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Determination of the Active Center in Calcium-Nickel Phosphate 
Dehydrogenation Catalyst 

Calcium-nickel phosphate C+Ni(PO& 
was first prepared by Britton et al. (Z), and 
its activity as a dehydrogenating catalyst is 
used industrially to obtain butadiene from 
butenes. C%Ni(PO,& is prepared by substi- 
tuting Ni for Ca in the p-Ca,(PO,), host 
lattice. Only about 10% nickel atoms can be 
substituted (2). X-Ray Debye-Scherrer 
patterns of Ca8Ni(PO& and p-Ca,(PO,), 
are quite similar. As the P-Ca,(PO,>, struc- 
ture is known to be analogous to that of 
whitlockite (3), which has a formula close 
to 6[Ca3(POJ2, 2MHPO,], where M is a 
small cation such as Mn, Fe, or Mg which 
substitutes Ca*+ ions in certain chains of 
the lattice, it seems likely that Ca,Ni(PO.& 
has the whitlockite structure. The maxi- 
mum nickel solubility corresponds to the 
maximum catalytic activity in the dehydro- 
genation of isopropanol (4). The dehydro- 
genating activity is not observed for amor- 
phous mixtures of calcium and nickel 
phosphates, showing that the activity 
results from substitution of Ni for Ca within 
a crystalline host lattice. The purpose of 
this note is to determine the Ni oxidation 
states involved, and to propose a mecha- 
nism. Conclusions are drawn from compar- 
ing catalytic activity with electron spin res- 
onance (ESR) spectra. 

Amorphous calcium-nickel phosphate 
was obtained by the method of Britton et 
al. (I), starting from dilute solutions of 
CaCl,, NiCl*, and (NH,),HPO,. Mixing the 
solutions at pH 8 leads to coprecipitation. 
The cake resulting from filtration was dried 
at 120°C for 2 hr. Three amorphous com- 
pounds have been prepared corresponding 
respectively to 0,0.05, and 0.1 values of the 
Ni/Ca ratio. The catalyst is obtained by 
calcining the amorphous compound at tem- 

peratures ranging from 400 to 900°C. The 
heating has been carried out under different 
atmospheres (O,, air, Nz, CO, and H,); the 
compound was placed in a crucible inside a 
quartz tube heated by a tubular furnace and 
flushed by the chosen gas. The products 
obtained under air, 02, and Nz have a light 
yellow color, whereas CO and H2 give gray 
and black products, respectively. 

The catalytic activity has been character- 
ized by studying isopropanol decomposi- 
tion. The conversion and the selectivity to 
acetone (dehydrogenation) and propylene 
(dehydration) have been measured using an 
apparatus of the type described by Durand 
et al. (5). The catalyst (1 g), deposited on a 
sintered glass inside the reactor, was 
flushed by a stream of N, saturated with 
isopropanol. The conversion percentage C 
and the selectivity S were deduced from (i) 
the amount of catalyst used, (ii) the partial 
pressure of isopropanol in the nitrogen 
flow, and (iii) gas chromatographic analysis 
of the mixture after reaction. The catalysis 
experiments were performed at 250°C. S is 
given by the ratio: amount of acetone (or 
propylene)/amount of alcohol converted. 

The ESR spectra have been obtained 
with modulation spectrometer, a detailed 
description of which is given elsewhere (6). 
It differs from conventional spectrometers 
by the fact that the microwave field is 
amplitude modulated; a pickup coil, close 
to the sample and with its axis along the 
static field, receives an induction signal 
proportional to the time derivative of the 
longitudinal magnetization. The apparatus 
gives an absorption line directly and is 
more suitable for observing wide lines be- 
cause it does not involve modulation of the 
static field. 
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FIG. 1. Influence of the calcination temperature (in 
air) 0 of amorphous calcium phosphate on the catalytic 
decomposition of isopropanol at 250°C: (1) conversion 
C; (2) selectivity S (a, acetone; b, propylene). 

