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The V-P-O system, active and selective in the oxidation of butene into maleic anhydride, 
provides an additional example of a mild oxidation catalyst, where the catalytic properties are 
shown to depend strongly on the intrinsic properties of the constituent phases. The structural 
and spectroscopic properties of VOPO, and (VO) P 0 2 2 ,, whose presence is necessary to obtain 
a substantial selectivity in the range P:V = 0.5: 1 to 2: 1, have been examined in connection 
with those of V205. Since electron diffraction patterns obtained on spent catalyst samples 
revealed the existence of microdomains, these results have been compared with the hysteresis 
loop found in kinetic and thermodynamic experiments : The excited atoms, which are located 
on each side of the coherent boundaries formed in steady state conditions, are assumed to 
influence strongly the activity and selectivity. 

I. ISTRODUCTION 

For fundamental and applied reasons, 
the need for a greater emphasis on the 
problem of select,ivity in mild oxidation 
heterogeneous catalysis is now unanimously 
recognized. A survey of recent literature 
indicates that experimental work is being 
conducted with this in mind (1, 9). 

Up to now, whereas catalytic activity is 
generally explained either by considering 
the metal-oxygen bond strength (s-5), or 
by the role played by oxygen species on the 
catalyst surface (6-8), correlations wit’h 
selectivity are still difficult to establish, in 
spite of encouraging attempts (9, 10). 

Since a selective catalyst is generally 
composed of two oxides, one being respon- 
sible for activity and the other giving rise 
to selectivit’y (2, 11), some authors correlate 
the latter property with the presence of 
certain ions in appropriate coordination 
acting as catalyt,ic sites, rat,her than to t,he 

exist’ence of defined phases present in the 
catalyst. In the same way, others establish 
a direct relationship between one property 
of the act’ive ions (such as acidity) and 
their selectivity, as if it were a more or less 
additive function of the composition of 
the binary catalyst (10). 

However, it has been frequent’ly ob- 
served that the same active ions behave 
differently according to their crystalline 
environment,, exhibiting various selectivities 
in the same gas phase reaction. Electron 
transfer and electronic interactions with 
ions in adjacent polyhedra are responsible 
for this behavior, providing the so-called 
“localized approach” to the problem of 
catalytic centers already extensively studied 
(1.2, IS). It means that any correlation 
must take int,o account not only the free 
active ions with their intrinsic properties, 
but also the same ions in their solid state 
environment,, which results from the short 
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* Temperatwc of calcination and pressure of oxygen. 

or long range crystalline field around them. opportunity to point out the role of 
Therefore, a st’udy of the interdependent thermodynamically defined phases in mild 
properties of the crystalline mat,rix, which oxidation catalysts. 
gives the active ions their specificit’y, 
appears to be the first step necessary to II. METHODS 
obt,ain selectivity criteria. 

Considering t,he oxidation of I-butene 
into maleic anhydride (MAA), the behavior 
of the Vj+/V*+ redox couple has been 
studied in comparing the properties of t)he 
well-known V+Jj catalyst and those of the 
V-P-O system, which is not, yet, fully under- 
st’ood though already indus;trially used in 
this reaction (2). Given the close relation- 
ships between the two catalyst)s, it has been 
thought that, any difference in the catalytic 
selectivity of V-l’-0 as compared t)o that, 
of VzOr, could be easily int,erpreted in terms 
of it,s specific properties. Aloreover, since 
1’: V = 1: 1 and 1.6: 1 (atomic rat>io) cata- 
lyst’s are equally selective in first approxi- 
mation (Ik), t,his system provides t’he 

A. Preparation of Catalysts 

The catalysts have been prepared by 
precipitation from solution or evaporation 
to dryness, then drying in an oven at 110°C 
and calcinat’ion under gas flow (1 liter hr-‘) 
at, a moderat,e temperat,ure (450-55073) 
(Table 1). 

(a) XH,VOs (0.25 mole) was partly 
dissolved in 250 ml of hot wat)er while 
st,irring at, 60’33, then 85 wt% HJ?Ok 
(stoichiometric amounts) was added. After 
a fleeting, int’ense reddish brown coloration, 
the yellow compound NHh(VO,) zP04 pre- 
cipit’ated. The whole mixture was evap- 
orat’ed to dryness with constant stirring and 
dried at’ 110°C for S hr. The yellow pre- 



cursor so obtained was heated for 4 hr under 
flowing nitrogen (pOZ = lo+ atm O,), air 
or oxygen, at 500°C (catalysts Po.jVa,l 
PIVa, P1.sVa, P2Va). 

(b) Vz05 (0.1 mole) was dissolved in 
150 ml of a hot oxalic acid solution (0.5 
mole). NH4HtP04 was added in stoichio- 
metric proportions. For P: V = 1: 1 cat’a- 
lyst, the green precipitat’e of (NH,)2 
*[(V0)&204(HP0~)2].5H20 may be fil- 
tered after cooling, washed with water, and 
dried with acetone as in Ref. (15). The 
calcination under 02, air, or Ns at 550°C 
(5 hr) yields P,Vb. The other P:V ratios 
could be obtained by evaporation of the 
whole mixture (solution and precipitate) 
and calcination in the same conditions 
(P,.,Vb, PuVb, PuVb). 

