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The catalyst prepared by reduction of nickel orthophosphate in hydrogen at temperatures 
from 350 to 700°C has been investigated from a standpoint of structure-activity rela- 
tionships. 

The activity and the selectivity of catalyst varied in a characteristic way with the temper- 
ature of catalyst preparation. When the catalyst was prepared at low temperatures below 
42O“C, subsequent hydrogenation was rapid and gave I-butene as the most abundant 
isomer. In this case, fine Ni” clusters were found to have an important role as an active site. 
Whereas, the catalyst prepared at high temperatures above 500°C was relatively weak in 
activity and gave trans-2-butene as the major product. In this case, dinickel phosphide, 
N&P, served as an active site and the addition of small amounts of oxygen resulted in a sig- 
nificant increase in hydrogenation activity. A plausible interpretation for the variation of 
catalyst selectivity has been given by reference to the reaction model proposed by Siegel 
[J. Catal. 30, 139 (1973)]. 

INTRODUCTION 

Nickel compounds such as nickel sul- 
fide, nickel phosphide or nickel arsenide 
are already known to have a different cata- 
lytic activity from metallic nickel and to be 
selective catalyst for partial hydrogenation 
of butadiene or acetylene to the corre- 
sponding olefin and for hydrogenation of 
nitrobenzene to aniline (1-4). There are a 
few reports in connection with nickel 
phosphide or nickel-phosphorus alloy cat- 
alyst (5,6), but the detail of activity- 
structure relationship is not completely un- 
derstood. In this paper, we describe the 
correlation between the composition of 
material obtained by the reduction of 
nickel orthophosphate and its catalytic 
activity for hydrogenation of 1,3-bu- 
tadiene. 

EXPERIMENTAL METHODS 

Catalyst Preparation 

A stock of alumina-supported nickel 
phosphate catalyst containing 20%wt 
Ni,(PO,), was prepared by the wet mixing 
method, which entailed the respective 
slurries of powdered nickel orthophos- 
phate and alumina sol (Nissan Kagaku 
Inc., Alumina Sol Type 200), followed by 
drying at 110°C. The resulting solid 
masses were extruded to obtain the de- 
sired pellet size (ca. 2 mm+ x 4 mm), and 
then calcined at 600°C for 2 hr in a stream 
of air. The alumina-supported catalyst was 
reduced with hydrogen at various tempera- 
tures before use for catalytic test. 

Apparatus and Procedure for 
Catalytic Reaction 

The hydrogenation reaction was carried 
out in a conventional closed circulation 
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system of 390 ml, and pressure changes 
during reaction were measured manomet- 
rically. The reaction vessel contained the 
packed bed consisting of 2.0 g of the cata- 
lyst and small glass beads in the ratio of 
1: 5 by volume, thereby improving isother- 
mal condition during the course of reac- 
tion. The catalyst was reduced again at 
300°C under 200 mm Hg of hydrogen for 1 
hr before being used. Butadiene (Tokyo 
Kasei Kogyo Co.) contained no detectable 
impurities by gas chromatographic analy- 
sis. Hydrogen was purified by passage 
over Pd-asbestos catalyst at 300°C and 
then dried. 

Gas samples withdrawn from the gas- 
circulation system at regular time intervals 
were analyzed by using a gas chroma- 
tographic unit containing 12 m column of 
30% wt dimethylsulforan supported on 
40-60 mesh Chromosorb. The column was 
operated at room temperature with hy- 
drogen as carrier gas. 

Tests for Catalyst Composition 

The reduction behaviors of Ni,(PO,), in 
hydrogen were followed up by two 
methods, viz, reduction rate measurement 
during the course of temperature- 
programmed elevation and hydrogen con- 
sumption measurement as a function of 
time. The measurements were carried out 
by a similar gas-circulation system as used 
in the tests for catalytic reaction. 

Both of ESR absorption and X-ray dif- 
fraction measurements served as a method 
of qualitative identification of the chemical 
composition of the catalysts. The ESR ab- 
sorption measurements of the powdered 
catalyst samples were made with a JES- 
3X-type, X-band spectrometer (Japan 
Electron Optics Co.) operating at room 
temperature. The previously reduced 
samples in hydrogen at 400 or 650°C for 1 
hr were evacuated for 1 hr at 400°C and 
10m3 Torr in a quartz tube, and then re- 
duced again with hydrogen at 400°C. The 
X-ray diffractograms were obtained at 

room temperature by using Ni-filtered iron 
radiation (Rigaku Denki Co., Geigerflex 
D-3F spectrometer). The measurements 
were made on the catalyst samples without 
alumina carrier, because of experimental 
convenience that X-ray diffraction was 
much more sensitive and defined than that 
of alumina-supported samples. 