The catalytic activity of the precipitated 
amorphous phosphate depends on the treat- 
ment temperature. For the 10% nickel com- 
pound, the activity for heat treatments be- 
low 700°C is mainly dehydrating (Fig. l), 
but above 700°C the catalyst becomes de- 
hydrogenating. This change corresponds to 
a crystallization observed at about 670°C by 
differential thermal analysis. For the cata- 
lyst calcined at 800°C the activity depends 
nonlinearly on nickel concentration (Table 
1). When the phosphates are heated at 
800°C under inert (N2) or oxidizing (air, 0,) 
atmosphere, they give a practically con- 
stant conversion ratio (C = 15%). A slightly 
reducing atmosphere (CO) decreases the 
activity (C = 2%). H2 atmosphere reduces 
the nickel ion sites giving zero-valent nickel 
species: a high activity develops (C = 98%) 
but this is irrelevant to the mechanism 
investigated here. 

ESR spectra have been measured at 77 K 

and show two lines: (i) R, (peak amplitude 
rl) centered at I& = 1380 Oe, and (ii) R, 
(peak amplitude r2) centered at Ho = 3070 
Oe (Fig. 2). The r1 and r, intensities are 
given in Table 1 as functions of the nickel 
concentration. The accuracy of these inten- 
sities is about 20%. For zero Ni concentra- 
tion (i.e., for Ca,(PO,),) there is a spectrum 
(rl = 25, r2 = 60) which seems to be due to 
impurities. The same spectrum with the 
same intensity is also obtained from the 
amorphous calcium-nickel phosphate 
calcined at temperatures below 670°C. 
When the calcination temperature is raised 
above 67o”C, the ESR spectra become 
more intense (Table 1). Such an influence of 
the crystallization on the ESR intensity has 
already been reported by Andrushkevich et 
al. (7) for calcium-nickel-chromium phos- 
phate, a similar catalyst. After calcination 
at 800°C the r* value remains approxi- 
mately constant when the nickel concentra- 
tion is increased from 5 to 10%. In contrast, 
the rl value strongly increases following a 
nonlinear law, in accordance with the cata- 
lytic activity. Thus, the line R, can be 
considered as describing satisfactorily the 
activity. 

Both the R, and R, lines can be attributed 
to nickel because an isomorphous com- 
pound, prepared with cadmium instead of 
nickel in the p-Ca,(PO,k lattice, provides 
after calcination in air at 800°C a spectrum 

TABLE 1 

Conversion in the Catalytic Decomposition of 
Isopropanol at 250°C and ESR Line Intensities for 
Calcium-Nickel Phosphates Crystallized in Air at 

800°C 

Conversion (%) 

ESR intensities 
(arb. units) 

rl 
r2 

Ni/Ca (%) 

0 5 10 

0 1.5 17 

25 100 630 
60 760 780 
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FIG. 2. ESR spectrum of calcium-nickel phosphate at 77 K and 8600 MHz (catalyst calcined at 800°C 
in air, with Ni/Ca = 10%). 

with r1 and r, intensities equal to those 
obtained with zero nickel concentration. 
Moreover, (rl + rZ) is roughly proportional 
to Ni concentration (Table 1): the value 
passes from 775 to 1325 with a twofold 
increase in the Ni concentration. The line- 
width AH equals 1600 and 1300 Oe for RI 
and R2, respectively. It remains the same 
for both R, and R, when passing from 5 to 
10% nickel concentrations. This indicates 
that the exchange narrowing is either negli- 
gible or the same for both concentrations. 
This enables us to use r1 and r2 as 
definitions of the line intensities, whereas 
the areas should have been used if AH had 
not been proved independent of the Ni 
concentration. 