(c) VZOj (0.02 mole) was added bo a 
boiling solution of NHJH2POJ (0.4 mole in 
300 ml HzO), and boiling was maintained 
for 30 min. The yellow precipitate 
NHIHVPOB obtained (Ifi) was washed with 
water, dried with acetone, and calcined 
under 02 at 550°C (PlVc). 

(d) VOPO, was obtained by decomposi- 
tion at 700°C under 02 of VOP04*2HzO, 
prepared as described by Ladwig (17). 

(e) The solid precursors (NH,VOs or 
VZ05 and NHdHePOa) were powdered and 
mixed in st’oichiometric proportions. The 
calcination of P: V = 1: 1 mixing yielded, 
respectively, B-VOPOI under 02 and 
(VO)2P207 under P\‘, (600°C) ; VO(POS)Z 
was obtained only if the calcination was 
performed under 02 (P: V = 2: 1). 

As far as possible, the precursors dried 
at 110°C were broken int’o Ti to 10 mesh 
irregularly shaped pieces before calcination. 
If not, the catalysts were supported on 
A1203 beads (Nort.on Company, 4 = 45 
mm) : After the calcination, the powdered 
catalyst was damped in a small amount of 
water; the paste obtained was put into 
motion in a disk granulator together with 

1 Po.&Va,02: catalyst P:V = 0.5:1 prepared by 
method (a), calcined under 02. 

beads (e.g., about 35 g beads for 6 g 
catalyst) and dried quickly. 

The P:V atomic ratio was checked by 
chemical analysis. The surface areas were 
measured according to the BET method, 
using Nz at -195°C: 2.0, 10, 0.5, and 
0.5 m2/g were found, respectively, for 
PlVa,O2, PlVb,Oz, a-VOPO,(d), and 
P-VOP04(e). Little change is expected for 
other I’: V rat,ios since the great’er influence 
on surface area seems to be due to the 
possible exist,ence of vanadyl oxalate. 

R. Apparatus and Procedure 

X-ray diffraction (XRD) diagrams were 
obtained with CGR Seeman Bohlin cham- 
bers, or a diffractometer, using CuKa 
radiation. Powdered quartz was added as 
an internal standard. 

Electron diffraction patterns were ob- 
obtained with a JEOL 100 C electron 
microscope. 

Infrared spectra of samples dispersed in 
I<Br disks were recorded on a Perkin Elmer 
577 spectrophotometer, from 4000 to 250 
cm-‘. 

Diffuse reflectance spectra were recorded 
on a Beckman DB2A spectrophotometer, 
from 2600 to 200 nm, using MgO as 
standard. 

DTA was run on a DuPont 990 thermal 
analyzer, using the 1200°C furnace at 2.5, 
5, or lO”C/min rate. 

TGA was obtained on a Setaram MTB 
lo-18 microbalance. Samples in Pt or 
quartz crucibles were heated in flowing 
atmospheres of various gases such as Nz, 
02, air, butene, etc. . . (0.5 liter hr-‘). 

C. Catalytic Activity and Selectivity Mea- 
surements 

The vapor phase oxidation of 1-but’ene 
was carried out using a conventional flow 

reactor at atmospheric pressure. The stain- 
less steel reactor (200-mm length, 4 = 25 
mm), containing 30 ml of supported cata- 
lyst (or broken pieces), was immersed in a 



Ident ific~atiun of 1’: V Cata1yst.s 

Catdysts Ikfore reaction After catalytic reaction 

Pa sva 0 1 p-voPo4 + VlOS (VO)d’rO; 

PlVll O? p-VOPOa (CO)rPLO7 

l’,Vh NI (VO)?PrOi (VO)rPaOi[+ B-VOPO4]~ 

I’IVC O? u-VOPO, (VO) ?I’?0 7 

J’, zVa Or pvoPo4 (VO)YPrOi[+~-VOPO*] 

l’,.tiVa O? vo (Pod 2 (\Io)Pod?[+ VO)?PnOi] 

P,.avl~ Ns V(POd3 v (PO :a) I + vo (PO a) ‘2 

1’1 rva O? VO(POr)r VO(POd)2 + (VO)?P?O7 

1’2 ova 0 ? VO(l’O~)? V(l’03)r + VOWOS)~ 
-~_ 

SiOZ fluidized bed, heated, and regulated 
at the required temperat’ure. 

