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NOTES 

Cyclopropane Hydrogenolysis Reactions over Ni-Cu/Si02 Catalysts 

Cyclopropane (CP) hydrogenolysis activ- 
ities and selectivity to ring opening were 
studied over a series of well-characterized 
Ni-Cu/SiOz catalysts (I). These reactions 
have been used before to study ensemble 
and ligand effects (24, but surface com- 
position estimates for supported Ni-Cu 
catalysts have not been available. Mag- 
netic, adsorptive, and coupled magnetic- 
adsorptive analyses were used to estimate 
the average crystallite size and surface 
composition for each catalyst (I). The mag- 
netic phase composition does not change 
upon addition of copper to nickel, above a 
few percents copper, indicating that copper 
enriches the surface of each crystallite. The 
“cherry” model (2) is convenient for visu- 
alization. However, it is important to ac- 
count for mass balance limitations in highly 
dispersed systems, as there is not enough 
copper to envelop the crystallites (I, 5, 6). 
This results in more gradual changes in sur- 
face composition than observed for bulk 
Ni-Cu alloys (2, 7), and may account for 
the conclusion of homogeneity in other 
work on supported Ni-Cu (8). Details of 
catalyst preparation and characterization, 
as well as a discussion of the assumptions 
used to estimate surface composition, are 
presented in Ref. (I). 

Table 1 lists the sample average surface 
composition of each catalyst sample with 
the corresponding nominal composition 
and average crystallite size. These surface 
compositions are reproducible between 
samples to within 20.04. There has been no 
report of significant crystallite size effects 
for cyclopropane and hydrogen reactions 
over nickel in the size range of this work. 
However, a crystallite size-dependent sur- 
face composition, inherent in mass balance- 

limited enrichment, creates a crystallite 
size effect. Due to the distribution of crys- 
tallite sizes within samples, any surface 
composition-dependent property will be an 
average. In order to limit the impact of this 
size effect on conclusions, the average 
crystallite size of each sample was kept 
close. Also, the breadth of the crystallite 
size distribution apparently does not de- 
pend significantly on copper content (I). 

Kinetic work was performed on the un- 
perturbed catalyst samples, after quasi in 
situ characterizations, in the same sample 
cell/reactor (I). The reactions were run in 
differential mode for ease of analysis as 
well as to minimize thermal effects and the 
impact of flow maldistribution (9). The 
pressure was slightly above 1 atm, as re- 
quired for flow, with the CP pressure kept 
at 0.1 atm. Thus the ratio of HZ to CP was at 
least 10. The temperature was 298 K. Stan- 
dard criteria for no interferences due to 
temperature and/or concentration gradients 
are well satisfied (9). After kinetics, the cat- 
alyst samples were studied magnetically to 
verify that redistribution of the metals had 
not taken place. This does not provide a 
check against surface rearrangement; how- 
ever, the distribution of surface atoms is 
not known anyway. 

Areal rates, per square meter of nickel 
determined by Hz chemisorption assuming 
an H : Ni ratio of one (I), for ring opening 
and fragmentation were determined for 
each catalyst by measuring conversion to 
propane and ethane, respectively. Selectiv- 
ity to ring opening was determined from the 
ratio of propane to ethane produced, and 
any error in surface area cancels. Conver- 
sions were recorded after they had stabi- 
lized, and reproducibility of kinetics results 
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TABLE 1 

Surface Fraction Copper 

Nominal Metal 
CU” loadingb 
em Pm 

Average 
crystallite 

sizec 
km) 

Surface 
fraction Cud 

0.0 22.9 2.1 0.0 
2.6 25.1 1.9 0.18 
6.0 25.3 1.9 0.35 

12.0 27.9 1.9 0.48 
21.1 27.1 2.0 0.59 
31.1 27.2 1.9 0.13 
39.8 21.6 1.5 0.78 

a Cui(Cu + Ni) x 100. 
b (Ni + Cu)/(Ni + Cu + SiO*) x 100. 
c Equivalent hemispherical radius, determined as 

detailed in Ref. (I). 
d Taken to be the dispersion adjusted specific area 

ratio estimated as in Ref. (1). 

between samples was within 10%. Frag- 
mentation rates for Ni/Si02 from Fig. 1 are 
about 10% higher than those of Sinfelt et al. 
(ZO), when their rate form is used to adjust 
operating conditions, while the rate for ring 
opening is about twice their reported value. 
The last disparity may reflect lower self- 
poisoning in this study; nevertheless, the 
agreement is good. 

