by in
situ Raman studies [27].

On the search for novel materials with structural motifs similar for those of VOPO4 and VPP were
targeted. The crystal structure of VPP consists of a chain-ladder-motif of edge- and corner-sharing
VOe-octahedra, which are connected to pyrophosphate anions. Similar motifs are presentin a-VOPO4,
Here, the vanadium oxygen polyhedra are only connected by vertices. Pyrophosphate groups are
replaced by orthophosphate anions (Figure 1).

Recently, Roy et al. reported a new class of VV/VV containing mixed metal vanadium tungsten
phosphate solid solutions. Solution combustion synthesis [30,31] starting from vanadium and tungsten
precursors in nitric acid yields solid solutions V1, WxOPO4 (0.04 < x < 0.26), which crystallize with ay-
VOPOQs- and S-VOPOQus-type structure (0 < x < 0.01), respectively [29]. XPS studies showed that the
substitution of V¥ by VIV/WV'in the ay-VOPQ4 lattice sensitively affects the average oxidation state of
V, which can be finely adjusted between 4.74 and 4.96 (cu-VOPOs-type) and 4.99 and 5.00 (3-VOPOs-
type). NAP XPS showed that on the surface of VPO, V"V and VV are present with an average oxidation
state of 4.3 [32]. The presence of VY on the surface is crucial as it can be correlated with production
of MAN [33]. Therefore, the introduction of bulk catalysts with a tunable vanadium oxidation state is a
promising approach.

In the present study, triggered by this finding, further mixed metal (V, W, Mo, Fe) oxide phosphates in
various oxidation states were synthesized and tested for their performance in the selective oxidation
of n-butane. In particular, the substitution of V by Mo is of interest as Mo is a frequent constituent of

many catalysts for hydrocarbon (amm)oxidation [34,35].

2. Experimental

2.1. Catalyst Preparation

Single phase solid solutions (V1«Wx)OPOQOu4 (aii- and fVOPO4-type), (V1:xMox)OPO4 (B~ and y-VOPO,-

type), Woes7F€0.330P0O4 (WOPO4-type), Fe(WOQ)z(P207)(PO4), and “(Vo_gsMOo_os)szOf‘ were obtained



by solid state synthesis or the solution combustion technique [29,36,37]. Single phase VPP was
obtained by reducing S-VOPO. in Ar (p(O2) = 10> mbar) at 750 °C for 2 days. Polycrystalline WOPQ4
was synthesized from W>P,019, WO3, and P4 in sealed silica tubes at 1000 °C for 7 days [38]. The
reference catalyst VPO was synthesized according to patent via the organic synthesis route using iso-
butanol [12]. Finally, the reduction of f-VOPO4 in Hz, which was saturated with H>O in a bubbler at
ambient temperature (psa: (H20) = 0.023 bar), at 500 °C for 1 day yields the thermodynamic metastable
phase VPOs-m1, which is structurally related to f-VOPO4 [37].

The fine powders of the original catalyst samples were pelletized in a lab press (2.5 min, pressure
equivalent to a weight of 2 t on a 12 mm tablet), respectively. Afterwards the pellets were crushed in
an agate mortar and a 100-200 um particle size fraction was obtained using analytical sieves made of
stainless steel. The estimation of the Weisz-Prater criterion as well as previous pre-tests with more
active catalysts indicate that this sieve fraction is appropriate to exclude mass and heat transfer

limitations under the reaction conditions chosen.

2.2. Catalyst Characterization

Routine XRPD analyses (IP-Guinier technique [39]) were performed for phase identification and purity
control. The patterns were recorded at ambient temperature using an image plate Guinier camera
(HUBER G670, Cu-Kq; radiation, A = 154.059 pm) with integrated read-out system [40]. The finely
ground powder samples were spread on Mylar foil (Fluxana GmbH & Co. KG, type TF-160). Powder
pattern were recorded for 15 min in the range of 4° < 20 < 100°. The cell parameters were determined
with the program SOS [41], a-SiOz (p. A., Merck) was used as an internal standard. Scherrer diameters
(D) were calculated according to equation 1 with a Scherrer constant (K) of 0.94 for ® (FWHM) of
spherical crystals with cubic symmetry. The FWHM o was corrected for instrumental broadening with