The concentBratZion of the feed was 1 ~01% 
of l-butene in air. The reaction temperature 
varied from 300 to 450°C and the flow rate 
from 50 to 150 liter hr-‘. The contact time 
was defined as cat’alyst volume (30 ml) per 
total flow rate (ml s-l) and varied from 
0.7 t,o 1.S sec. Feeding gases were preheated 
(115°C) and exit, gases were heated to 
115°C to prevent JLAA condensation. 
Their composition was analyzed by gas 
chromatography. The main part of the 
effluent, leaving the reactor passed through 
water bubblers (5”C), then was directed to 
two chromat,ographs for analysis of perma- 
nent gases (02, K2, CO, CO,) and hydro- 
carbons. The other part of t#he effluent, 
taken before the water bubblers, was 
analyzed for oxidized compounds (aldr- 
hydes, ketones, acids, furan, and AlAA). 

III. RESULTS 

I. Injluence of Preparation on the Oxidation 
State of I’anadium Atoms 

Qualitatively, the oxidation stat,e of 
vanadium in the V-P-C) cat,alysts depends 
on three factors: (i) the nature of the 
precursors, (ii) t’he gaseous at~mosphere 
during the calcinatjion, (iii) the phosphorus 
content. 

If ammoniated precursors (e.g., NH4VOa) 
are used, ammonia will diffuse through each 
grain of the catalyst during the calcination, 

and then will reduce V”+ t’o V4+ (1’: V 
= 1: l), or to V*+ and V3+ (1’:V > I:]): 
Consequent,ly nitrogen at niosphere will 
enhance t,lre reduction of Vj+, while oxygen 
will oxidize V4+ and/or V3+, to a greater or 
lesser ext’ent (Table 2). 

When the phosphorus (‘ontent, increases, 
it is more and more difficult to keep the 
vanadium atoms in t,heir higher oxidat,ion 
state, and oxygen will be necessary t,o 
obtain VO (1’03) 2 by csalcination instead of 
V(PO,)a. 

2. Structural Properties oj the Catalysts 

The catalysts have been characterized 
mainly by XRD, infrared and ultraviolet 
visible spectroscopies, before and after the 
catalyGc reaction. As shower in Table 2, 
they are generally composed of p-VOI’O, 
and (VO)J’,O,. In t’he samples I’:V> 1.6: 1 
the phases VO(1’03)2 and V(I’O,), are 
present. Since we attempt in t’his work to 
elucidate how t,he propert#ies of the catalysts 
are related t’o those of the constituent8 
phases, a review of these structures was 
necessarv 

(a) C’F$stalline structures. l’ure VOPOq 
crystallizes in two forms, cy and /?, respec- 
tively, isostructural wit)h o(- and ,&VOSOI. 
XRD patterns were indexed in tetragonal 
and orthorhombic systems, as indicated in 
Table 3 (IQ--21). On account of the dissgm- 

a b 

FIG. 1. Crystalline structures of VOPO,; linking 
between VOS octahedra and PO, tetrahedra (sche- 
matic drawings) : (a) in wVOPO~; (b) in p-VOPO4. 
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TABLE 3 

X-Ray Patterns of Pure V-P-O Phasesa 

p-VOPOI 
l-z(A) I/IO 

5.19 s 
4.60 s 
3.96 w 
3.89 w 
3.48 m 
3.40 vs 
3.18 m 
3.068 vs 
2.974 m 
2.640 m 
2.410 w 
2.209 m 
2.172 m 
2.093 VW 
1.993 w 
1.961 m 
1.947 w 
1.701 w 
1.638 w 
1.608 w 
1.539 s 

1.534 s 

1.505 s 
1.459 VW 
1.444 VW 

hkl 

101 
011 
111 
200 
002 
201 
102 
020 
212 
121 
220 
122 
013 
113 
203 
031 
400 
104 
114 
223 
214 
033 
040 
133 
332 
304 

D 2h 16 - P nnm 
a = 7.770 d 
b = 6.143 d 
c = 6.965 d 
2=4 

(20, $1) 

WVOPOJJ (v0)2P207 
d(d) I/IO khl d(d) I/IO hkl 

4.37 w 110 
4.11 w 001 
3.100 s 200 
3.000 m 111 
2.193 w 220 
1.960 s 310 
1.550 s 400 
1.517 m 222 
1.461 w 330 

C&Pdj* 
a = 6.20 ii 
c = 4.11 d 

2=2 

(21) 

6.28 w 102 
5.65 w 111 
4.79 w 200 
4.08 VW 113 
3.87 vs 020 
3.137 vs 204 
2.982 m 302 
2.906 w 115 
2.655 m 106 
2.435 m 224 
2.399 w 400 
2.362 w 322 
2.271 w 133 
2.204 w 117 
2.083 m 306 
1.981 w 127 
1.934 w 040 
1.840 w 326 
1.826 VW 424 
1.644 VW 244 
1.633 w 1010 
1.567 m 506 
1.492 VW 604 
1.417 m 620 
1.459 m 522 

