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The thermal analysis (DTA, TGA) of the dehydration under inert atmosphere of the vanadyl hydrogen 
phosphate hydrate VOHP04 . 0.5 HZ0 recently studied, together with the characterization of both 
starting and final compounds (XRD, ir, and uv-visible spectroscopies) show that pseudomorphic 
vanadyl pyrophosphate is obtained in these conditions. This form y-(VO)2P207 is the active and 
selective catalyst in butane oxidation to maleic anhydride whereas p-(VO)ZPZO, is selective in butene 
oxidation only. Pseudomorphic relations between VOHPO., . 0.5 H20 and y-(VO)2P207 are evidenced 
by the comparison of XRD patterns, SEM and TEM experiments, and justified with the help of both 
structures. The low values of the activation energies calculated from kinetic data, El = 21.4 and E2 = 
24.7 kcal . mole-’ show that the dehydration of the hydrate and the formation of y  are topotactic, this 
hypothesis is confirmed and the mechanism stated precisely in view of the preceding results. o 1984 

Academic Press, Inc. 

Introduction the bulk of the crystalline catalyst can be 
related to the different values of the selec- 

Vanadyl pyrophosphate (VO)2PZ07 is an tivity in maleic anhydride (27). In turn, the 
active and selective catalyst for the mild morphology of the crystallites is related to 
oxidation of butenes (1-3) or butane (4-6) the method of preparation which deter- 
to maleic anhydride. The redox system 2 mines the nature of the precursor delivering 
VOP04/(VO)2P207 is involved in these re- the catalytic phase after activation. 
actions according to the Mars and Van The aim of this paper is to study one of 
Krevelen mechanism (1, 7). This kind of the methods of preparation leading to a par- 
heterogeneous catalysis belongs to the so- titular morphology of (VO)2P207, to which 
called “structure sensitive reactions” (8- we shall refer as “y-(VO)2P207”; the ther- 
13), because the different morphologies of ma1 decomposition in an inert atmosphere 

of the new precursor VOHP04 . 0.5 Hz0 
* To whom any correspondence should be ad- recently characterized (23) yields samples 

dressed. of y-(VO)2P~07 having a strongly lamellar 
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structure. The pseudomorphic relations be- 
tween the starting and the final products ob- 
tained by a topotactic reaction will be dis- 
cussed in terms of their structural and 
kinetic properties. 

Experimental 

1. Preparation 

Vanadium(V) phosphate dihydrate 
VOPO‘j * 2 HZ0 (14, 15) was refluxed 
with stirring in 2-butanol for 20 hr. After 
cooling, the resulting solid was filtered and 
washed several times with acetone. The re- 
sulting light-blue solid was dried in uacuo 
for 8 hr and identified as VOHP04 * 0.5 
HZ0 (16) by XRD, ir spectroscopy, and 
chemical analysis. 

2. Thermal Decomposition 

2.1. Preparation of Y-(vo)2p207* 

VOHP04 . 0.5 H20 was placed in an alu- 
mina or platinum boat inside a silica tube 
placed in an electric furnace. Nitrogen was 
passed through the tube while heating and 
the partial pressure of oxygen measured on 
an oxygen analyzer (PO2 = 5 X lop5 atm). 
The temperature was raised to 750°C 
(100°C * hr-I) and maintained at this value 
for 3 hr. The resulting grey solid was ana- 
lyzed as Y-(VO)~P~O~ by the same methods 
as above. 

2.2. Thermal analysis. TGA and DTA 
were performed, respectively, in Setaram 
microbalance and semimicroanalyzer at 
various heating rates under Nz flow. For the 
kinetic study, the sample was introduced in 
the microbalance already heated at the de- 
sired temperature (300-410°C) and the loss 
of weight recorded in isothermal conditions 
with constant N2 flow (3 liters * hr-I); when 
the weight was constant, the temperature 
was raised to 750°C to recover the stoi- 
chiometry in oxygen of (VO)2P2O7. 