The influence on the ESR lines of the 
oxidation-reduction properties of the atmo- 
sphere present during crystallization has 
been studied for the 10% Ni catalyst treated 
at 800°C (Table 2). rl is approximately the 
same for samples prepared in oxidizing (02, 
air) or neutral (N,) atmospheres. It de- 
creases and becomes equal to zero when a 
CO or a more reducing atmosphere (H,) is 
used, respectively. The line R2 shows a 
more complex behavior, except in the case 
of H2. A third line, with amplitude r3 and 
centered at Ho = Oe, is observed on CO or 
H, treatment. Heating under CO, r3 is very 
low as compared to r1 and r2, but r3 is quite 
strong after heating in Hz. In this case, a 
zero-field ESR signal is detected which 

could be due to zero-valent nickel species, 
considered as responsible for the high cata- 
lytic activity of hydrogen-reduced phos- 
phates. 

Let us now discuss the results. The most 
stable oxidation state for nickel is Ni2+. The 
ESR spectrum of Ni2+ (8) in an octahedral 
crystal field generally shows a g value be- 
tween 2.00 and 2.35 (8). We accordingly 
attribute our R2 line at g = 2.0 to Ni2+. 

The R, line has been shown to be linked 
with the catalytic activity. Moreover, both 
the r1 amplitude and the activity are in- 
creased for samples prepared under an oxi- 
dizing atmosphere. These observations 
lead us to conclude that the RI line corres- 
ponds to a high nickel oxidation state, 
possibly Ni3+. One may ask if this conclu- 

TABLE 2 

Conversion in Isopropanol Decomposition at 250°C 
and ESR Line Intensities for Calcium-Nickel Phos- 
phate (Ni/Ca- lo%), Crystallized at 800°C under 
Various Atmospheres 

Atmosphere 

9 Air N2 CO Ht 

Conversion (%) 15 15 15 2 98 

ESR intensities 
(arb. units) 

11 560 700 650 300 0 
rz 460 720 410 820 0 
R3 0 0 0 70 620 
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sion is compatible with the observed ESR 
spectrum centered at g = 4.5. Abragam and 
Bleaney (8) have computed the g value for 
the 3d7 configuration (Ni3+) in octahedral 
symmetry. For a weak ligand field,, they 
obtain g = 4.33 which is close to our g = 
4.5 value. In contrast, for a strong ligand 
field the experimental g values for d7 are 
generally between 2.1 and 2.3. Unfortu- 
nately, the lack of information about the 
crystal field strength of Ca3(POJ2 does not 
allow a definite answer. Other interpreta- 
tions remain possible for the RI line, such 
as Am = 2 transitions in the triplet state of 
Ni2+. We can simply state that our ESR 
results are compatible with the appearance 
of Ni3+ ions. However, we may note that 
this idea is supported by (i) the correlation 
between the increase of rl and the oxidizing 
nature of the calcination atmosphere, and 
(ii) the basic character of the phosphate 
lattice well known to stabilize high oxida- 
tion states (9). Moreover, we shall see 
below how the existence of Ni3+ ions allows 
an interpretation of the catalytic phenome- 
non. 

Figure 1 shows that the activity changes 
from dehydrating to dehydrogenating when 
increasing the calcination temperature, i.e., 
when passing from the amorphous to the 
crystalline compound. The dehydrating 
process can be related to the surface acid- 
ity, ascribable probably to HPOd2- ions 
which exist at low calcination temperature. 
In this case, NP+ does not play any role and 
the active sites are analogous to those 
present in Ca3(PO& (10) or hydroxyapa- 
tites (II). These sites would produce pro- 
tonation of isopropanol following the mech- 
anism of Kibby and Hall (12). When the 
coprecipitate is calcined at temperatures 
above 700X!, the activity becomes dehy- 
drogenating, an effect due to nickel. An 
attempt to explain the role played by nickel 
leads us to use Kibby and Hall’s assump- 
tions for dehydrogenation of secondary al- 
cohols over apatites. The first step consists 
of alcohol oxidation (R,CHOH + R&O + 
2H+ + 2e) and is followed by a second one 

in which the electrons are eliminated by 
reducing a cation. In contrast with apatites 
where such a reaction is impossible, in our 
case it can occur if we assume the existence 
of Ni3+ ions. The following overall mecha- 
nism can then be proposed: 