C2v2-Pne21 
a = 9.751 b 
b = 7.738 it 
c = 16.568 d 
2=4 

(2% 23) 

vo (PO& 
d(i) I/lo hkl 

3.97 s 011 
3.88 S 220 
3.47 w 130 
3.217 m 211 
2.777 VW 301 
2.738 VW 040 
2.471 s 321 
2.452 w 420 
2.254 VW 141 
2.034 m 112 
1.981 VW 202 
1.947 m 051 
1.941 m 431 
1.937 m 440 
1.832 VW 251 
1.804 VW 610 
1.786 VW 441 
1.730 VW 260 
1.673 VW 042 
1.632 VW 332 
1.583 VW 451 
1.580 w 541 
1.519 w 460 
1.468 w 071 
1.406 w 103 

a = 10.96 d 
b = 10.95 d 
c = 4.254 4 
.2=4 

(993, 2626) 

a Lines intensity: vs, very strong; s, strong; m, medium; w, weak; VW, very weak. 
* Owing to the preparation mode, the pattern and parameters are slightly different from those in Ref. (19). 

metry of V06 pseudo-octahedra, the main 
feature of both forms of VOPOd is a layer 
structure, which allows comparison with 
ReOs-type matrices (21). Pseudo-octahedra 
share corners with PO1 tetrahedra giving 
ribbons or sheets in the (010)/3 plane and 
(001)~~ plane whose texture is plateletlike 
(Fig. 1). 

(VO)2P207 was not found to be iso- 
structural with any crystalline compound 
(2.2). A study of a monocrystal is in progress 
(23) and will be published later. The 

crystalline pattern is composed of edge- 
sharing octahedra linked to pyrophosphate 
tetrahedra in a rather simple distribution; 
ir and uv-visible spectra, respectively, con- 
firmed the existence of the P,074- anion 
and the vanadyl group V02+. 

Electron microscopy and diffraction on 
(VO)2P207 samples confirmed the XRD 
results. However, patterns of spent reduced 
catalysts revealed additional interesting 
features as was already the case for Vz05 
reduction (26) (Fig. 2). Frequently the 
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FIG. 2. Electron microscopy and diffraction on spent catalysts P:V = 1: I [ (VO)2P,O,]: (a) 
crosshatch-oriented texture; (h) microdomains and antiphase boundaries; (c) plane (100) : streak- 
ing along 001; (d) plane (110) : streaking along 001; (e) example of supersturcture due to perio- 
dicities in 010; plane (010). 

texture is crosshatch-oriented; superatruc- g(O11) is often observed, indicating tfhat 
tures, microdomains, and ant,iphase bound- disorder occurs in these directions. 
aries can be seen. St’reaking along g(OO1) or The VO(PO,), phase is present, in I’: V 
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FIG. 3. Diffuse reflectance spectra (1200-200 nm) of VOMo04 and V-P-O catalysts: (a) 
PIVaOz (=VOPO,); (b) VOMoOa; (c) spent PlVaOz = (VO)ZP~OT; (d) VO(PO,),; (e) PI.eVb, 
air. 

= 1.6:l to 2:l XRD pat,terns (Tables 2 
and 3). The crystalline pattern is composed 
of infinite chains of metaphosphate anion 
and VO(0) 5 octahedra as confirmed by 
spectroscopy. The disorder found along the 
trc” axis (65, 24) is probably responsible for 
the slight differences observed with XRD 
patterns in the work of Lavrov et al. (25). 

(b) Diffuse rejiectance spectroscopy. As 
expected from a d” transition metal ion, 
only charge transfer bands occur in VOPO4 
samples and catalysts PIVaOz or PlVbOz 
(Table 4, Fig. 3). On the contrary, 
(VO) ZPzO, and VO (POs) 2 spectra show four 
bands in the cryst’al field range, which are 
known to be due to d-d transitions. Assum- 
ing the symmet’ry of the vanadium environ- 
ment to be Czv, bands I, II, III are assigned, 
respectively, to transitions 2E + 2B,, 

2B1 + 2B2, and 2A1 + 2R,. Band III is 
often considered as due to charge transfer, 
or overlapped by it (W?‘). Spent catalysts 
PIVa and P1.6Va resemble, respectively, 
(VO) 2P207 and VO (POn) 2. 

(c) Infrared spectroscopy. The various 
phosphat’e anions can be recognized from 
infrared spect’ra (Fig. 4) ; analyses were 
carried out simply by reference to the site 
symmetry of the anion in the compound 
(28). 

Four fundamental vibrations are known 
for the POd3- anion in Td symmetry, giving 
nine vibrations for C. symmetry occurring 
in p-VO1’04 (Table 5). Our assignments are 
in agreement with those reported by 
Bhargava and Condrahe (29). 

The pyrophosphate anion has been 
widely st’udied; although its symmetry is 
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' s ' m ’ 00 1200 I 1000' 800 600 4bO 2 

wavenumber (cm”) 

i0 

FIG. 4. Infrared spectra of V-P-O compounds (1400-230 cm-l): (a) PlVaOs; (b) /3-VOPO4; 
(c) (VO)2PzO~; (d) Pl.,Vb, air; (e) VO(PO,)Z. 

often CZ ,,, C,, or C1, a Dab approximation 
has been found accurate enough to describe 
the spectra of RIez2+P207 compounds (30). 
Twelve vibrations are infrared actjive 
(3A,’ + 3Az” + 3E” + 3E’) inst)ead of 21 
in C, symmetry. 