2.3. Structural analysis. XRD patterns 
were obtained on CGR Guinier camera (X- 

ray transmission, CUKCZ radiation) and on 
diffractometer (X-ray reflection, CoKar); in 
this last case, the powdered sample was 
pressed by hand on the sample holder. 

Scanning (SEM) and transmission (TEM) 
electron microscopies were performed re- 
spectively, on Cameca and Jeol 100 C at 
100 kV. 

Infrared spectra (4000-250 cm-‘) were 
carried on a Perkin-Elmer 451 spectrome- 
ter, using KBr disk technique. Ultraviolet- 
visible diffuse reflectance spectra of pow- 
dered samples were obtained on a 
Beckmann DK2A spectrophotometer from 
5000 to 50,000 cm-r, with or without dilu- 
tion with MgO. 

Results 

1. Thermal Decomposition of VOHP04 * 
0.5 Hz0 

According to DTA at heating rates be- 
tween 300 and 1200°C * hr-‘, the water mol- 
ecules are lost in two steps near 365 and 
460°C (Fig. 1); very small exothermic peaks 
are seen at 500 < t < 800°C the first one at 
560°C being observed whatever the heating 
rate. 

The shape of the thermogravimetric 
curves in TGA depends strongly on the 

FIG. 1. DTA of VOHP04 . 0.5 HZ0 dehydration (N, 
flow 1 liter . hr-I). Heating rates: solid line 600°C 
hr-I; dashed line 300°C . hr-I. 
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FIG. 2. Thermogravimetric curves of VOHP04 . 0.5 
Hz0 dehydration (N, flow). Heating rates: solid line 
70°C . hr-I; dashed line, 300°C . hrl. 

heating rate (Fig. 2) and adsorbed water can 
be mistaken for crystal water if the heating 
rate is too high. At 70°C * hr-* the unique 
and continuous loss of weight from 300 to 
450°C corresponds approximately to the 
theoretical percentage (10.46%). At higher 
rates (140-700°C . hr-I), the loss of water is 
superimposed near 420°C to a partial reox- 
idation which stops near 630°C; the consec- 
utive reduction and final loss occur be- 
tween 630 and 750°C which amounts to 
11.6% (Fig. 2). When isothermal experi- 
ments are performed at temperatures lower 
than 420°C the total weight loss is 8.3%, 
and two steps, each of l%, occur near 510 
and 700°C; if the experiment is stopped at 
700°C (9.3%) a green-brown product is 
found, the XRD pattern of which is identi- 
cal to a poorly crystallized (VO)2P207 sam- 
ple (I, 7) except the (020) line which is very 
weak instead of strong. If the experiment is 
continued to 730°C (10.3%), the powder is 
greenish-gray and its pattern identical to 
(VO)2P207 pattern. 

In the kinetic experiments carried out in 
isothermal conditions, in a sufficiently large 
range (lOO”C), no partial oxidation occurs. 
The sigmoidal shape of the thermogravime- 
tric isotherms, with a relatively long period 
of induction, suggests that this endothermic 

TABLE I 

RATE CONSTANTS FOR THE Two STEPS OF 
VOHPOI . 0.5 Hz0 DEHYDRATION 

k, x 1O-2 k2 x lO-2 
(min-I) (mix’) 

568 0.617 0.717 
585 0.497 0.923 
599 1.110 2.134 
609 1.333 2.000 
610 2.067 3.186 
628 1.911 3.596 
638 2.286 6.512 
648 3.333 6.993 
680 6.454 9.366 

decomposition is autoaccelerated (Table I, 
Fig. 3). On each side of the bending point 
the isotherms obey formally the Prout and 
Tompkins law (28): 

log 5 = 
l--X 

k,t + C 

0.25 < x < 0.50 (1) 

log x = 
l-x 

k2t + C’ 

0.50 -=I x -=c 0.95 (2) 

-2A 
time , min. 