RESULTS AND DISCUSSION 

Catalyst Activity and Selectivity 

The temperature of catalyst preparation 
influenced remarkably both the activity 
and the selectivity. As shown in Fig. 1, the 
hydrogenation activity is beginning to 
emerge when the catalyst is reduced with 
hydrogen at temperatures near 350°C and 
increases drastically with an increase in 
the reduction temperature, passes through 
a maximum at about 380°C and then de- 
creases. The catalyst activity remains al- 
most constant at temperatures ranging 
from 500 to 650°C and then virtually dis- 
appears above 700°C. The selectivity, S1, 
for the partial hydrogenation to butene is- 
omers exceeds 90%, even when the cata- 
lyst was prepared at low temperatures near 
400°C. Further increase in selectivity S, is 
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FIG. 1. Activity and selectivity as a function of the 
temperature of catalyst preparation. (1) Initial reac- 
tion rate, (2) Selectivity for partial hydrogenation to 
butene isomers S, = C4H,/(C4H, + C,H,,), (3) Selec- 
tivity to I-butene S, = I-C,H,/(l-C4H8 + trans,cis-2- 
CIHR). Reaction temperature, 60°C; Initial hydrogen 
pressure, 225 mm Hg; initial butadiene pressure, 75 
mm Hg; Time interval of catalyst reduction, 1 hr. 
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Conversmn of butadiene Y/J 

FIG. 2. Yield of the hydrogenated products as a 
function of butadiene conversion. (A) Catalyst pre- 
pared at 400°C; (B) catalyst prepared at 650°C; (1) 
I-CIH,; (2) trans-2-CIH8; (3) cis-2-CqH8; (4) C,H,,. 

achieved by preparing the catalyst at high 
temperature. As also shown in Fig. 1, the 
selectivity for the formation of 1-butene, 
&, was dependent largely on the tempera- 
ture of catalyst preparation. 

Figure 2 shows the detailed correlation 
between conversion of butadiene and yield 
of the hydrogenated products. Each of the 
products increases in yield linearly with 
butadiene conversion, except for the ex- 
treme case in which butadiene conversion 
approaches 100%. The isomerization of 
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butene isomers owing to double bond mi- 
gration was found to be rapid over these 
catalysts, when no butadiene coexisted. 
Thus, the data of Fig. 2 suggest that bu- 
tene isomers produced are displaced from 
active site by butadiene before the isomeri- 
zation takes place. It may be concluded 
that butene isomers are formed entirely by 
1,2- and 1,4-addition of hydrogen at condi- 
tions where butadiene conversion is not 
very high. When the catalyst was prepared 
at low temperatures below 420°C sub- 
sequent hydrogenation gave 1 -butene as 
the most abundant isomer, whereas, the 
catalyst prepared at high temperatures 
above 500°C gave trans-2-butene as the 
major product. 

Figure 3 indicates that the orders of 
reaction were appreciably influenced by 
the temperature of catalyst preparation. 
An elevation in the temperature while pre- 
paring the catalyst from 400 to 650°C re- 
sults in a lowering of 1.0 to 0.8 order with 
respect to hydrogen and an increasing of 
0.0 to 0.2 order with respect to butadiene. 
The variations in catalyst selectivity and in 
reaction order with a change of the tem- 
perature of catalyst preparation suggest 
either that chemical composition of the 
catalyst surface altered or that physical 
structure of the catalyst changed. 

FIG. 3. Initial reaction rate as a function of butadiene and hydrogen pressure. (A) Catalyst prepared at 400°C; 
reaction temperature, 50°C; (B) catalyst prepared at 650”; reaction temperature, 80°C; (1) effect of butadiene 
pressure (PH2 was kept at constant pressure of 130 mm Hg); (2) effect of hydrogen pressure (PCIHe was kept 
at constant pressure of 50 mm Hg). 
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FIG. 4. Reduction rate of catalyst in hydrogen 
during the course of temperature-programmed eleva- 
tion (temperature elevation speed, S”C/min). 