Metaphosphate anion spect’ra in 
1Ie2+ (POS) 2 compounds were only quali- 
tatively described. In VO(POJz, as in 
Pl,sVa02 and P1.8Va02, the evident split- 
ting lying about, 1020 cm-’ is due to 
coupling schemes between PO and V-O 
stretching modes. 

In all these cases, some uncertainby re- 
mains about the actual wavenumber of the 

V=O stretching mode, on account of t#he 
complexity of the spectra. The obtained 
values of 995 cm-l in p-VOPO, and 980 cm-’ 
in (VO)J’,07 may be tentatively assigned 
t,o t’his mode, which is known to occur 
between 1030 cm-l (VzOS, VOCl,) and 
950 cm-’ (inorganic vanadyl complexes) 
(31). 

3. Kinetic and Thermodynamic Experiments 

(a) The decomposition of precursors 
and of (NH4)z[(VO)2C204(HP04)2].5H20 
studied by DTA have been described in 
earlier papers (15, 21). 

The DTA reduction of a P1Va02 (p- 
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FIG. 5. DTA reduction and reoxidation of P:V 
= 1: 1 compounds (heating rate: dashed line 
2.5”C/min; full line lO”C/min): (a) reduction of 
wVOPO~; (b) reduction of p-VOPOa; (c) reoxidation 
of (VO)ZPZO?. 

VOPOJ catalyst or of ol-VOPO4 under 
flowing nitrogen is dependent on the heat- 
ing rate (Fig. 5a and b). Endothermic peaks 
about 780°C account for this reduction, 
and are followed by the crystallization 
(exothermic) and melting (940°C) of 
(VO)zPzO,. The transformation at 790°C 
is inhibited if the heating rate is kept at 
2.5”C/min: Under these conditions, a 
metastable VPO, compound is assumed to 
form (4.72 < z < 4.76). The reoxidation 
of (VO),PzOT (Fig. 6c) under oxygen at 
770°C is complete at 790°C yielding 

TABLE 4 

Diffuse Rcflectancc Spectra of [V-P-O] Phases 
and VOMOO~~ 

Y m- I II III Charge transfer 

VOPOl OL, p 23,900 31,700 
VOMoO4 11,760 17,240 19,090 27,030 

14,290 
(VO)ZPYOI 11,760 15,600 21,280 33,300 

13,400 
VO(POa)z 12,050 14,700 25,600 33,400 
P/V = 1.6 catalyst 11,500 

12,340 25,000 29,400 
14,290 

a VOMoOb is taken as an example of VO’+-containing oxy- 
salts. 

,&VOPO, which melts at 815°C after a 
vitreous transition (S05°C) (21). 

(b) Cycles of isothermal TGA redox 

TABLE 5 

Wavenumbers and Vibration Assignments in 
p-VOPOa and (VO)2P,0, Infrared Spectra 

p-VOPO4 

~3 (Td 

YL (Ad 

~1 (TI) 

Y2 m’) 

1155 
1060 v,*P-o stretch 

1017 2A' + A" 1045 
995 V=o stretch 

938 A' 940 “a P-0 stretch 
640 
600 

567 2A' + A" 580 1 &,O~P~O 

420 A' + A" &O-P-O 

W0)2P20r 

A'1 

A“* 

E' 
E" 

Al'* 
A'1 
#' 
E" 
A"3 

A'1 

E" 

1265 

1212 A, 1250 > 1215 
vue PO8 

1185 
1165 A' 1160 

1145 

1124 A' + A" 1125 1 
999 A' + A" 1055 

1010 > 
va POa 

980 V=O stretch 

940 A' 909 A' 935 > 920 YOS P-O-P 

707 A' + A" 740 “8 P-0-P 
615 A' + A" 635 
553 A' 555 

I { 

6.m PO I 
477 A' 515 

460 s. PO3 

432 A' + A“ 430 > 400 
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time (mn) 
30 60 

FIG. 6. Thermograms of isothermal redox cycles for PlVaOz, P1.,Va02, and F’zVaOz at 760°C 
in gaseous atmosphere: oxygen in (A) and (C), nitrogen in (R). 

were performed at, 760°C to compare the 
behavior of PIVa02, P1.sVaOz, and P2Va02. 
The catalyst’s were heated to 760°C in 
oxygen atmosphere, until no more weight 
variation could be detected (Fig. GA) ; 
then Ns was allowed to flow in t#he appa- 
ratus. The reduction being complete (Fig. 
GB), 02 was admitted again (Fig. 6C), and 
this cycle was repeated several times. XRD 
patterns obtained on samples quenched in 
Pig. 6A, B, and C reveal &VOP04 (A), 
(VO)zPzO, (B), and P-VOPOI (C) for 
P1Va02, and VO(lW,), in each case for 
P2Va02. The situation appears more com- 
plex for Pl.sVa02: in A, XRD pattern of 
VO(1’03)2; in B, a mixture of (VO)zP,O, 
and VO(l’OJe; and in C, a mixture of 
@-VOPO, and VO (POS) 2. Several changes 
in temperature reveal the presence of a 
divariant equilibrium for 1’2Va02 samples. 