FIG. 3. Microgravimetric isotherms of the dehydra- 
tion (N, flow). Linear transformation on the sigmoids, 
first and second steps. 
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FIG. 4. Arrhenius plots in the temperature range 
307-407°C. 

in which x is the degree of conversion. 
Other laws established by Avrami and Ero- 
feev (18) such as 

log(1 - x) = -kt” (3) 

have been tried also but they do not fit ex- 
actly the isotherms. 

Arrhenius plots in the temperature range 
307-407°C are presented in Fig. 4. The ac- 
tivation energies calculated before and after 
the bending point by the least-square 
method amount to El = 21.4 and E2 = 24.7 
kcal . mole-‘, respectively. 

2. Structural Features of y-(VO)ZP~O~ 

2.1. Infrared and m-visible spectra. The 
ir spectra of y-(VO)2Pz07 are better re- 
solved than those of the (VO)2P207 samples 
already studied (1, 7); the main bands are 
situated at the same wavenumbers but 
sharper (Fig. 5). In uv-visible spectros- 
copy, the vanadyl ion (VO*+) is known to 
present two or three bands due to d-d tran- 
sitions in the crystal field range (19); how- 
ever, the number and the wavenumbers of 
these bands are not exactly the same for all 
the samples of (VO)2P207 according to the 
origin and the color of the product (Table 
II), which account for small variations of 

symmetry in the oxygen environment of the 
vanadium atom. 

2.2. XRD patterns. The Seeman-Bohlin 
patterns of both y and usual (VO)2P207 are 
similar, but on the contrary the diffracto- 
grams show that the relative intensities Z/Z,, 
of the main lines are changed according to 
the nature of the precursor (Table III). This 
has already been observed for (Y-(VO)~P~OT 
obtained by a fast reduction of (Y-VOP04 
(7). The use of the X-ray reflexion method 
allows indeed to evidence the effect of ori- 
entation of platelets on the sample holder: 
the more layered is the structure, the more 
intense are the lines which correspond to 
the concerned cleavage planes (20). Small 
differences in the intensity of some lines are 
also detected: in TGA experiments stopped 
at 700°C the intensity of (020) y-(VO)2P207 
is weak instead of strong. 

2.3. SEM and TEM experiments. SEM 
micrographs show that the dehydration of 
VOHP04 * 0.5 Hz0 occurs without altering 
the gross morphology of the crystallites 
(Fig. 6). TEM experiments confirm this fact 
at the lower scale: the platelet crystals of 
the hydrate have well-defined outlines and 
present always the same plane indexed as 
(010) (Fig. 7). When the crystal is thin, bub- 
bles occur under the action of the beam and 
the diffraction pattern vanishes. 

MlCi-ON 

6;O 8.0 ,I0 l$, 2p,3050 

I 
30 0 1600 1400 1200 1000 800 600 400 200 

W.venumber(cm") 

FIG. 5. Infrared spectra of y-(VO)zPzO, and of p- 
(VO)zP207 (1800-200 cm-l). 
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d 

Pro. 6. SEM: VOHP04 . 0.5 HzO, (a) 2000x; (b) 6000x; after dehydration (500°C): (c) 2000x; (d) 
6000X. 

TABLE II 

ULTRAVIOLET-VISIBLE DIFFUSEREFLECTANCE SPECTRA 

Vanadyl 
compounds 

Charge transfer 
bands 

V (cm-r) 

VOHPOI 0.5 HZ0 12,100 14,900 22,200 27,800 40,000 
(SW (SW 

Y-WO)2P207” I 1,350 15,300 20,800 - 35,100 
(SW 

I 1,350 12,050 
(SW 

- - 15,300 35,100 

P-WO)2P207’ 
11,750 
13,400 
(SW 

15,600 21,300 
(SW 

- 33,330 

o Sample obtained by dehydration of VOHP04 . 0.5 Hz0 at 730°C. 
b Sample obtained at 700°C. 
c Sample obtained by reduction of p-VOPOI at 760°C (I, 7). (sh): shoulder. 
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FIG. 7. TEM: VOHP04 0.5 HzO, (a) platelets, 33,000x; (b) diffraction (010) plane; (c) crystal, 
50,000~; and (d) diffraction (010); y-(VO)zPzO, (obtained at 750°C); (e) crystals, 100,000x; and (f) 
diffraction (020) plane. 

