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Abstract

Vanadium polyphosphates with a molar ratio of P/V�2 (a-VO(PO3)2, b-VO(PO3)2 and amorphous as well as partly

crystalline VO(PO3)2) and NH4VP2O7 were synthesized, characterized by chemical and thermal analysis, X-ray diffraction

and FTIR spectroscopy and used as catalysts in the oxidation of n-butane to maleic anhydride (MA) as well as in the

ammoxidation of toluene to benzonitrile. The results are compared with the catalytic properties of V(PO3)3 (P/V�3),

(NH4)2(VO)3(P2O7)2 (P/V�4/3) and (VO)2P2O7 (P/V�1). The MA selectivities of the amorphous VO(PO3)2 and of the

crystalline a- and b-VO(PO3)2 are comparable to one another, whereas the speci®c rate per area of MA formation of the

amorphous as well as partly crystalline VO(PO3)2 strongly differs from the rates of the crystalline solids. The amorphous

catalyst reveals a rate similar to that of the (VO)2P2O7 catalyst, but a lower MA selectivity. Contrary to other studies, only

traces of furan were found and the total oxidation products CO and CO2 were detected on all catalysts at very low conversion.

Surprisingly, V(PO3)3 exhibits remarkable activity and MA selectivity. The crystalline polyphosphates show a lower activity in

the ammoxidation of toluene compared with the amorphous VO(PO3)2 as well as NH4VP2O7 and the benzonitrile selectivity

reaches a value of �85%. Noticeable benzaldehyde amounts could be detected, especially at low conversion rates, proving its

role as a reaction intermediate. # 1998 Elsevier Science B.V.
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1. Introduction

Vanadium phosphorus oxides (VPO) are well

known as catalysts of the partial oxidation of n-butane

to maleic anhydride (MA) (e.g. Refs. [1±3]) and of the

ammoxidation of methylaromatics and methylhetero-

cycles to the corresponding nitriles (e.g. [4,5]). Oxo-

vanadium(IV)-diphosphate (VO)2P2O7 (P/V�1) is

considered to be the active and selective crystalline

phases of n-butane oxidation VPO catalysts [1±3].

This phase is mostly generated from the precursor

phase VOHPO4�1/2H2O via a topotactic transforma-

tion during the catalyst activation (e.g. [1,2]).

VOHPO4�1/2H2O can also be used as a precursor

phase of ammoxidation catalysts [4,6]; however, a

more drastic structural transformation, mainly into

(NH4)2(VO)3(P2O7)2 proceeds during pretreatment

in the presence of the ammoxidation feed [7,8].

Several investigations of the surface properties of

(VO)2P2O7-based n-butane oxidation catalysts
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revealed an enrichment in phosphorus in the catalyst

surface (e.g. [9,10]). It is assumed that, besides other

reasons, this enrichment is responsible for a high

maleic anhydride (MA) selectivity [11±13]. However,

a too high P/V ratio in the parent solution, used during

the synthesis of the VOHPO4�1/2H2O precursor, leads

to catalysts with minor activity [9,14]. VO(H2PO4)2 is

formed under these conditions besides the desired

VOHPO4�1/2H2O [14] and VO(PO3)2 is obtained by

calcination of this compound [15]. The occurrence of

VO(PO3)2 besides (VO)2P2O7 causes low-surface-

area catalysts and this is thought to be responsible

for a decrease in activity [14]. Therefore, its presence

in (VO)2P2O7 catalysts should be avoided [16]. On the

other hand, the speci®c rate per area of MA formation

on VO(PO3)2 was found to be comparable to that of

(VO)2P2O7 [14].

In a previous study on the catalytic properties of

VO(PO3)2-containing catalysts, a minor MA selectiv-

ity was reported [17]. In contrast, an MA selectivity of

more than 40% was found recently on b-VO(PO3)2

which was nearly independent on the degree of the n-

butane conversion, being between 5 and 70% [18].