Catalyst Composition 
The result of an experiment in which the 

temperature-programmed technique was 
applied to characterize the hydrogen re- 
duction of Ni,(PO& is shown in Fig. 4. 
The curve depicts that reduction of 
Ni,(PO& in hydrogen consists of three 
distinct steps. 

The results obtained from hydrogen con- 
sumption measurement are shown in Fig. 
5. All of the pressure decrease vs time 
curves appear to level off within 10 hr. 
This suggests that the reduction continued 
over a period of 10 hr leads both the sur- 
face and the bulk of catalyst into the same 
degree of reduction being determined by 
temperature. The resulting correlation 
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FIG. 6. X-Ray diffractograms. (A) after reduction at 
500°C for 2 hr; (B) at 600°C for 1 hr; (C) at 700°C for 
1 hr; (0) peak attributable to N&P (Ref. ASTM card 
3-09.53); (a) N&P, (Ref. ASTM card 3-llOl), (0) 
unknown peak for assignment. 

between the degree of reduction and the 
temperature was represented by line 8 in 
Fig. 5. Within the experimental error, the 
reduction of Ni,(PO,), is considered com- 
plete at temperatures above 600°C. 

The X-ray diffraction diagrams are 
shown in Fig. 6. The diffraction patterns of 
the samples prepared at 600 or 700°C (Fig. 
6B and C) revealed the sample to consist 
mainly of Ni,P. The diffractogram of the 
sample prepared at 500°C (Fig. 6A) was 
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FIG. 5. Decrease in hydrogen pressure as a function of time and degree of reduction as a function of tempera- 
ture. (1) 400°C; (2) 440°C; (3) 500°C; (4) 600°C; (5) 650°C; (6) 700°C; (7) amount of hydrogen consumption; 
(8) degree of reduction. 
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complicated and weak in signal intensity. formations described in the previous pa- 
And, it showed that various nickel phos- pers (5,10,11). In our present study, how- 
phides and an unknown compound for as- ever, there is no direct evidence for the 
signment were present together with N&P. existence of such a compound as Ni,P,O, 
All the samples prepared at temperatures or N&P,. Consequently, it can only be 
below 450°C were amorphous and X ray said with certainty that Ni” clusters are 
diffraction analysis was invaluable in the formed at the low temperatures and Ni,P 
identification of the catalyst composition. is obtained at the high temperatures. 

The ESR absorption measurements gave 
the following observations: the alumina- 
supported Ni,(PO& sample showed none 
of the significant signals even after evacua- 
tion at 400°C. However, the broad single 
ESR signal (g = 2.27, AH,,r = 800 G) ap- 
peared after reduction with hydrogen at 
400°C. By reference to the established in- 
formations (7-9), the broad ESR signal 
was assigned to ferromagnetic resonance 
owing to Ni” species produced by reduc- 
tion. The signal intensity increased with an 
increase in time interval of reduction at 
400°C. The catalyst sample prepared at 
650°C showed the weak single ESR signal 
(g = 2.44, AH,,, = 1500 G). This similar 
ESR signal is presumably attributable to 
well-sintered clusters of Ni” species which 
still remain in the catalyst, even when it 
was prepared at the high temperature. 
However, the signal intensity was far less 
than that of the sample prepared at 400°C. 

Catalyst Composition-Activity 
Relationship 

On the basis of the experimental results 
described above and the previous report 
on the thermal decomposition of nickel 
phosphate (IO), we have speculated that 
the reduction of Ni,(PO& in hydrogen 
proceeds via the following three steps: 

From the results described above, it 
may be concluded that the hydrogenation 
with a faster reaction rate to the butene 
isomers consisting mainly of l-C,H, is at- 
tributed to fine clusters of NiO, whereas, 
the relatively slow hydrogenation leading 
mainly to trans-2-C,H, formation is due to 
the catalytic action of Ni,P surface. But, 
the ESR absorption measurement revealed 
that the catalyst prepared at the high tem- 
perature contains a slight amount of well- 
sintered Ni” cluster or Ni-phosphorus 
solid-solution. Thus, the difficult problem 
arises as to which of Ni” and N&P play an 
important role as active site of the catalyst 
prepared at high temperatures. However, 
it was readily proved to be N&P by the fol- 
lowing experiment: the Ni”-free catalyst 
showed a similar activity as before the 
treatment in which Ni” species were re- 
moved from the catalyst by extraction 
using 0.5 N HCl aquous solution. 