The samples of y-(VO)2P207 have the planes such as (loo), (01 l), (llO), and never 
same lamellar morphology as the precursor (020), were observed by diffraction (7). 
and the electron diffraction patterns display 
always the plane (020) of (VO)2P207; some- Discussion 
times, small growing microcrystals are seen 
to be oriented on a larger crystal (Fig. 7). 1. Structural Relations between VOHP04 

On the contrary when samples of ’ OS H2o and Y-(vo)2p207 
(VO)2P207 prepared by reduction of p- The structure of (VO)2P2O7 has been 
VOP04 were examined in TEM, various solved separately by two groups of workers 
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TABLE III 

COMPARISON BETWEEN THE INTENSITIES OF (hkl) 
LINES OF VOHP04 . 0.5 Hz0 AND (h'k'l') LINES OF 

(VO)2P207 SAMPLES OF DIFFERENT ORIGIN 

wohp2o7 
VOHPOd . 0.5 Hz0 

Y P 
d (A) hkl Ill, Ill, h’k’l’ Ill, 

5.90 101 3 3 102 9 - 
5.719 010 loo 100 020 89 100 
4.818 200 2 4 200 13 - 
4.099 111 5 - 111 14 - 

2.944 202 35 
75 204 100 4 

301 41 302 60 3 
2.047 222 6 12 224 23 - 
I.960 303 2 10 306 35 - 

5 040 12 10 

u = 9.620 i% a’ = 9.571 A 
; 1 ;:;;I 2 (16) b’ = 7.728 A 

c’ = 16.568 w (21) 

Pmn2, Pbc2,” - C:, 

a Pbc2, is an unconventional setting chosen to get 
vanadyl bonds parallel to b axis (21). 

(21, 22) who gave the same space group C:, 
and found close values of the cell parame- 
ters. However the resolution,factor was not 
the same (R, - 0.18 and R - 0.09 for Refs. 
(21, 22), respectively), and in the second 
case no indication of the method of prepa- 
ration was given. In a parallel plane to (010) 
(21), the framework is composed with pairs 
of pseudooctahedra sharing an edge (the 
vanadyl bonds being in a trans-position) 
linked by phosphate tetrahedra (Fig. 8); the 
layers are held together by asymmetrical 
v=o . . . V bonds and P-O-P (bent) 
bonds of P207 in the direction b. The two 
groups of authors are in disagreement about 
the relative succession of the tetrahedra 
along c which depends also on the different 
values of P-O-P angles they find. 

The single-crystal structure of the acid 
hydrate VOHP04 . 0.5 Hz0 has just been 
solved (16), which allows to establish the 
structural analogies between the (010) 

planes of the two phases (Figs. 9a and b): 
the main differences concern the face-shar- 
ing pairs of octahedra with cis-vanadyl 
bonds in UC planes and HP04 groups replac- 
ing &(P207) in the perpendicular direction. 
The water molecule is shared between two 
vanadium atoms and hydrogen bonded to 
P-OH groups in the adjacent layer (Fig. 
9b). 