More recently, on an amorphous VO(PO3)2 catalyst a

very different selectivity behaviour has been reported

at low n-butane conversion (<10%) [19,20]. Accord-

ing to the authors, only the products of partial oxida-

tion are formed under these conditions. Besides the

formation of MA, a selectivity of furan up to 40% has

been claimed at an n-butane conversion of 2%. The

speci®c rate per area of MA formation proved to be

comparable to or higher than that measured on a

P/V�1 catalyst, in accordance with the ®nding

described in [14]. It was concluded that a new route

of MA synthesis without the formation of carbon

oxides could be achieved, using catalysts with a

phosphorus-rich surface. Therefore, according to the

authors, the application of catalysts with P/V�2

would be important if such a catalyst with higher

surface area could be prepared [20].

To our knowledge, the catalytic properties of VPO

catalysts with P/V�2 during the ammoxidation of

methylaromatics have never been investigated so

far. Only a P/V�2 derivative, the diammonium oxo-

vanadium(IV)-diphosphate (NH4)2VOP2O7, was used

as catalyst in the ammoxidation of methylaromatics

[4,21]. A phase transformation was observed after

contact with the ammoxidation feed, generating crys-

talline NH4VP2O7 as identi®ed by X-ray diffracto-

metry (XRD), and has been described in detail in

Ref. [21].

Against this background, it was the aim of the

present work to investigate the activity and selectivity

of the crystalline polyphosphates a- and b-VO(PO3)2

and of amorphous VO(PO3)2 in the oxidation of n-

butane to MA. Furthermore, the different oxovana-

dium polyphosphates and NH4VP2O7 (generated from

the VO(H2PO4)2 precursor by heating in the presence

of ammoxidation feed) were used as catalysts in the

ammoxidation of toluene to benzonitrile. Addition-

ally, the catalytic properties of (VO)2P2O7, V(PO3)3

and of a catalyst obtained from VOHPO4�1/2H2O

precursor under ammoxidation conditions

((NH4)2(VO)3(P2O7)2�VxOy) were also studied in

order to derive relationships between structure and

catalytic performance.

2. Experimental

2.1. Precursor compounds and catalysts

The precursor VO(H2PO4)2 (VHP/2) was synthe-

sized by mixing and heating V2O5 (1 mol), H3PO4

(6 mol) and water (400 ml) in the presence of an

excess of oxalic acid (1.2 mol) at 363 K for 48 h

[22]. The resulting blue, V4� ion-containing solution

was evaporated overnight. The obtained solid was

powdered, washed with acetone and dried. Character-

ization by chemical analysis and XRD con®rmed the

material to be VHP/2. The material was then calcined

(heating rate�10 K/min) in the presence of air and,

depending on the ®nal temperature applied, the

tetragonal b-VO(PO3)2 (b-VP/2, 1073 K, 1 h) or the

amorphous product VP/2-1 (673 K, 6 h) and the

partly crystalline VP/2±2 (773 K, 24 h; 60±75%

b-VO(PO3)2 besides other polyphosphates) were

obtained. The monoclinic a-VO(PO3)2 (a-VP/2)

was directly synthesized by heating V2O5

(0.055 mol) in an excess of H3PO4 (1.72 mol) at

643 K for 5 h under air (heating rate�10 K/min),

according to the method described in Ref. [23]. A

mixture of both modi®cations (a/b-VP/2) was

obtained in the same way at a reaction temperature

of 693 K.

NH4VP2O7 (NVP/2) was generated by transforma-

tion of VHP/2 (0.023 mol) at 673 K for 5 h (heating
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rate�10 K/min) in the presence of an ammonia/air/

water vapour-containing ¯ow (molar ratio of

1 : 6 : 5.5; 12.5 l/h total ¯ow) [21].

V(PO3)3 (VP/3) was prepared by heating of V2O5

(0.055 mol) and H3PO4 (1.72 mol) at 803 K for 3 h

(heating rate�10 K/min) under air according to Ref.

[23]. (NH4)2(VO)3(P2O7)2, containing mixed-valence

(VIV/VV) vanadium oxides �NVP=3
4
�, was generated

from VOHPO4�1/2H2O (VHP/1) (0.029 mol) by trans-

formation in an ammonia/air/water vapour ¯ow

(molar ratio of 1 : 7 : 5.5; 13 l/h total ¯ow) at 673 K

for 5 h [7]. (VO)2P2O7 (VP/1) was obtained by calci-

nation of a VHP/1 precursor synthesized in an aqueous

medium in accordance with Ref. [24].

All materials were pelletized (20 MPa, ca. 0.5 min)

and crushed, thereafter, sieve fractions of 1.25±

2.5 mm (oxidation) and 1±1.25 mm (ammoxidation)

were applied.

2.2. Characterization of the VPO precursors and

catalysts

Fresh and used VPO samples were characterized by

chemical analysis (V, P, N, H). The average vanadium

valence state was determined by potentiometric titra-

tion [11]. The crystallinity as well as a possible phase

transformation were investigated by recording X-ray

diffraction patterns of the samples with a Stoe auto-

matic transmission powder diffractometer (STADIP),

using CuK�1
radiation. The samples were character-

ized by TG/DTA (heating rate�10 K/min, nitrogen) in

order to observe their thermal behaviour (STA/QMS

409C; Netzsch). The surface areas of the fresh and

used specimens were determined using the 5-point-

BET method (Gemini III; Micromeritics). Further-

more, some samples were characterized by FTIR

spectroscopy (KBr technique) in order to observe

different V±O, P±O as well as N±H vibrations of

ammoxidation catalysts (IFS 66; Bruker). Selected

characterization results of the materials are summar-

ized in Table 1.

2.3. Catalytic measurements

The n-butane oxidation was carried out in a ®xed-

bed tubular reactor. The volumes of the different

catalyst ®llings were in the 2±42 ml range. A feed

composition of 1.46 vol% n-butane in air was used.

The reaction was performed in the 663±773 K range.

A W/F of 50±150 g h molÿ1 was applied. n-Butane

and partially oxidized products were determined by

on-line capillary GC (WCOT-FS, 25 m�0.32 mm,

FFAP-CB coating; Chrompack) equipped with an

FID as detector. For each series of experiments a

calibration with de®ned mixtures of furan/N2 and

MA/N2, respectively, was carried out.

In the ammoxidation experiments, a ®xed-bed U-

tube quartz-glass reactor (1.5 ml catalyst volume) was

used. The experiments were carried out under the

following conditions: toluene : NH3 : air : H2O�
1 : 4.5 : 32 : 24, atmospheric pressure, W/F�
10 g h molÿ1, 673±723 K. Toluene conversion and

Table 1

Chemical analysis data, vanadium valence state and BET surface areas of the parent samples

Sample P/V molar ratio H/N molar ratio V valence state BET (m2 gÿ1)

VHP/2 1.97 3.995 0.69

a-VP/2 2.00 Ð a 1.05

b-VP/2 1.96 Ð a 2.64

a/b-VP/2 2.02 Ð a 0.85

VP/2±1 n.d. b 4.15 n.d. b

VP/2±2 2.04 4.20 3.00

VP/2±20 c n.d. b 4.16 2.40

NVP/2 2.01 3.94 Ð a 1.96

NVP=3
4

1.01 3.89 4.10 1.62

VP/1 1.00 4.05 n.d. b

VP/3 3.00 ± a 0.48

a No valence state determined because of low solubility.
b Not determined.
c Reproduction of VP/2±2.
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yield of aromatic products were followed by on-line

capillary GC (FS-SE-54-CB, 25 m�0.25 mm;

Chrompack) using an FID as detector.

The total oxidation products CO and CO2 were

determined by non-dispersive infrared photometry

(Infralyt 40E, Junkalor). The limit of detection for

each compound was 0.01 vol%.

The catalysts were heated under nitrogen to the

reaction temperature applied (for n-butane oxidation)

and to ca. 393 K (ammoxidation runs), respectively.

Then the nitrogen ¯ows were replaced by the feeds

and 0.5±1 h (oxidation) and 6 h (ammoxidation),

respectively, were given for reaching the steady state.

