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The iresults of the present investigation demonstrate that 
a photoelectrochemical technique of using a membrane- 
type semiconductor can provide valuable information 
concerning photoinduced charge separation processes oc- 
curring on a semiconductor particle suspended in a dye 
solution. 

References and Notes 
(1) M. Calvin, Acc. Chem. Res., 11, 369 (1978). 
(2) S. A. Alkaitis, M. Gratzel, and A. Henglein, Ber. Bunsenges. Phys. 

Chem., 79, 541 (1975); S. A. Alkaitis, G. Beck, and M. Gratzel, J. 
Am. Chefn. SOC., 97, 5723 (1975); S. A. Alkaitis and M. Gratzel, 
ibid., 98, 9549 (1976). 

(3) B. Katusin-Razem, M. Wong, and J. K. Thomas, J. Am. Chem. Soc., 
100, 1679 (1978); J. K. Thomas, F. Grieser, and M. Wong, Ber. 
Bunsenges. Phys. Chem., 82, 937 (1978). 

(4) D. Meisel, M. S. Matheson, and J. Rabani, J. Am. Chem. Soc., 100, 

(5) Y. Waka, K. Hamamoto, and N. Mataga, Chem. Phys. Leff., 53, 242 

(6) C. E. Jones and R. A. Mackay, J.  Phys. Chem., 82, 63 (1978). 
(7) J. Kiwi and M. Gratzel, J. Am. Chem. Soc., 100, 6314 (1978). 
(8) M. Mangel, Biochim. Biophys. Acta, 430, 459 (1976). 
(9) W. E. Ford, J. W. Otvos, and M. Calvin, Nature (London), 274, 507 

117 (1978). 

(1978). 

(1978). 

(10) T. Watanabe, A. Fujishima, and K. Honda, Ber. Bunsenges. Phys. 
Chem., 79, 1213 (1975). 

(11) M. Matsumura, Y. Nomura, and H. Tsubomura, Bull. Chem. SOC. 
Jpn., 50, 2533 (1977). 

(12) W. Arden and P. Fromherz, Ber. Bunsenges. phys. Ckm.,  82, 1868 
(1978). 

(13) K. Hauffe, Photogr. Scl. fng., 20, 124 (1976); H. J. Danzmarin, K. 
Hauffe, and 2. G. Szabo, 2. Phys. Chem. (Frankfurt am Main), 104, 
95 (1977). 

(14) M. Gleria'and R.  Memming, 2. Phys. Chem. (Frankfurtam Main), 
98, 303 (1975). 

(15) H. Gerischer, Ber. Bunsenges. Phys. Chem., 77, 771 (1973); T. 
Yamase, H. Gerischer, M. Lubke, and B. Pettinger, ibid.,'82, 1041 
(1978). 

(16) M. T. Spitier and M. Calvin, J. Chem. Pbys., 66, 4294 (1977); 67, 
5193 (1977). 

(17) E. Daltrozzo and H. Tributsch, Photogr. Sci. Eng., 19, 308 (1975). 
(18) W. D. K. Clark and N. Sutin, J. Am. Chem. SOC., 99, 4676 (1977). 
(19) M. Vodenicharova and G. H. Jensen, J .  Phys. Chem. Solids, 36, 

1241 (1975). 
(20) K.-P. Seefeld, D. Mobius, and H. Kuhn, Helv. Chim. Acta, 60, 2608 

(1977); D. Mobius, