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Oxidation and reduction processes of the surface of vanadyl pyrophosphate ((VO)2P2OT) 
have been studied by means of Raman spectroscopy, X-ray photoelectron spectroscopy, ther- 
mogravimetry, and "micro-pulse" reaction of n-butane in relation to the selective oxidation of 
n-butane. Oxidation of (VO)2P207 by 02 was carried out to controlled extents by changing 
the reaction temperature and period. When (VO)zP207 was oxidized at 733 K for 2 h, about 
one layer of the surface of (VO)2P207 was oxidized to the X1 phase, which was reported pre- 
viously by the authors, as deduced from the amount of O2-uptake and spectroscopic changes. 
Reductions of the surface X1 phase and 13-VOPO4 were carried out by a "micro-pulse" reaction 
with n-butane at 733 K. The reduction by n-butane changed the surface X1 phase to 
(VO)2P207 and, at the same time, gave maleic anhydride with seleetivities ranging from 13 to 
40%. The selectivity was less than 10% in the case of 13-VOPO4. These results suggest that the 
redox cycle between the X1 phase and (VO)2PzO7 in the surface layer is involved in the catalytic 
oxidation of n-butane to maleic anhydride. 
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1. Introduction 

(VO)2P207 has been indicated to be the active component  of  the industrial cat- 
alyst for  the product ion of  maleic anhydride (MA) by the oxidation of  n-butane 
[1-3]. Some researchers inferred that  the single crystalline phase of  (VO)2P207 is 
the active phase o f  this reaction [4-6]. On the other hand, Volta et al. claimed that  
a biphasic catalyst consisting of  (VO)2P207 and 7-VOPO4 is active [7] and 
Yamazoe  et al. reported that  a phosphorus-rich phase is efficient for this react ion 
[8]. 

Trifir6 et al. have reported that  (VO)2P207 having rose-like crystallites is highly 
active [6a]. Since the (100) plane is the dominant  surface of  this rose-like 
(VO)2P2OT, the active plane of  (VO)2P207 is thought  to be (100), on which 
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V4+-O-V4+( = O) pair sites are located. Bordes et al. have proposed on the basis 
of a crystallographic model that the (100) plane of (VO)2P207 is efficient for the 
selective oxidation of n-butane [9]. The authors have demonstrated by using large 
plate-like crystallites of (VO)2P207 that the (100) plane is selective for the for- 
mation of MA, while side planes ((001), (021), etc.) are active for non-selective 
oxidation [10]. 

It is generally accepted that the oxidation of n-butane over (VO)2P207 takes 
place in its surface layer via a redox mechanism, i.e., Mars-van Krevelen mechan- 
ism [11], where the surface layer is oxidized to V 5+ to a certain extent at the steady 
state of the reaction. Pepera et al. [12] and the authors [13] showed by the experi- 
ments using 1802 that the diffusion of oxygen atoms during the reaction is limited 
to only a few surface layers. Thus, the structure and redox property of the surface 
V 5+ phase are important for this reaction. Various phases of V 5+ have already been 
reported: ~-VOPO4 [14], ~-VOPO4 [15], Xl phase [4], y-VOPO4 [16], 8-VOPO4 
[16], 13 ~ phase [17], and [yl phase [17]. Since X1, 8 and 13" phases gave very similar 
X-ray diffraction (XRD) patterns [4,16,17], these are possibly identical. The 
valency of vanadium in the X1 phase was reported to be close to 5 [4]. The X1 phase 
is soluble in water, while ~-VOPO4 is insoluble [4,18]. 

In the present study, changes in the surface phase of (VO)2P207 upon the oxida- 
tion with 02 or reduction with n-butane have been mainly investigated with Raman 
spectroscopy. Here, we wish to report that the X1 phase is involved in a redox pro- 
cess with the surface phase of (VO)2P207. 