3. Results and discussion

3.1. Characterization of the parent and used

samples

As shown in Table 1, the chemical composition of

the precursor VHP/2 and the fresh oxovanadium

polyphosphate catalysts are in good agreement with

the theoretical values. Both the N-containing samples

show nearly the theoretical values in P/V and H/N

molar ratios. The V valence state of NVP=3
4

re¯ects a

certain proportion of VV in the additional mixed-

valence vanadium oxide phase formed during the

precursor/catalyst transformation [7,25]. As expected,

the average vanadium valence state of the VHP/2

precursor amounts to 4.0, whereas the V valence states

of 4.15, 4.2 and 4.16, respectively, in case of the

amorphous sample VP/2±1 as well as partly crystal-

line solids VP/2±2 and VP/2±20 obtained by calcina-

tion in air for different times (6 h and 24 h,

respectively) and temperatures (673 and 773 K,

respectively) exhibit a remarkable oxidation of

VIV)VV. Unfortunately, the crystalline specimens

a- and b-VP/2 as well as VP/3 are only partly soluble

in dilute sulphuric acid and, therefore, a precise

determination of valence states of vanadium was

impossible in this series of samples.

The BET surface areas of all parent samples are

rather low (0.5±3.0 m2/g).

The XRD patterns of VHP/2, a-VP/2, b-VP/2 and

NVP/2 are shown in Fig. 1. The intense re¯ections of

the patterns reveal a high crystallinity of the samples.

The XRD study of sample VP/2±1 reveals an amor-

phous nature of the solid whereas sample VP/2±2

displays a partly crystalline structure as mentioned

above.

The TG/DTA curves of VHP/2 show a sharp

endothermic transition at �678 K with a total weight

loss of 13 wt%. A XRD-amorphous material is gen-

erated under these conditions. This corresponds to the

transformation of VHP/2 to amorphous VP/2 as pre-

viously described [20,22,26]. a-VP/2 and b-VP/2

exhibit no thermal signal during DTA. In contrast,

Fig. 1. XRD patterns of the precursor compound VO(H2PO4)2 (VHP/2) and the a-VO(PO3)2 (a-VP/2), b-VO(PO3)2 (b-VP/2) and NH4VP2O7

(NVP/2) catalysts.
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NVP/2 shows two endothermic transitions at �933

and 1073 K with weight losses of 7.7 wt% and

3.8 wt%, respectively, as calculated if an oligophos-

phate is assumed to be the ®nal product.

The VHP/2 to b-VP/2 transformation has also been

con®rmed by means of FTIR spectroscopy. The IR

spectrum of the generated NVP/2 demonstrates the

presence of ammonium ions (ca. 1420 and

1440 cmÿ1), the formation of P±O±P links (ca.

950 cmÿ1) as well as the disappearance of V=O bands

(980±1000 cmÿ1 region).

The catalyst samples were also characterized after

testing during oxidation and ammoxidation runs. The

crystalline samples a- and b-VP/2 remained

unchanged after oxidation experiments as revealed

by XRD. In contrast, the XRD pattern of the amor-

phous VP/2-1 after catalytic test shows some re¯ec-

tions of a-VP/2 and some small re¯ections of b-VP/2

besides a high background, pointing to the existence of

large amounts of the original amorphous phase. How-

ever, this transformation has also been con®rmed by

FTIR spectroscopy. After the ammoxidation experi-

ments, no changes in either the composition or crystal-

linity of a- VP/2, b-VP/2, a/b-VP/2, VP/3 and NVP/2

were observed by XRD. VP/2-1 remained unchanged

as amorphous solid. However, chemical analysis

revealed that ammonium ions must be present in

surface regions of the catalysts but the quantities of

de®ned, crystalline compounds were too small to be

detectable by XRD, probably.

The BET surface areas of all catalysts used proved

to be as low as those before the tests (0.7±2.4 m2/g).

3.2. Catalytic results

In Table 2 and Fig. 2 the results of the oxidation of

n-butane on the catalysts a-VP/2, b-VP/2, VP/2±1 and

VP/2±2 are depicted and, for comparison, some data

with respect to the catalytic properties of VP/1 and

VP/3 in this reaction are also described.