R,CHOH + R,CO + 2H+ + 2e 
2Ni3+ + 2e =G 2Nizf 
2H+ + 2Ni*+ + 2Ni3+ + H 2 

R,CHOH + R,CO + H2 

The formation of Ni3+ ions during the 
thermal activation of the amorphous phos- 
phate remains as yet unexplained. Ni3+ ions 
are probably created during the crystalliza- 
tion, and stabilized by the lattice. Such an 
example of the stabilization of high oxida- 
tion states of transition metals has already 
been reported in phosphates and arsenates 
(9). 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

REFERENCES 

Britton, E. C., Dietzler, A. J., and Noddings, C., 
Ind. Eng. Chem. 43, 2871 (1951). 
Bourgeois, J. P., and Lenzi, M., C.R. Acad. Sci. 
Ser. C 10, 375 (1973). 
Dickens, B., Schroeder, L. W., and Brown, W. 
E., J. Solid State Chem. 10,232 (1974); Gopal, R., 
Calvo, C., Ito, J., and Sabine, W. K., Canad. J. 
Chew 52, 1155 (1974). 
Bourgeois, J. P., These Docteur Ingenieur, 
Universite de Paris IV, 1974; Ivashina, V. S., 
Bujanov, R. A., Ostankovic, A. A., Olenkova, I. 
P., Kotelnikov, G. R., Kefeli, L. M., and Stupni- 
kova, L. V., Kinet. Katal. 1, 160 (1970). 
Durand, B., Lenzi, M., and Boulle, A., Bull. Sot. 
Chim. Fr. 2, 442 (1972). 
Herve, J., and Pescia, J., C.R. Acad. Sci. 251, 665 
(1960); Pescia, J.,Ann. Phys. Paris 10, 389 (1965); 
Gourdon, J. C., Lopez, P., Rey, C., and Pescia, 
J., C.R. Acad. Sci. Ser. B 271, 288 (1970); Gour- 
don, J. C., These de Docteur Ingdnieur No. 326, 
Universite de Toulouse, 1972. 
Andrushkevich, M. M., Buyanov, R. A., Mas- 
tikhin, V. M., and Kotelnikov, G. R., Kinet. 
Katal. 13, 1275 (1972). 
Abragam, A., and Bleaney, B., “Electron Para- 
magnetic Resonance of Transition Ions.” Claren- 
don Press, Oxford, 1970. 



500 NOTES 

9. 

IO. 

Il. 

12. 

Berretz, M., and Holt, S. L., J. Znorg. Nd. 
C&m. 36, 49 (1974); Cole, G. M., Berretz, M., 
and Holt, S. L., J. Znorg. Nucl. Chem. 38, 447 
(1976). 

Bakaev, Ya., and Zamulina, T. V., Kinet. Katal. 
2, 462 (1975). 

Kibby, C. L., and Hall, W. K., J. Catal. 29, 144 
(1973); Kibby, C. L., and Hall, W. K., J. Catal. 
31, 65 (1973). 

Kibby, C. L., and Hall, W. K., “Chemistry of 
Biosurfaces” (M. L. Hair, Ed.), Vol. 2, Chap. 15. 
Dekker, New York, 1972. 

S. ATTALI* 
B. VIGOUROUXt 

M. LENZI* 
J. &SCIAt 

* Laboratoire d’Etude des Mate’riaux Catalytiques 
Ecole Nationale Superieure de Chimie de Toulouse 
118 Route de Narbonne, 31077 Tolouse Cedex 

and 
t Laboratoire de Magnetisme et d’Electronique 
Quantique 
Universite Paul-Sabatier 
39 Allees J. Guesde, 31077 Toulouse Cedex 
France 

Received January 18, 1980 