(c) Since VOP04 and (VO)zPsO, are t)he 
components of the redox syst,em in the 
cat’alysts, microgravimetric equilibrium 
measurements between t,hese pure phases 
have been carried out, under controlled pOz 
(Fig. 7). The reduct,ion of o(-VOI’O4 occur- 
ring at 760°C and ~02 = lo-” atm (“Air 
I,iquide” U-grade nitrogen gas), the so- 

called “direct control” using synthetic 
mixtures of oxygen and nit’rogen can be 
used. Moreover, t’he rate of transport of 
O2 to or from the sample in the temperature 
range is fast enough for the equilibrium to 
be reached in a measurable t’ime (22). 

According ho the t’emperature, the iso- 
t!herms delimit different redox react’ions : 

t <7SO”C VP05 * VP0r.a 
+0.25 0, (1) 

VPOS @ VPO4.75 
$0.125 02 (2) . I 

t >75O”C 
? VPOL,5 * VPO4.6 
I $0.125 02 (3) 

From Fig. 7, it can be seen that the reduc- 
t,ion of cu-VOPO4 leads to the formation of 
homogeneity ranges, as well as reoxidation 
of (VO)zPzO, ex (Y-VOPO4. Moreover, the 
reoxidation of (VO)zP,O, t’akes place at a 
~0, different from that obtained when 
VOPOd is reduced. The study of t#his 
hyst,eresis is still in progress. 

(d) Reductions of VOPO.l(e) and V,Oa 
by hydrogen and 1-butene have been per- 
formed, followed by reoxidaGon in O2 or 
air. In either case, the reduction proceeds 
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FIG. 7. Oxygen equilibrium pressure above VOPO~(VO)ZPZOT system at various temperatures; 
open symbols : reduction of cu-VOPOa; full symbols : reduction of ,%VOPOd. Dashed line : reoxida- 
tion of (VO) ~PzOT at 765°C (hysteresis). 

faster than the reoxidation (Fig. S), and 
the rate is controlled by diffusion in micro 
TGA conditions. Although V3+ ions are 
produced during the reduction, the final 
VP04.s stoichiometry (wt% loss 4.95) can 
be kept under 1-butene, contrary t’o the 
reduction of VZOS which proceeds slowly 
to vzo3. 

(e) The reduction of a PIVaOz sample 
under catalytic conditions has been carried 
out in the microbalance (Fig. 9). PIVaOz 
was first heated under 02 to 700°C to be 
sure of the V5+ amount (VOPOJ, then the 
temperature was decreased to 420°C and 

air-butene was allowed to flow in the 
apparatus: The steady state was reached 
about 7 hr later, the composition of the 
discharged solid being about VPO4.74. The 
resulting sample was reduced under hTz at 
750°C (VP04.5), and air-butene was ad- 
mitted again at 420°C: The reoxidation 
proceeded faster, the final composit’ion 
being in this case VP04.65. 

4. Catalytic Act&y and Selectivity Mea- 
surements 

Here the main purpose was to compare 
the catalytic properties of the V-P-O cata- 



FIG. 8. Kinetics of reduction of @VOPOd by HZ (full symbols) and l-butene (open symbols), 
as a function of the composition of the solid x in VPO,. Reoxidation under 02 : half-full squares. 

lysts prepared in t,he present work with 
those reported in the lit’erature (14, 32). 

The reaction butene + 1lAA has been 
widely studied (33-35). The butene trans- 
formation proceeds by consecutive steps : 

l-bulP + hutadicne -+ furan + 
2-butenes 1 

MAA i CO, COr, 

and has already been irnerpreted by a 
“rake” scheme (36, 37). Numerous side 
products are formed in parallel react’ions 
and revealed by chromatographic analysis 
(acetaldehyde, acrolein, methacrolein, 
acetic, propionic, and acrylic acids, and in 
smaller amounts, methyl ethyl ketone, 
methyl vinyl ketone and crotonaldehyde). 

The cat,alytic propert’ies of samples cal- 
trined in air were found to be the most 
interesting, probably because some V4+ 

sites are already present. The activity and 
selectivity of PIVb,air were found to be 
betIter than t,liose of P,Va,air or those 
described in the literature (32-34). The 
activity of support,ed PIVb,air ((Y-VOPOJ/ 
R1203) decreases rapidly with time, 
alt,hough act,ivit,y and selectivity of PIVcOz 
(cu-V01’04, too) are very close to those of 
PIVaOn. The cat#alyst PzVa,air is not, active. 