Y03 standard.
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BET measurements were carried out in a volumetric Nz physisorption setup (Autosorb-6-B,
Quantachrome) at the temperature of liquid N2. The sample was degassed in a dynamic vacuum at
423 K for 2 h prior to physisorption. Full adsorption-desorption isotherms were recorded. The specific
surface area according to the BET method was calculated from the linear range of the adsorption

isotherm (p/po=0.05-0.3). All catalysts were characterized before and after catalytic testing (Table 1).

2.3. Catalyst Test Setup

Catalytic tests were performed in a fully automated, commercial 8-channel parallel testing setup (hte
GmbH, Figure 2). It consists of a gas dosing unit, a reactor unit, an analytical unit. The gas dosing unit
provides mixed feeds comprising N2, Oz (0-25 %), n-butane (0-10 %), Ar (as an internal standard),
and H.0 (0-60 %). The typical range of gas hourly space velocities (GHSV) is 500-5000 h1. The test
unit consists of 8 reactors for catalyst samples and one blank reactor filled with inert material (calcined
corundum, 400-700 um, CeramTec). Catalyst volumes of 1 mL were placed inside stainless steel
reactors with inner diameter of 10 mm. Stainless steel thermowells (OD=1/8") are placed in the center
of all reactors, which are used to guide thermocouples into the catalyst beds. The reactor temperature
can be individually controlled in the range of 250-550 °C. The product gases are analyzed by two gas
chromatographs (GC 7890A, Agilent). The effluent gas of the blank reactor, which corresponds to the
inlet gas of all reactors, is also analyzed. Prior to the GC analysis, all effluent gas streams are diluted
with hot inert gas to avoid the condensation of organic products or steam. Transfer lines between
reactors and gas chromatographs are completely heated (200 °C). The GCs are optimized for the

analysis of the product spectrum of the oxidation of n-butane to MAN.

The conversion (X) of n-butane (Egs. 1 and 3) and the selectivities (S) of the respective products are
calculated from the concentrations measured with reference to the internal standard Ar (Egs. 2 and 4).
The latter are averaged over 5 runs measured at each temperature step, respectively. The selectivities

of the (by)products (Eq. 2) were normalized to the number of carbon atoms (N¢) in the (by)products



and n-butane, respectively. Depending on the catalyst, byproducts include butenes, acrylic acid,
propionic acid, acetic acid, acrolein, acetaldehyde, propane, propene, acetylene, ethylene, ethane,
carbon monoxide, and carbon dioxide. There are no unidentified peaks in the gas chromatograms. At
low levels of n-butane conversion, the product-based analysis of selectivities and conversions (Egs. 3

and 4) is preferred.

2.4. Catalytic Testing

All catalysts were tested in groups of 8 samples following the same testing protocol. Catalyst volumes
of 1 mL were kept in their position in the reactor tubes by two layers of inert corundum patrticles,
respectively. The GHSV was fixed at 2000 h't. The catalysts were ramped at 2 K min in a lean air
mix of 5 % O/Nz to 250 °C. At 250 °C the feed gas was changed to 2 % n-butane, 20 % O, 3 % HzO0,
3 % Ar with N2 balance and subsequently the reactor temperature was further increased to 375 °C.
After an initial equilibration period of 30 min the catalytic measurements were started. The standard
testing procedure includes 5 GC analyses per reactor and temperature with the reactor temperature
ramping up in 25 K steps up to a maximum temperature of 450 °C, followed by ramping down to
400 °C. Finally, the reactors were cooled down to ambient temperature in 5% O2/N2. Thus, information
on activity, selectivity and thermal stability/deactivation of the catalysts is obtained. One testing cycle

takes 8 days including the (dis)charging and cleaning of the reactors.