Fragmentation trends upon dilution by 
copper compare well with those in the liter- 
ature, showing a rapid decrease in activity 
(2, 3). No maximum in ring opening at low 
copper content was found, which again in- 
dicates that self-poisoning was small (11). 
This is expected with the operating condi- 
tions used. The decline in area1 rate indi- 
cates that large-scale clustering of surface 
nickel atoms does not exist. However, 
some clustering at higher copper content is 
indicated, and is expected for the endother- 
mic Ni-Cu system (12). The decrease in 
activities may also indicate that copper se- 
lectively occupies the more active sites. 
Certainly copper would tend to occupy the 
sites of lower coordination. As no informa- 
tion is available in this regard, each original 
site is assumed to be uniform in activity. 
The increase in selectivity to ring opening 
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FIG. 1. The areal rates of ring opening and fragmen- 
tation, and selectivity to ring opening, against surface 
copper content. 

by a factor of 2.5 is in good agreement with 
the results of Beelen et al. (13) on bulk Ni- 
Cu catalysts. 

Figure 2 shows the activities normalized 
to total metal area, rather than nickel area, 
against surface copper fraction. The graph 
has been scaled to run from 0 to 1. This 
type of graph is often used for determining 
required ensemble size (2, 14). Assuming 
activity is determined by the geometric ef- 
fects of dilution and random surfaces, then: 

NY) = NQU - Y)“‘, (1) 

where A is activity, y is the surface fraction 
of copper, and N is interpreted as the nickel 
ensemble size required for a given reaction. 
Within the accuracy of the data, the curve 
for N = 2 fits the ring opening results, while 
N = 3 fits the results for fragmentation. Ac- 
cepting the surface composition estimates, 
clustering apparently occurs in the higher- 
copper-content catalysts, keeping the activ- 
ities higher than those of a random surface. 
A common diadsorbed intermediate is indi- 
cated, as suggested by Anderson and Avery 
(15), with the availability of a third site re- 
quired for further adsorption and fragmen- 
tation. 

The ensemble effect explains the activity 
trends observed in this study, in line with 
past work on Ni-Cu (2-4). Accounting for 
mass balance-limited enrichment in the de- 
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FIG. 2. Normalized areal rates (based on total metal 
area) for ring opening and fragmentation, for the deter- 
mination of ensemble size. 

termination of surface composition was 
critical for this interpretation. Considering 
the size effect on surface composition in- 
herent in mass balance-limited enrichment 
and an unknown extent of clustering, the 
fits in Fig. 2 are remarkable. In fact, these 
results help to justify the assumptions used 
in calculating surface compositions. The 
extent of any ligand effect cannot be as- 
sessed with the data available, which is 
usual (3). 

ACKNOWLEDGMENTS 

The authors are grateful to the Robert A. Welch 
Foundation for support of this research. 

REFERENCES 

1. Cale, T. S., and Richardson, J. T., J. Catal. 79, 
378 (1983). 

2. Sachtler, W. M. H., and van Santen, R. A., “Ad- 
vances in Catalysis and Related Subjects,” Vol. 
26, p. 69. Academic Press, New York, 1977. 

3. Ponec, V., “Advances in Catalysis and Related 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

II. 

12. 

13. 

14. 

15. 

Subjects,” Vol. 32, p. 149. Academic Press, New 
York, 1983. 
Khulbe, K. C., and Mann, R. S., Cural. Rev. Sci. 
Eng. 24, 311 (1982). 
Williams, F. L., and Nason, D., Surf. Sci. 45,377 
(1974). 
Anderson, J. H., Conn, P. J., and Brandenberger, 
S. G., J. Catal. 16,404 (1970). 
Iglesia, E., and Boudart, M., J. Catal. 81, 204 
(1983). 
Dalmon, J. A., J. Cafal. 60, 325 (1979). 
Satterlield, C. N., “Heterogeneous Catalysis in 
Practice.” McGraw-Hill, New York, 1980. 
Sinfelt, J. H., Yates, D. J. C., and Taylor, W. F., 
J. Phys. Chem. 69, 1877 (1%5). 
Moran-Lopez, J. L., and Bennemann, K. H., 
Surf. Sci. 75, 167 (1978). 
Donnelly, R. G., and King, T. S., Surf. Sci. 74,89 
(1978). 
Beelen, J. M., Ponec, V., and Sachtler, W. M. H., 
J. Curd. 28, 376 (1973). 
Dahnon, J. A., and Martin, G. A., “Proceedings, 
7th International Congress on Catalysis, Tokyo, 
1980,” paper A27. Elsevier, Amsterdam, 1981. 
Anderson, J. R., and Avery, N. R., J. Cataf. 8,48 
(1967). 

T. S. CALEB 

Department of Chemical and Bio Engineering 
Arizona State University 
Tempe, Arizona 85287 

J. T. RICHARDSON 

Department of Chemical Engineering 
University of Houston 
Houston, Texas 77004 

Received October 18, 1983 

I To whom questions should be directed. 