The conversion of 1-butene to the main 
products (moleo/,) on PIVb,air and selec- 
tivit,y to RIAA are plott’ed against the 
react)or temperature in Fig. 10: 53 mole% 
of XAA could be obtained around 400°C. 
Figure 11 represents t)he yields in buta- 
diene? furan, and JIAA for P,Vb air,, 
1’1.6Vl) air and for VfOj prepared as in 
Ref. (I/t) ; selectivit,y curves for ,1IAA 
product’ion acrount for the different be- 
haviors of catalystas V-O and V-P-O. The 
selectivities in MhA against 1’:V stoichi- 



248 BORDES AND COURTINE 

-71 II 
0 1 2 3 4 5 6 7 

time (h) 
3 

FIG. 9. Achievement of the steady state at 42O’C (I-butene in air: 1%) for PIVaOs catalyst: 
(a) reduction of PlVaOt; (b) reoxidation of reduced P1VaOs. 

ometry reach a limit,ing value between 
P:V = 1:l and 1.8:1 and fall when P:V 
= 2:l (Fig. 12). 

IV. DISCUSSION 

P:V = 1.6:l) should be just’ified by the 
disorder found along the “c” axis. The rate 
of substitution was too weak to observe a 
significant shift of the XRD lines, and only 
change of their int’ensit,y was det’ected. 

These experiments first show that,, for 
an increasing P:V atomic ratio between 
0.5 : 1 and 1: 1 where VOPO4 and (VO) ,PzO, 
are present, the V-P-O catalysts become 
more and more selective. In t’he range 
1: 1 < P:V < 1.8: 1 the selectivity reaches 
an optimal and approximately constant 
value (Fig. 12). Since both VOPOJ and 
(VO)2P207 are present (Table 2 and Fig. 6) 
the same redox process takes place in this 
range, besides VO(POJ,. Out of these 
limits,i.e.,forP:V<0.5:1andP:V=2:1, 
either VzOs or VO(POa)z (which cannot be 
reoxidized) are found and the selectivity 
decreases. 

From t’hese results, and according to our 
earlier observations (.2,??), a first conclusion 
can be drawn, namely, that a substantial 
selectivity is obtained only when VOPO, 
and (VO)nP,07 phases are present. Con- 
sequently, it is convenient to relate t,he 
selectivity of V-P-O catalysts to the most 
essential and interdependent properties of 
these two phases. 

Macroscopic Properties 

Since no compound other than VO (P03)~ 
could be discerned in the XRD patt’ern of 
P: V = 1.6: 1 catalysts, the question arises 
whether the catalyst is composed of 
VO(P03)2 mixed with an amorphous phase 
(containing Vhf) or of a solid solution such 
as VO [ (P03).(VOs)1-2]2. The existence of 

1. Kinetic and structural results show 
that, in the steady state, (VO)~PZO~ is the 
predominant form (Fig. 9 and Table 2), 
and in the absence of air, I-butene is 
oxidized at 450°C (Fig. S), as observed also 
in the case of VZOS. Thus, not only surface 
but also bulk oxygen atoms are concerned 
in a classic Mars and Van Krevelen mecha- 
nism (39), in which reduction of VOPO4 is 
faster than (VO)2P207 reoxidation, as long 

such a homogeneity range (x = 0.92 for as the steady state is not definitely reached. 
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FIG. 10. Unconverted butene (A), yields in main products and selectivity in MAA vs tempera- 
ture of the reaction. Yields in: l , MAA; n , butadiene; +, furan; 0, Con; A, CO; q , selectivity 
in MAA. 

2. The structural features of the solid 
phases in the V-P-O system are similar to 
those observed in V205 and its suboxides in 
spite of the existence of t#etrahedral PO1 
and PZ07 units. Their layer st’ructure re- 
sults from the alternation of short covalent’ 
(u, n) and long (u) vanadium-oxygen bonds 
in a direction perpendicular t)o the nat,ural 
cleavage plane ; the low symmetry of the 
vanadium environment (C,) is then ex- 
pected to be unchanged at the surface. 

3. The latter property, common t’o V,05 
and other ReOs-type crystals, explains why 
the so-called R” mechanism of i,3otopic 
exchange of oxygen is exhibited by V,Oj 
(40). The single energy state of oxygen 

detected by isochore experiment,8 (,$I), i.e., 
the identit,y bet’ween Dhe heat of adsorption 
of oxygen and t’he enthalpy of reduction to 
suboxide (aHtg80 = 60 kcal/mole 02) is 
anot,her fact that allows us to use, in this 
special case, bulk thermodynamic data in 
order to characterize the active oxygen (38). 