3. Results and Discussion

According to crystal structure and chemical composition of the catalysts, the results of characterization

and catalytic testing are collected in two categories:

3.1. Vanadium Phosphorous Oxides

The group of vanadium phosphorous oxides investigated in our study comprises vanadium(lll)

orthophosphate VPO4s-m1 and vanadyl(IV) pyrophosphate (VO)2P207. VPOs-m1 is a hew polymorph



of VPO, and a promising model catalyst with V in the low oxidation state +llIl and absence of vanadyl
oxygen atoms. The latter, however, are often discussed as crucial functional groups for the activation
of n-butane [3,42]. XRPD analysis of the as-prepared sample clearly identifies “single phase” VPOg4-
m1 (Figure 3). VPO4-m1 and its structure are part of ongoing investigations and not clarified to its full
extend. Therefore, it is unclear if the additional reflections in the XRPD pattern indicate a
superstructure or an adphase. The main reflections of its XRPD pattern are assigned on the basis of
the f-VOPO;, structure (Pnma, with z = 4, lattice parameters a = 7.7863(5) A , b = 6.1329(3) A,
¢ =6.9673(5) A). Under reaction conditions VPOs-m1 is oxidized to (VO).P.07, S-VOPO,. This
oxidation is accompanied by a more than two-fold increase of the specific surface area (Table 2). In
parallel, the conversion of n-butane as well as the selectivity for MAN steadily increases during the
reaction. Likely the significant boost of activity can be correlated to both the increased surface area
and the formation of highly active (VO)2P207 and S-VOPO4, respectively. This is confirmed by the final
performance matching the reference VPO from solution combustion synthesis with regard to the

selectivity for MAN (Table 2).

In principle (VO)2P207 can be synthesized via two different routes [43—49]. In the aqueous route V,0s
is reduced by NH2OH in the presence of H3PO, yielding highly crystalline (VO)2P207 after calcination
of the VOHPO,-0.5H,0 precursor [44,48-52]. Instead, the organic route uses iso-butanol as the
reducing agent [44,53,54]. Here, V20s, HsPO4, and iso-butanol are refluxed for several hours and
converted to VOHPO4-0.5H,0, which similarly forms (VO)2P20- in the calcination process. However,
the crystallinity of the “organic” material is significantly lower as shown by XRPD measurements, and
typically leads to a higher surface area enhancing catalyst performance [44]. Single-phase (VO)2P20~
with a high crystallinity can also be synthesized by the reduction of -VOPO4 in Ar at 750 °C, as done
in the present study. The selectivity for MAN obtained over this material is lower compared to the
industrial reference system VPO from the organic route (Table 2). However, it is in the same range as

VPO catalysts synthesized via the water route with a P:V ratio of 1:1 [55].



For (VO)2P20- the effect of Mo doping was tested. The sample with 5 % of V substituted by Mo
(V0.9sM00.050)2P207 was prepared by solution combustion synthesis (SCS). The influence on
crystallinity and specific surface area is negligible (Table 2). However, in terms of catalyst performance
the surface area-corrected conversion of n-butane normalized is similar as compared to the undoped
material, whereas the selectivity for MAN is reduced to 30 %. Selectivity loss is mainly contributed to
formation of acrylic(S(acrylic acid)=17%) and acetic acid (S(acetic acid)=10%). The formation of COy
is also reduced, which indicates on the one hand inhibition of total oxidation of n-butane or MAN by
Mo. On the other hand Mo enhances C-C cleavage of reaction intermediates. Since the amount of Mo
is small and the results match the undoped material quiet well it cannot be ruled out that Mo is not

incorporated at all.

3.2. Mixed Metal Phosphate Solid Solutions

The most extensively investigated sub-category within this class is based on the substitution of V by
W according to the formula (VixWxOPO,) [29]. XRPD patterns of these materials indicate single
phases (5 for x <0.01, au for 0.04 < x < 0.26) with a mean crystallite size in the range of 37 (x = 0.2)
to 54 nm (x = 0.06). These phases are stable and neither phase transformation nor formation of an

adphase was observed after the catalytic testing (Figure 4).