2. Experimental 

(VO)2P207 was obtained by the treatment of the precursor, VOHPO4-0.5H20, 
at 823 K in an N2 flow for 5 h, where the precursor was prepared by the organic sol- 
vent method using benzyl alcohol, isobutyl alcohol, V205, and H3PO4 [6]. The 
BET surface area of (VO)2P207 was 78 m 2 g-1. It was confirmed by SEM that 
(VO)2P207 obtained in the present study had rose-like shape. The thickness along 
the (100) plane was estimated from the linewidth of the XRD peak to be about 
100 A, which corresponds to about 10 layers of (VO)2P207 unit. Bulk X1 phase 
(28 m 2 g-l) was synthesized from NH4HVPO6, which was obtained from 
NH4H2PO4 and V205 as described previously [4]. ~-VOPO4 (3.2 m 2 g-l) was pre- 
pared by the calcination of VOHPOn.0.5H20 at 873 K in an 02 flow for 10 h. The 
structure of these V-P oxides was confirmed with XRD. 

After the (VO)2P207 sample was pretreated in He at 773 K for 1 h in a flow sys- 
tem, 02 (1 atm) was fed at a rate of 60 cm 3 min -1 for 2 h at 733-773 K. In order 
to determine the uptakes of oxygen during the 02 treatment, the same experiment 
was repeated in a microbalance (Seiko Instruments, TG/DTA220), where the 
uptakes of oxygen were measured by the weight increase. The oxidation state of the 
catalyst is expressed in the following two ways; x in ,~,4+ ~,5+po V 1 _2xV2x 4.5+x 
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(= VPO4.5+x) and the number of V 5+ layers (abbreviated as NL). The latter is the 
ratio of the number of V 5+ to the number of vanadium atoms (V 4+ + V 5+) in the 
surface monolayer of (VO)2P2OT. The number of vanadium atoms in the surface 
monolayer was estimated to be 8.1 x 10 -4 mol g-1 from BET surface area and the 
lattice parameters [19]. 

Raman spectra were taken with a laser Raman spectrometer (Jasco Corpora- 
tion, NR-1800) using the 514.5 nm line from Ar ion laser (NEC GLS3261J). XPS 
(X-ray photoelectron spectroscopy) spectra were recorded with a Jeol JPS-90-SX 
spectrometer with A1 Kt~ radiation, where samples were pressed into 10 mm disks. 
All spectra were referenced to the O 1 s binding energy of 532 eV. 

A "micro-pulse" reaction was performed in a pulse-reactor system equipped 
with a quadrupole mass spectrometer at the outlet of the reactor. After the catalysts 
were treated in He (60 ml min -1) at 773 K for 1 h, a pulse of n-butane (0.71 cm 3 
of 2.0% n-butane in He; n-butane -- 6.0 • 10 -7 mol) was injected repeatedly at 
intervals of about 1 min. The composition of maleic anhydride at the outlet was 
estimated using the peak intensity o f m / z  -- 54 after the subtraction of the contribu- 
tions resulting from fragmentation of n-butane, butenes, and butadiene. The com- 
positions of n-butane, butenes, butadiene, furan, CO, and CO2 were also 
calculated from the relative peak intensities o f m / z  = 28, 39, 41, 43, 44, 54, and 68. 
Sensitivity factors of these gases for the mass spectrometric analysis were deter- 
mined separately for each gas. 

3. Results  and discussion 

Fig. 1 shows the changes of Raman spectra of (VO)2P207 upon the oxidation 
with 02. The parent (VO)2P207 gave a single peak at 923 cm -1, which is consistent 
with the literature [5]. Moser and Schrader assigned this peak to v ( P - O - P )  of the 
]?207 group [20]. As shown in fig. lb, when (VO)2P207 was oxidized at 733 K for 
2 h (x = 0.047, NL = 0.94), a strong peak at 937 cm -1 and weak peaks at 1020, 
1075, and 1090 cm -1 appeared in addition to the peak at 923 cm -1. Further oxida- 
tion at 773 K for 2 h (x = 0.25, NL = 4.9) (fig. 1 c) gave a pattern having four peaks 
at 937, 1020, 1075, and 1090 cm -1 together with peaks at low wave numbers (655, 
590 and 550-380 cm-1). This spectrum (fig. lc) is in good agreement with that of 
bulk X1 phase, with a small contribution from (VO)2P207 (fig. ld). As shown in 
fig. le, ~-VOPO4 gave distinct peaks at 896, 987, and 1072 cm -1 as well as the 
peaks having low wave numbers as noted in the literature [20]. None of these peaks 
were detected for the oxidized (VO)2P2OT. The spectrum of X1 phase is also differ- 
ent from that of t~-VOPO4 reported in the literature [20]. Therefore it is evident 
that the phase formed by the controlled oxidation of (VO)2P207 is the X1 phase. 
The peak at 937 cm -1 has been assigned to t/(PO4), and the peaks at 1075 and 
1090 cm -1 of the X1 phase to v ( V - O - P )  [21]. The peaks below 700 cm -1 are prob- 
ably due to the bending modes and coupled vibrations of the crystal lattice [21]. 
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Fig. 1. Raman spectra of (a) (VO)2P207 before oxidation, (b) (VO)2P207 after oxidation at 733 K 
(x = 0.047, NL = 0.94), (c) (VO)2P207 after oxidation at 773 K (x = 0.25, NL = 4.9), (d) bulk X1 
phase, and (e) 13-VOPO4. x: x in V~2xV25+POa.s+x ((VO)2P207 (x = 0), VOPO4 (x = 0.5)); NL: num- 