2. Pseudomorphic Relations 

The pseudomorphic relations between 
the hydrate and the final y phase can be 
firmly established from the comparison be- 
tween their morphologies revealed by 
XRD, TEM, and SEM experiments and 
their crystal structures. TEM and SEM evi- 
dence the strongly lamellar morphology of 
both crystalline compounds, the cleavage 
planes being, respectively (010) and (020) 
for VOHP04 * 0.5 Hz0 and y-(VO)ZP~O~ 
(Fig. 10). The value of the angle (Y is close to 
104” as measured on micrographs, which 
corresponds to the intersection between 
(202) an_d (202) planes for the precursor, 
and (204) and (204) for y. The theoretical 
values of (Y calculated from the cell parame- 
ters (Table III) fit well the experimental val- 
ues in each case. Moreover, the examina- 
tion of the relative positions of reciprocal 
axis in the electron diffraction patterns as 
compared to the external forms of the crys- 
tals before and after dehydration, allows to 

FIG. 8. Crystal structure of (VO)2P207 according to 
the (21): (010) plane. 
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FIG. 9. Crystal structure of VOHP04 . 0.5 Hz0 
circles, O(H); full circles, O(H,). 

conclude that, during the reaction, the ori- 
entations of x, z as compared to y, are kept 
parallel to x’, z’, as compared to y’. 

At last, the pseudomorphism is con- 
firmed by XRD (by reflection) from which 
the relation observed between the relative 
intensities Z/Z0 of (O&l), (Ok’O) lines on one 
hand, (ZzOZ), (h’01’) on the other (Table III) 
is in accordance with the idea that the (010) 
plane of the precursor is topologically 
equivalent to the (020) plane of y- 
(VO)2P207; the values for a = 9.62 and a’ = 
9.57A,andc=7.43,notveryfarfromc’/2- 
8.3 A, are close to each other. 

3. Topotactic Mechanism of Dehydration 

From DTA and TGA experiments, it is 
seen that VOHP04 . 0.5 Hz0 retains its wa- 

VOHP04,0.5H20 

w=lOL.6" 
P=1278" 

7 WO)*P207 

e=108.2" 

FIG. 10. Pseudomorphic relations between the crys- 
tals of VOHPOI 0.5 Hz0 and y-(VO)2P207. 

(16): : (a) (010); (b) (001); white circles, 0; dashed 
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1 

ui II P 

1 a = 9.62 fi 

ter of hydration tenaciously up to 350°C and 
that the occurrence of a partial reoxidation 
is very sensitive to the heating rate. The 
small successive losses of weight, already 
observed in the high-temperature decompo- 
sition of VOHP04 * 0.5 HI0 (Z5), corres- 
ponding to the small DTA peaks above 
500°C give evidence about the instability of 
the solid. These phenomena could be attrib- 
uted to a kind of stacking disorder, before 
the final reorganization of the layers yield- 
ing y-(VO)2P207: they are related also to the 
weak differences observed in uv spectros- 
copy (Table II) and XRD patterns (Table 
III), concerning, respectively, the symme- 
try of the (VOs) pseudooctahedra and the 
periodicity of the lattice perpendicularly to 
the UC plane of (VO)2P207. 

The sigmoidal shape of the thermogravi- 
metric isotherms corresponding to an auto- 
accelerated reaction, and the weak values 
of the activation energies El and E2 show 
that the water molecules are cooperatively 
expelled from the lattice of the hydrate con- 
stituted by sheets (VOHPO&. Such a co- 
operative dehydration means that these 
groups are located between the sheets con- 
stituted by the framework (VOHPOJ,. In 
addition, these sheets being structurally re- 
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lated to the layers of (VO)2P207, the reac- 
tion is topotactic. Other examples have 
been already encountered with the cases of 
VOHP04 * 2 H20, which reversible dehy- 
dration leads to (Y-VOP04 (7, 15) and with 
NH4VOOHP04, yielding the same phase by 
decomposition in oxidizing atmosphere 
(23). 