The BET surface area of the as-prepared samples, which are generally very low in the range of 1-4
m? g1, occasionally changed during the catalytic process (Table 3). An almost doubled specific surface
area as well as activation is observed for the tungsten-rich Vo sWo20PO4. On the one hand our results
could indicate a dramatic reconstruction of the morphologies of particle and surface during the catalytic
process. On the other hand pores might be blocked by residual organic compounds from synthesis.
Calcination of all samples at higher temperatures compared to reaction temperatures should be
sufficient for carbon removal from synthesis. However, the effect on surface area is small. With
decreasing W content within these solid solution-type catalysts the effect of reaction conditions on the

specific surface area is reduced, which is almost absent on Vo99W0010OPO4 and even negative



(reduction of Sger) for the tungsten-free VOPO, catalyst. Instead, the industrial reference VPO, owing
to elaborated synthesis protocols, has an approximately 10-fold higher and stable specific surface

area of 26 m? g1, which is retained after the catalytic test.

Catalytic tests of samples of compositions V1xWxOPO4 show a remarkably high selectivity for MAN in
the range of 20-31% (Figure 5). XPS studies showed that W5* is oxidized to W®* in V1.WxOPOQO4
reducing an equimolar amount of V5* to VV4*[29]. The comparison of VoW, 20PO4 and VOPO, clearly
shows an increased selectivity of MAN, which might be attributed to the reduced (average) oxidation
state of vanadium [29]. Activation energy can be correlated with tungsten content or the amount of V4*.
Isotope labeling studies of n-butane showed that C-H activation of methylene groups is the rate
determining step and the activation is correlated with the presence of VV [6]. By substitution of
vanadium by tungsten, the oxidation state of vanadium is reduced, which explains the higher activation
energy. Nevertheless, a direct correlation between substituted V and selectivity for MAN is hardly
possible. Our results indicate a maximum selectivity near 20% substitution of V by W (V1xWxOPQO4
with x = 0.2). On the other hand, vanadium-free WOPQO, does not convert n-butane to maleic anhydride,
which underlines that W plays not an active role in the catalytic cycle. The change in surface area on
the course of the reaction, which is observed for several samples, is typically accompanied by a
corresponding change in activity, whereas selectivity for MAN remains constant. Notably, the activity
of most of these catalysts if referred to the specific surface area is comparable or even higher than for
the reference VPO. For instance, the most selective Vo.sWo.,0PO4 provides a conversion and specific
surface area (after reaction) of 42% and 3.4 m? g1, however, 80% of butane conversion over VPP can
be considered mainly as a result of the superior surface area (26 m? g) [12]. Thus, a high potential

for improvement of these catalysts is expected from the optimization of synthetic strategies.



The main by-products are COx. The organic by-products of n-butane oxidation over V1xWxOPQO4-type
materials comprise acrylic and acetic acids (< 8%), as well as traces of 1-butene, ethylene, furan, and

propene (< 1%).

Molybdenum is a common constituent of selective oxidation catalysts, such as MoVTeNb mixed oxides
for ammoxidation of propane to acrylonitrile, oxidation of propane to acrylic acid, or oxidative
dehydrogenation of ethane to ethylene[56—60]. Thus, Mo was in our focus for the substitution of V in
VOPO4. We tested the y- and the B-phase with 20% substitution (Vo.sM0o20OPO.), respectively (Figure

6)[61].

Neither phase changes, decomposition nor significant changes in specific surface area were observed
after exposure to reaction conditions (Table 2). However, the catalysts were nearly inactive, which
might be explained by the very low surface areas and/or by a negative effect of Mo. Compared to the
mixed-metal phosphates Vi1xWxOPOQO,, the selectivity for MAN drops significantly. Similar to
(Vo.95sM00.050)2P207 selectivity for acetic and acrylic acid is enhanced whereas CO and CO: formation is
reduced. The surface-corrected net activity is also much lower than for the W-substituted vanadyl
phosphates. However, the level of selectivity for MAN of the mixed-metal phosphates V1xWxOPO4and
AVOPOy is in good agreement with single phase a-VOPO4 and f-VOPO, catalysts as shown by
Shimoda.® Finally, we tested the substitution of W5* by (Fe3*13W68*3) in WOPO4 (W1xFexOPO4 with
x = 0.33). This sample, which was obtained by SCS, provides a relatively high specific surface area of
6.2 m? g* but is unstable under reaction conditions. This instability under the testing conditions is
rather surprising since zero activity for n-butane activation indicates little interaction with the gas phase.
Although Fe [62] and W [63] are known as efficient promotors for selective oxidation catalysts, this is

further indication for the active role of V in the activation of n-butane as stated by Centi et al.[3]