ber of V 5+ layers (see text). 

As shown in figs. la  and ld, the intensity of the peak (937 cm -1) due to the Xl 
phase is about 10 times greater than that (923 cm -1) of (VO)2P207, although the 
sample weights were the same. The great difference in peak intensity between these 
samples was confirmed for mechanical mixtures of (VO)2P207 and bulk X1 phase 
with different compositions. Therefore, the reason why the peak of X1 phase was 
more intense than that of (VO)2P207 in fig. lb, in spite of a rather small degree of 
oxidation (x = 0.047), is probably this difference in sensitivity. 

Raman spectroscopy gives information relating to the bulk of a sample [22]. On 
the other hand, XPS is concerned with only a few layers of the surface. Thus, we 
used XPS to determine whether the X1 phase is formed on the surface or in the bulk. 
As shown in fig. 2a, the parent (VO)2P207 gave peaks at 524.8 and 517.7 eV as in 
the literature [20], which are assignable to V 2pl/2 and V 2p3/2 of V 4+ on 
(VO)2P207, respectively. For the bulk X1 phase, peaks at 526.4 and 518.9 eV were 
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Fig. 2. XPS spectra of (a) (VO)2P207 before oxidation, (b) (VO)2P207 after oxidation at 733 K 
(x = 0.047, N L  = 0.94), (c) (VO)2P207 after oxidation at 753 K (x = 0.80, N L  = 1.6), and (d) bulk 
X1 phase. For (b) and (c), each spectrum was obtained by one scan to avoid the reduction during the 

measurement, x: x in V~_+2xV25+PO4.5+x; NL:  number of V 5+ layers (see text). 

observed, which correspond to V 2pl/2 and V 2p3/2 of  V 5+, respectively (fig. 2d). 
These peak positions were the same as for V 5+ of  I}-VOPO4 [23]. When (VO)2P207 
was oxidized at 733 K (x = 0.047, NL = 0.94) and 753 K (x = 0.080, NL = 1.6), 
the V 2pl/2 and V 2p3/2 peaks became broader due to the overlapping of  the peaks 
due to V 5+. The ratio of  the peak intensity for V 5+ and V 4+ (Ivs+/lv4+) was deter- 
mined to be 0.24-0.29 (oxidized at 733 K, fig. 2b) and 0.54-0.61 (oxidized at 
753 K, fig. 2c) by the deconvolution of the peaks, assuming that the peak shape is 
the mean of a Lorentzian and Gaussian function and that each peak position and 
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width are unchanged (dotted curves in fig. 2). If the whole bulk was oxidized uni- 
formly, Ivs+/Iv4+ should be equal to the bulk V 5+/V 4+ ratio. The values (Ivs+/Iv4+) 
calculated for the case of bulk oxidation were 0.10 and 0.19 after the oxidations at 
733 and 753 K, respectively, as calculated from the amount of O2 uptake. The 
experimental values from XPS are significantly greater than the bulk values calcu- 
lated, indicating that the bulk was not oxidized uniformly. 