The kinetic model of the branching mech- 
anism has been studied mainly for exother- 
mic reactions (18) and applied to some en- 
dothermic gas-solid reactions such as the 
reduction of cobalt sulfate by hydrogen 
(24). According to such models, the topo- 
tactic dehydration of VOHP04 . 0.5 HZ0 
would begin by the deformation of the 
sheets inducing cracks allowing the evacua- 
tion of more and more HZ0 molecules and 
the chain propagation of the reaction in the 
solid. 

The first endothermic step concerns the 
shared water molecules, the loss of which 
results in vacancy formation at the apex of 
the octahedra; very probably at this stage 
an electronic rearrangement proceeds, and 
cis-vanadyl reorganize into truns-vanadyl 
bonds, which corresponds to the formation 
of layers (VOHPO& very close to the 
framework (010) of (VO)2P207 (Figs. 8 and 
9). The rate-limiting step of the first part of 
the reaction (El = 21.4 kcal . mole-‘) 
would be therefore the gradual cooperative 
deformation of the framework due to the 
escape of 0.5 H20 by mole. 

The second part of the reaction (Ez = 
24.7 kcal * mole-i) concerns the progres- 
sive joining of the sheets: to replenish the 
vacancies, the layers tend to join themsel- 
ves which helps to expel1 other water mole- 
cules obtained this time from two (HPOJ 
groups, followed by crystallization of y- 
(VO)ZP20,. The different intensities of the 
two main DTA peaks as well as the values 
of activation energies account for the two 
different kinds of Hz0 expelled. On the 
other hand, the unique and continuous loss 
of weight in TGA means that the starting of 

one molecule induces the cooperative de- 
hydration of the whole hydrate: the break- 
ing of the hydrogen bonds between the lay- 
ers leads to the collapse of the structure 
which reorganizes into (VO)2P207 even at 
low temperature (420°C) as shown by XRD 
patterns. 

Conclusion 

The present work throws light on one of 
the criteria governing the selectivity in mild 
oxidation catalysis, e.g., the influence of 
the morphology of the catalyst, which can 
be controlled by the preparation and the 
nature of the precursor. The previous char- 
acterization of VOHP04 . 0.5 HZ0 (16), 
precursor of the selective catalyst in butane 
oxidation, and misidentified as (VO)2P207 . 
2 HZ0 by other authors (23, is here con- 
firmed by our experiments. The pseudo- 
morphic relations between the hydrate and 
y-(VO)ZPZO, shown by XRD, SEM, TEM 
are established in view of the two struc- 
tures which allows also to explain the topo- 
tactic mechanism of dehydration. 

Slight structural differences exist be- 
tween the y form and the already character- 
ized p-(VO)2P207 sample obtained by re- 
duction of p-VOP04 (I, 25). Up to now, it 
is not ascertained whether “p” and “y” 
forms are real different polymorphs of 
(VO)2P207 (with different space groups) or 
if they are only pseudomorphs, and we are 
still studying this problem. However, the 
striking difference is observed for the reac- 
tivity of each form, according to their 
chemical properties. First, ~-(VO)ZPZO~ is 
obtained by a topotactic decomposition of a 
V(IV) compound, while CY or p-VOPO4 
yield p-(VO)2P207 by reduction near 750°C 
in the same atmosphere (Nz, ~02 - 5 x 
lop5 atm). Second, the reoxidation of y- 
(VO)2P207 under ~02 = 1 atm yields two 
new polymorphs, 6 and y-VOPO4 (26), ac- 
cording to the temperature, while p- 
(VO)2P207 is reoxidized in the /3-VOPOd 
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form only. The study of the structural and 
thermodynamic properties of 6 and y- 
VOP04 is in progress in order to compare 
the new redox y-VOPO&-(VO)~PZO~, ac- 
tive and selective in butane oxidation, to 
the redox /~-VOPOJ//~-(VO)~PZO~ active and 
selective in butene oxidation to maleic an- 
hydride. Recent information (27) demon- 
strates that y-(VO)2P207 exhibits high selec- 
tivity and activity in the oxidation of butane 
to maleic anhydride. 
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