Table 2 shows that the MA selectivities of VP/2-1

and VP/2-2 samples were of the same order of mag-

nitude as those of the crystalline a- and b-VP/2

catalysts and did not exceed 40%. At the same n-

butane conversion degree, the MA selectivity of the

VP/1 sample amounts to more than 70%. On a- and b-

VP/2, only traces of furan were found in the reaction

products besides very small amounts of other partial

oxidation products like acrylic acid and acetic acid. In

contrast, on the VP/2-2 samples higher yields of furan

(maximum 3%) and acrolein (maximum 6%) were

determined. Also, the products of the total oxidation

Fig. 2. Specific rate per area of n-butane conversion (RC4
=mmolC4

hÿ1 mÿ2; ÐÐÐ) and maleic anhydride formation selectivity (SMA/%; - - -)

on a-VO(PO3)2 (a-VP/2;^), b-VO(PO3)2 (b-VP/2;&) and V(PO3)3 (VP/3; *) in relation to the reaction temperature (1.46 vol% n-butane/

air, atmospheric pressure, W/F�90±133 g h molÿ1, see Table 2).
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were found on all catalysts at the lowest n-butane

conversion. At a conversion degree lower than 5%, the

concentrations of both CO and CO2 were below

0.1 vol%. Only at an n-butane conversion of higher

than 6%, the concentration of CO exceeded 0.1 vol%

and the formation of more than 0.1 vol% CO2 requires

a higher n-butane conversion than 13% (see Footnotes

a±c of Table 2).

These ®ndings are in contrast to the conclusions

drawn by Sananes et al. [20], that at low n-butane

conversion only the products of selective oxidation,

MA and furan, are formed on vanadyl polyphosphate

catalysts. The catalysts were obtained from a

VO(H2PO4)2 precursor which was synthesized using

a different method (see [20]) as in this work. However,

one of the catalyst specimens applied was prepared by

the same calcination procedure as used in case of the

samples VP/2±2 and VP/2±20. Therefore, the differ-

ence in selectivities may rather be explained by the

higher sensitivities of the analytical methods used in

this work in comparison to the GC with packed

columns applied in Ref. [20]. For instance, the detec-

tion limits of �0.1 vol% mentioned in Refs. [20,27]

for the determination of both CO and CO2 do not allow

determination of the total oxidation products at an n-

butane conversion of less than 5%. Furthermore, using

capillary GC it is possible to separate furan from

acetone and acrolein. This separation problem is

dif®cult to solve using packed GC-columns and

this may be one of the reasons why comparatively

high furan selectivties are described in Ref. [20]

which could not be con®rmed in any case by our

work.

The speci®c rates per area of MA formation of the

several amorphous VP/2 specimens are considerably

higher than that of the crystalline polyphosphates.

However, they depend remarkably on the duration

and the temperature of calcination: Only two samples,

VP/2±2 and VP/2±20, which were calcined at 773 K

for 24 h under aerobic conditions show a high speci®c

rate per area of MA formation, comparable to that of

the VP/1 sample. In case of sample VP/2±1, which

was calcined under milder conditions (673 K, 6 h), a

reaction temperature >100 K was necessary to reach a

comparable speci®c rate per area. (The signi®cantly

higher conversion degree of n-butane of 85.6% at

673 K on VP/1 is due to the remarkably larger BET

surface.)

These latter ®ndings are in agreement with the

results of Sananes et al. [20] who have found high

speci®c rates per area of MA formation to be typical

for amorphous catalysts pretreated for 24 h at 773 K.

In case of the VP/2±2 catalysts, this behaviour may be

explained by the considerable oxidation of the amor-

phous solids during the pretreatment in air for 24 h.

After this procedure, the catalysts VP/2±2 and VP/2±

20 had average valence states of vanadium of 4.16 and

4.2, pointing to a deep change in the composition of

the surface layers and of the subsurface bulk. Possibly,

a similar local arrangement of VO6 octahedra, as in the

surface structure of equilibrated (VO)2P2O7, has partly

been formed in the surface region of VO(PO3)2,

allowing an easier partial oxidation of VIV)VV. This

new surface structure is believed to show a better

catalytic performance than the original surface of

VO(PO3)2 solids which are built up by corner-sharing

VO6 octahedra chains linked by metaphosphate

chains. This is in agreement with the previous detec-

tion of (VO)2P2O7 in a VPO catalyst with a P/V ratio

of 1.8 after its treatment with an n-butene-in-air feed at

the reaction temperature [15]. However, this phase

was not observed by XRD in the used VP/2 catalyst

samples of this study, possibly due to the lower

reduction power of the n-butane-in-air feed applied

and comparatively short times-on-stream of the

respective samples, not allowing a suf®cient crystal-

lization for the detection of (VO)2P2O7.