In order to make a further character- 
ization of the catalyst surface, influences 
of oxygen addition on the hydrogenation 
reaction have been investigated. As shown 
in Fig. 7, the catalyst prepared at 400°C 
showed only a monotonically steep de- 
crease in activity by addition of a very 
small amount of oxygen. In contrast, the 
catalyst prepared at 600°C increased dras- 
tically its activity with addition of oxygen 
at pressures ranging from 1 to 2 Torr, and 
then decreased. In the latter catalyst, a 
complete disappearance of catalytic activ- 
ity was not encountered even at high ox- 
ygen pressures. This fact was distinct from 

Ni,(PO,), Ni” + H,O + NipP,O, 

Ni’ + H,O + Ni,P, + N&P 

k 1.5 N&P + 0.5 P 

where Ni,P, is a variety of nickel phos- 
phides other than Ni,P that give Ni,P + P 
at elevated temperatures. This sequence 
of the reduction steps is consistent with in- 



171 Ni-P CATALYST PREPARED FROM NICKEL PHOSPHATE 

FIG. 7. Effect of oxygen addition on reaction rate. (A) Catalyst reduced at 400°C for 4 hr; (B) catalyst re- 
duced at 600°C for 2 hr; (1) initial reaction rate; (2) selectivity for partial hydrogenation S,; (3) selectivity 
to I-butene Sz. Reaction temperature, 50°C for A and 60°C for B; initial hydrogen pressure, 145 mm Hg; 
initial butadiene pressure, 55 mm Hg. 

the former catalyst. The exact mechanism 
on the enhancing of hydrogenation activity 
owing to oxygen addition is not yet clari- 
fied, however, in this section we wish to 
point out that there are two different types 
of sites responsible for activity and oxygen 
promotes the 1,4-addition of hydrogen to 
1 ,3-C4H6 from N&P. 

Selectivity for 1,2- and 
I ,4-Addition of Hydrogen 

In the previous section, we noted that 
the selectivity for 1,2- and 1,4-addition of 
hydrogen is entirely dependent on dif- 
ference in the chemical composition of cat- 
alyst surface. However, Joice et al. (12) 
and Phillipson et al. (13) have already 
pointed out that the selectivity of such me- 
tallic catalysts as Co or Ni for hydrogena- 
tion of butadiene varies extensively- from 
1,2-addition to 1,4-addition with the tem- 
perature of catalyst preparation, and that 
the change in selectivity is due unequivo- 
cally to the variation of physical character- 
istic of the metal surface. We have tried a 
similar experiment of the sintering effect 
on the selectivity, by using silica-sup- 
ported nickel catalyst prepared in a sepa- 
rate batch. The results showed that 
changes in both the activity and the selec- 
tivity were quite analogous to those de- 

scribed in the previous papers (12,13). The 
other point to be additionally remarked 
here was the effect of oxygen addition on 
the catalyst activity, i.e., well-sintered 
nickel surface showed only a steep de- 
crease in activity by addition of oxygen 
and such an enhanced activity as those ob- 
tained in the N&P catalyst was not ob- 
served throughout experiment. Thus, we 
are led to the conclusion that the selec- 
tivity of the catalyst prepared from 
Ni,(PO,), is directly dependent on the 
chemical composition of the catalyst sur- 
face. 

It still remains to be investigated why 
1,2- and 1,4-addition of hydrogen take 
place preferentially over the surface of Ni” 
and Ni2P, respectively. It seems profitable 
to answer this question by way of applying 
the reaction model which has been re- 
cently proposed by Siegel (14). According 
to Siegel’s model, Ni” surface in a not-sin- 
tered state gives mainly l-C4H8, as is 
shown by the following scheme: 

c=c-c-c 

Whereas, the formation of 2-&H, over the 
N&P surface is demonstrated by the model 
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Rideal, Eds.), Vol. 3, p. 329. Academic Press, 
New York, 1951. 

By virtue of Siegel’s model, it can be in- 
terpreted in the same way that the second- 
ary hydrogenation of butene isomers to bu- 
tane proceeds with difficulty over Ni,P 
surface or well-sintered Ni surface, of 
which the vacant coordination numbers 
were considered to be less than 2. The fact 
that well-sintered Ni” surface behaved like 
Ni,P surface, which prevailed in 1,4-addi- 
tion, can be similarly understood. How- 
ever, further experimental research is nec- 
essary to make cIearer these postulations 
on reaction scheme and to characterize the 
Ni-P binary catalyst system. 
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