The approximate change of standard 
enthalpy of the redox system can be ob- 
tained from equilibrium measurements of 
~02 over the system, by means of empirical 
formulas established for oxide redox 
processes (4.2) : AH2980(02) = 52 kcal/mole 
0,. Conversely, the change of standard free 
energy at 400°C is AG6T3a(02) = 23 kcal/ 
mole OZ. AH2980(02) is considered as an 
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FIG. 11. Conversion to butadiene, furan, and MAA and selectivity in MAA for PlVb, air, 
PI.cVb, air, and VrOs catalysts (half-full, full, and open symbols, respectively). Squares, butadiene; 
diamonds, furan; circles, conversion to MAA; triangles, selectivity to MAA. 

internal energy, and has generally been 
related to catalytic activity. The available 
redox energy is measured by AG,a(02), 
being also the chemical potent,ial ~0~ of 
the lattice oxygen involved in the cat)alyt’ic 
process at a given temperature. AH and AG 
are intrinsic bulk properties of the V-P-O 
catalysts which should be used for any 
correlation. 

However, for t.he majority of oxide cata- 
lysts, the first layers are only concerned in 
the catalytic process, and the active redox 
process takes place without any noticeable 
modification of the crystalline structure. 
In such cases, the integral bulk free energy 
AGo must be replaced by the partial 
molar quantity Ago relative to homoge- 

neous oxygen ; these values can be deduced 
directly from isochore experiments (gener- 
ally used for AHzg80 evaluation), but then 
depend not only on T, but also on 0 (frac- 
t,ional coverage) (41) or x (degree of 
reduction) (43). 

4. Concerning the acid-base properties 
of V-P-O cat’alysts, it has been shown (10) 
that an addition of PZO, to VzOs causes a 
sharp decrease in both surface area and 
acidity (P:V > 0.5: I), and correlatively 
an increase in select,ivit’y. Further addition 
of PZOS induces no more change in the 
nature of active species, and consequently, 
the select’ivity reaches a limiting value. 
These results can be well interpreted by 
the formation of one phase, VOPO+ from 
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P/v (at. ratio) 

FIG. 1%. Selectivity in ?\IAA as a function of 
vanadil~m-phosphoms content (I’:V atomic ratio). 

P:V = 0.5: 1 to l.S: 1 as previously shown. 
Therefore, the surface propert’ies of the 
catalyst, and then its selectivity, cannot, 
be considered as a simple, continuous, and 
additive funct,ion of t,he increasing PZOj 
content. On the cont.rary, they exhibit 
discret’e and sharp variations for the 
composit,ion where a thermodynamic phase 
appears, and remain approximately con- 
stant until inactive VO (POJz replaces 
VOPO,. 

The same interpret)ation may be given 
for ot’her binary catalysts, since experi- 
ment’al correlations bet’ween selectivity and 
composition generally exhibit a maximum, 
precisely for a composition corresponding 
to the formation of a phase. In addition t,o 
the example of USb3010, which has been 
claimed t)o be responsible for activity and 
selectivity in ammoxidation of propylene 
(44), the best conversion to PllAA from 
benzene is found for 33y0 MoOs in VZOj 
(45), known as the Kihlborg phase (46). In 
propylene conversion to acrolein on SnOz- 
SbtOj (47) the selectivity increases con- 

tinuously up to 15% SbzOj, i.e., in the 
range of formation of a solid solution, which 
again is a t’hermodynamic phase. Above 
this composition, the solid solution coexist,s 
wit’h free SbzOj and the selectivity increases 
no longer. 

ll~icroscopic Properties 

The disorderly reflect’ions observed by 
electronic diffract,ion on spent catalysts 
P:V = 1: 1 (Fig. 2) indicate t,hat, in steady 
stat.e conditions, microdomains of VOPOJ 
still coexist within larger domains of 
(VO)2P207. The boundaries between these 
microdomains are thought to be coherent 
because the t,wo structures fit’ closely: for 
example, the lattice misfit comput)ed be- 
tween (203) VOPO4 and (102) (VO)2P& 
planes is only 2-47,. This kind of interfacial 
relationship has already been observed 
between V205 and VEOr, or V&(B) (48). 

Moreover, the hysteresis phenomena 
that we observed in microgravimehric and 
kinet,ic experiments (Figs. 7 and 9), have 
been interpreted by the formation of micro- 
domains termed “hybrid crystals,” first in 
the case of crystalline allotropy (49) and 
later in t,he thermal reduction of VZO, (50). 
The same situation arises for unsupported 
catalysts P:V = 1: 1 in steady state con- 
ditions : Consequently, the atoms located 
near the interface boundaries are in long- 
lived excited states and are assumed to 
play the role of active and selective sites. 
Moreover, whereas in a pure reduction (or 
oxidation) process the st’rain produced at 
the boundaries is compensatjed mainly by 
mechanical relaxation (dislocations, etc), 
the lattice of t,he catalyst prefers to release 
a part of it,s excess energy toward the 
reactant ; it recovers it, when reoxidation 
occurs. As a result, the redox alternation 
statistically keeps the latt.ice under st,rain. 

In t,he case of supported catalysts where 
the selectivity was shown to be dependent 
of t’he nature of the active support, the 
same explanation applies : For example, t,tie 
electronic interactjions between V&: and 
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TiOz (anatase) are thought to be enhanced 
by a close crystallographic fit at the int’er- 
face of the two oxides (48). 
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