4. Conclusion



A variety of catalysts were synthesized and tested for selective oxidation of n-butane based on
(VO)2P207 and VOPO.4. Vanadium was substituted or replaced by other transition metals like tungsten,
molybdenum or iron. Substitution of V by W leads to V1. x\WxOPO4 with ay structure type, which is a
novel class of catalysts for selective oxidation of n-butane to MAN. The amount of tungsten can be
tuned in the range from 0.04 < x < 0.26. All catalysts are phase stable under reaction conditions,
although the specific surface area increases during the reaction, which needs to be studied in detail.
Reducing the oxidation state of vanadium increase the apparent activation energy for n-butane
conversion. Compared to S-VOPOQ,, the selectivity for MAN could be increased from 20% up to 31%.
Nevertheless, V1. \WxOPO. catalysts are less selective and active than VPO reference. However, it
could be shown that the oxidation state of vanadium influences the selectivity for MAN. Substitution of
V with Mo in (VO)2P207 and VOPO4 showed different results. In VOPQO4, V by Mo can be easily
substituted leading to pure f- and pphases, which are more stable under reaction conditions
compared to Vi, WxOPO.. In case of (Vo.esM00.0s0)2P207 there is no evidence in the XRPD that Mo is
incorporated in the (VO)2P207 crystal structure. In both cases, the effect on catalysis is comparable.
Selectivity for MAN and COy is reduced compared to the non-substituted catalysts. Further, addition
of Mo strongly influences the C-C cleavage leading to the formation products like acetic and acrylic
acid. Additionally, we could show that vanadyl pyrophosphate synthesized by solution combustion
synthesis is similar to VPO from aqueous routes. Differences in activity can be explained by low
surface areas. The reduced selectivity for MAN might be correlated with a 1:1 ratio of P:V since an
excess of phosphor enhances the selectivity. VPOs-m1 is a new polymorph of VPO, which was
introduced by removing the vanadyl oxygen atoms of S-VOPOQO.,. Under reaction conditions it is oxidized
to (VO)2P207 and f-VOPO.. The performance is comparable to VPO by SCS and stresses the
importance of stable catalysts as well as the inflexibility of (VO).P.07. Complete substitution of V in
(VO)2P207 and VOPO4 with iron or tungsten yields phase-stable materials that are not active in the
selective oxidation of n-butane. In general, the combination of vanadium in the oxidation state +4 and
+5 and the ratio of vanadium and phosphate are crucial parameters for selective oxidation of n-butane

to MAN. Although, VPO is the best catalyst known, it has limited options for optimization due to the



inflexible crystal structure and limited effect of promotors [62]. Therefore, mixed transition metal VxM;.
xOPO4 might be a good starting point for novel catalysts with higher potential for improvement. It could
be shown that solid state synthesis methods like solution combustion synthesis might be a good way
to access mentioned new materials/structure motifs for catalysis. However, surface areas are quite
low. Consequently, other synthesis methods like hydrothermal routes should be considered as well as
supporting of the active catalyst. Transition metals should be selected based on their catalytic
performance in oxidation catalysis or by their potential for reduction of vanadium since recent NAP
XPS studies of VPO showed that under working conditions the average oxidation state of surface
vanadium is +4.3 [32].