For further confirmation, the ratio of the XPS peak intensity was estimated by 
assuming that (VO)EP207 was oxidized stepwise from the surface inward to form a 
V 5+ surface phase. The estimation was carried out according to a model similar to 
that described in the literature [24]. The data of Scofield [25] (avs+ ,~ cry4+ = 6.33) 
for the photoionization cross-section of V 5+ and V 4+ were used. The mean free path 
of the photoelectron (A) was calculated to be 13.5/~, according to the method of 
Penn [26]. Densities of V 5+ andV 4+ (nvs+ = 1.2 x 10 - 2 / ~ - 3 ,  nv4§ : 1.3 x 10 - 2 / ~ - 3 )  

and the thickness of an ideal V 5+ phase monolayer (t = 4.1 •) were determined 
from the lattice parameters [17,19]. The ratios of Ivs+/Iv4§ according to this model 
were 0.31 and 0.57 at x = 0.047 (733 K) and x = 0.080 (753 K), respectively, which 
is in good agreement with the experimental values (0.24-0.29 (733 K) and 0.54- 
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Fig. 3. Raman spectra of  (a) (VO)2P207 before oxidation, (b) (VO)2P207 after oxidation at 733 K 
(x = 0.047, N L  = 0.94), (c) after the pulse reaction of n-butane over the oxidized (VO)2P207. Cat- 
alyst: about 200 mg (surface V = 1.3 x 10 -s  tool). Pulse size of n-butane = 6.0 x 10 -7 tool. A total 

of  34 pulses of n-butane was introduced at 733 K. Arrows show the peak positions for the XI phase. 
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0.61 (753 K)). Thus, it may be concluded that the oxidation occurred within the 
first few surface layers of (VO)2P2OT. 

Fig. 3 gives the Raman spectra before and after the micro-pulse reaction 
between n-butane and the surface X1 phase, which was formed by preoxidation of 
(VO)2P207 at 733 K. When pulses of n-butane (6.0 • 10 -7  mol) were injected 34 
times repeatedly to the surface X1 phase, Raman peaks due to the X1 phase gradu- 
ally disappeared and the peak due to (VO)2P207 was recovered (fig. 3c). This result 
shows that the surface X1 phase was reduced by n-butane to (VO)2P207. In fig. 4, 
the conversion of n-butane and the selectivity to MA during this pulse reaction are 
plotted against x in VPOa.s+x, where x was calculated from the conversion of n- 
butane and the composition of the products according to Pepera et al. [12]. It was 
confirmed that the conversion of n-butane was very low (less than 8%) at the first 
pulse and was nearly zero after the fourth pulse for the (VO)2P207 phase. When n- 
butane was pulsed to the surface X1 phase, the conversion at the first pulse was 
more than 80%. It is remarkable that MA was formed with selectivities of 13-40% 
during the pulse reaction, together with CO and CO2. In other words, the surface 
X1 phase transformed n-butane to MA. The selectivity tended to increase as the sur- 
face oxidation state decreased (fig. 4). It is noteworthy that quite high selectivities 
were observed for the partially reduced surface X1 phase. On the other hand, as 
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Fig. 4. Conversion of  n-butane and selectivity to maleic anhydride for the pulse reaction of n-butane 
at 733 K. (a) (VO)2P207 oxidized at 733 K, x = 0.047, (t~) conversion, (O) selectivity to MA, cat- 
alyst weight: 200 nag; (b) 13-VOPO4, ( � 9  conversion, (@) selectivity to MA, catalyst weight: 800 mg. 

Pulse size of  n-butane = 6.0 • 10 -7 mol. Flow rate of He: 60 cm 3 min -1. 
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shown in fig. 4, 13-VOPO4 gave much lower selectivities (always less than 10%), 
which is consistent with the result of the catalytic reaction [4]. When the pulses of n- 
butane were introduced to the bulk X1 phase at 733 K, the selectivities to MA 
were in the range from 15 to 30%, which is comparable to the surface X1 phase. 

Therefore, it may be concluded that the X1 phase is involved in the redox cycle 
of the surface of (VO)2P207 during the oxidation of n-butane to MA and the reac- 
tion proceeds on a partially-reduced X1 phase. As for the structure of the X1 phase, 
from the analogy of XRD patterns between (VO)2P207 and the 13"-phase (X1 
phase), Matsuura et al. claimed that the 131~-phase has a V-V dioctahedral structure 
[17]. On the other hand, Volta et al. presumed, from a Raman spectroscopic study, 
that the vanadium atoms of ~5-VOPO4 (= Xl phase) are in isolated octahedra [18]. 
Our preliminary EXAFS results for the X1 phase clearly show that V-V pair sites 
are present in the X1 phase [27]. Details about the changes of the structure during 
the oxidation-reduction processes will be discussed in a forthcoming paper. 
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