A similar behaviour might be the reason for the

surprisingly high catalytic performance of the VP/3

catalyst. As shown in Table 2 and Fig. 2, the speci®c

rate per area of n-butane conversion and the MA

selectivity of this sample are comparable to the results

obtained on the a- and b-VP/2 catalysts. Also, in the

case of VP/3, a transformation of the surface layers to

areas with a lower P/V ratio (and others with higher

P/V ratios) seems to be possible under the in¯uence of

oxygen and temperature, leading to an increasing

oxidizability of the surface region. This results in

catalytic properties being comparable to those of

VO(PO3)2 catalysts.

The catalytic properties of VP/3 are in sharp con-

trast to previous results [17] which revealed that VPO

catalysts with P/V>2.5 show no activity and MA

selectivity in the n-butane oxidation. The reason for

this behaviour might be the different method of pre-

paration of the respective V(PO3)3 applied in Ref.
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[17]. In Ref. [17], the calcination was carried out at a

very low temperature (523 K for 6 h in air) whereas

VP/3 was obtained by calcination in air at 803 K.

All investigated P/V�2 catalysts showed a rather

poor catalytic activity (especially for a-VP/2, b-VP/2,

a/b-VP/2) in the ammoxidation of toluene as com-

pared to NVP=3
4

as shown in Fig. 3 (see also Table 3

for selected results). Similar high speci®c rates per

area for toluene conversion were only reached at

reaction temperatures 50±60 K higher than those for

NVP/2 and the amorphous VP/2-1. The crystalline

polyphosphates (a-VP/2, b-VP/2) exhibited only low

toluene conversion (10±20% up to 723 K) under the

chosen reaction conditions.

It seems that the structure of these materials, con-

sisting of single vanadyl octahedra chains linked by

polyphosphate chains, does not suf®ciently permit the

series of successive reaction steps of the ammoxida-

tion, i.e. chemisorption of the toluene molecule, H-

abstraction, partial oxidation, N-insertion and nitrile

desorption [28,29]. To be active enough, catalysts

should display close neighboured vanadyl octahedra

on the surface as revealed by earlier studies [30,31].

However, it seems that these desired structures are not

formed from the parent samples used in this work

under the reducing reaction conditions of the ammox-

idation.

Thus, VP/1, displaying double chains of two edge-

sharing vanadyl octahedra in the crystal volume and

other vanadium oxide-containing catalysts (e.g.

NVP=3
4
), the structure of which contains multiples

of edge-sharing vanadyl octahedra, exhibits much

higher activities (see also Fig. 3). The relatively high

catalytic activity observed for NVP/2 (that contains

only VIII as parent sample) at higher reaction tem-

peratures could be initiated by the same processes as

mentioned above for the n-butane oxidation, i.e. sur-

face redox processes in the presence of the feed could

generate surface areas of the demanded composition

and structure units. Unfortunately, due to the low

solubility of the resulting catalyst in diluted sulphuric

acid the conventional determination of the oxidation

state of vanadium failed to prove this assumption of

the surface oxidation up to VIV/VV. Furthermore,

suf®cient amounts of water vapour seem to be neces-

sary that could change the surface properties (e.g. by a

hydrolytic break of V±O±P and/or P±O±P links, gen-

eration of NH�4 , initiation of surface redox processes).

In contrast to its activity in the n-butane oxidation,

VP/3 is not able to convert toluene as only a conver-

Fig. 3. Specific rate per area of toluene conversion (Rtol/mmoltol hÿ1 mÿ2) on the catalysts used for ammoxidation reaction as a function of the

reaction temperature: a-VO(PO3)2 (a-VP/2, ^), b-VO(PO3)2 (b-VP/2, &), a/b-VO(PO3)2 (a/b-VP/2, ~), amorphous VO(PO3)2 (VP/2-1,

&), NH4VP2O7 (NVP/2, *), V(PO3)3 (VP/3, *) and (NH4)2(VO)3(P2O7)2 (NVP=3
4
, ~) (Toluene : NH3 : air : H2O�1 : 4.5 : 32 : 24,

atmospheric pressure, W/F�10 g h molÿ1).
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sion of �0.5% at 723 K was observed. Obviously, in

this case a suf®cient oxidation of VIII surface regions

to VIV/VV areas is hindered, probably by the minor

oxidation potential of the ammoxidation feed. More-

over, an enrichment in phosphorus of the surface layer

of VPO catalysts should also be considered to have

arisen by the content of water vapour in the feed (see

Ref. [13]).