From a mechanistic point of view, kinetics and reaction networks of the newly found mixed-metal
phosphates V1 x\WxOPO4 should be analyzed and compared to VPO as well as f-VOPO4, which could
be a crucial step towards understanding the active site. Especially, the surface composition and

oxidation state under reaction conditions needs to be analyzed in detail.
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Figure 1 — Crystal structure of VPP (left) and ai-type VOPO4 (right) with VOs units (green) and PO4

units (blue)[28,29]. Oxygen atoms from phosphate groups are given as o, vanadyl oxygen atoms as
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Figure 2 — Flow scheme of the laboratory scale test setup (hte GmbH) with 8 parallel fixed-bed reactors

and 1 blank reactor, gas and liquid dosing unit and on-line gas chromatograph for product analysis.
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Figure 3 — Guinier photographs of VPOs-m1 before (top) and after catalytic testing (bottom).
Reflections of Al,Oz assigned to corundum, which was used as inert material and could not be

separated from the catalyst.
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Figure 4 — Guinier photographs of single phase VosWo.0PO, after catalytic testing and simulated

XRPD pattern of Vo gWo20P04.[37]
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Table 1

Catalyst characterization by XRPD and BET measurements and surface before catalytic testing

Catalyst Seetfesh | Structure | Space Scherrer
(m?/g) Type? Group Diameter (nm)
VOPO, 35 Yij Pnma >200
V0.96W0,010PO4 1.3 Yij Pnma 103
V0.94W0.060PO4 2.4 a P4/n >200
Vo.0W0.10PO4 49 al P4/n 165
V0.8W0.20PO4 3.4 a P4/n 84
WOPQO4 3.9 WOPQ4 P21/m 78
V0.8M00.20PO4 0.8 Yii Pnma 52
V0.8M0020PO4 1.1 y Pbam 192
Wo.67F€0.330P04 6.2 WOPQ4 P21/m 68
VPO4-m1 6 VPO, C2/c 53
(VO)2P207° 80 VPP Pca2; 31
(VO)2P207¢ 14 VPP Pca2; >200
(V0.9sM00.050)2P207 15 VPP Pca2; >200
Fe(WO2)2(P207)(PO4) | 3 VPO, C2/c >200

aGreek letters refer to the various polymorphs of VOPO,. ? from organic synthesis route; ¢ from SCS



Table 2

Catalyst performance data, stability, specific surface before and after catalytic testing.

Catalyst X(n-butane)’ | S(MAN)" | S(COy) | Seerifresh | SeeT,used | Structure
(%) (%) (%) (m¥g) | (m¥g) | Stability

VPOs-m12 6 21 72 1.9 - -
VPQO4-m1P 14 49 54 - 4.7 No¢
(VO)2P2074 80 70 29 26 26 Yes
(VO)2P207° 14 43 45 2.1 1.8 Yes
(V0.9sM00.050)2P207 15 30 34 15 1.3 Yes
Fe(WO2)2(P207)(PO4) | 3 0 68 1.1 0.8 Yes

aTOS = 254 h; PTOS = 480 h; ¢ Formation of (VO)2P207 and -VOPOs; 4 from organic synthesis route; ©

material from SCS; f temperature for catalytic testing at 400 °C



Table 3

Catalyst stability, specific surface before and after catalytic testing, and activation energy

Structure | Sgetfresh | SeeTused | Structure Es® (kJ

Type? (m?/g) (m?/g) Stability mol?)
VOPO4 B 35 2.6 Yes 74
V0.99W0.000PO4 g 1.3 1.2 Yes 93
V0.94W0.060PO4 ai 2.4 3.9 Yes 93
V0.90W0.10PO4 ai 4.9 6.5 Yes 108
V0.8W0.20PO4 ai 34 6.3 Yes 115
WOPO4 WOPO4 3.9 55 No¢ 24
V0.8M00.20OPO4 B 0.8 0.5 Yes 98
V0.8M00.20OPO4 y 1.1 1.3 Yes 111
Woe7F€0.330P0s | WOPO4 6.2 6.1 No¢ n.a.

aGreek letters refer to the various polymorphs of VOPO.. PActivation energies derived from Arrhenius

plots; °By-phase related to MPTB. 9After catalytic testing one additional reflection occures