Benzonitrile is the main product of the reaction, as

expected. The nitrile selectivities amounted to �85±

95% at higher conversion rates. Surprisingly, minor

amounts of benzaldehyde (up to 1%) were found

during the catalytic runs, re¯ecting the inability of

these catalysts to activate ammonia to a suf®cient

extent at lower reaction temperatures. This ®nding

is a further proof of the role of benzaldehyde as a

reaction intermediate, as recently shown by in-situ

FTIR spectroscopy [29] as well as by temporal-ana-

lysis-of-products (TAP) investigation of the ammox-

idation reaction on VP/1 [28]. Besides minor amounts

of carbon oxides, no other partially oxidized products

were found.

4. Conclusions

Amorphous as well as partly crystalline VO(PO3)2

catalysts show a speci®c rate per area of MA forma-

tion in the n-butane oxidation which is comparable to

that of (VO)2P2O7 catalysts. The reason is probably a

structural transformation of the surface region under

the in¯uence of excess oxygen. Crystalline VO(PO3)2

catalysts do not show a comparable surface transfor-

mation. Furthermore, it is assumed that the resulting

surface structures of the polyphosphate catalysts inhi-

bit the rate of reoxidation, leading to a higher con-

centration of electrophilic oxygen species which

results in increasing total oxidation. Consequently,

the MA selectivity on crystalline as well as amorphous

VO(PO3)2 is lower than on (VO)2P2O7 catalysts. This

effect also occurs at low n-butane conversion: Other

statements are possibly due to misinterpretation of

analytical data.

In contrast to previous statements [17], V(PO3)3

seems to be attacked by oxygen at comparatively low

temperatures, leading to a surface structure which

exhibits a speci®c rate per area of n-butane conversion

and an MA selectivity comparable to that of crystal-

line VO(PO3)2 catalysts. Probably, under the more

reducing atmospheric conditions of the ammoxidation

feed, these structures cannot be formed. Therefore,

V(PO3)3 shows only little activity in the ammoxida-

tion of toluene.

In ammoxidation, the crystalline oxovanadium

polyphosphates reveal a rather poor catalytic activity

due to structural reasons, as already discussed. Other-

wise, the amorphous polyphosphate and the NH�4 -

containing VPO show relatively high toluene conver-

sion rates caused by easier proceeding surface redox

reactions as a consequence of structural transforma-

tion of surface areas. These processes should also

include the incorporation of NH�4 . Benzonitrile selec-

tivities up to 95% are reached. Minor amounts of

formed benzaldehyde mirror a suppressed ability of

these solids to activate ammonia to a suf®cient extent

at least at lower reaction temperatures.

The studies described above show an interesting

dynamics of the structure of the surface region of VPO

catalysts with P/V ratios �2 during oxidation and

ammoxidation experiments. Further investigation of

Table 3

Toluene conversion (Ctol), selectivity of benzonitrile (Sbn) and CO�CO2 �SCO�CO2
� formation as well as specific rate per area of toluene

conversion (Rtol) and benzonitrile formation (Rbn) on selected P/V�2 catalysts during ammoxidation runs (Toluene : NH3 : air : H2O�
1 : 4.5 : 32 : 24, atmospheric pressure, W/F�10 g h molÿ1)

Sample T Ctol Sbn
c SCO�CO2

c Rtol Rbn BET surface area b

(K) (%) (%) (%) (mmoltol hÿ1 mÿ2) (mmolbn hÿ1 mÿ2) (m2 gÿ1)

a-VP/2 723 5.4 85 7 164 140 0.56

NVP/2 725 36.2 94 5 581 533 2.15

VP/3 723 0.6 33 tr. a 12 4 0.70

NVP=3
4

673 48.3 91 8 513 462 1.62

a Traces.
b Used samples.
c Balance: benzaldehyde.
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these phenomena should lead to a better understanding

of the activity and selectivity of these materials.

Nevertheless, (VO)2P2O7 will continue to be the

commercially more important n-butane oxidation cat-

alyst in future as well.
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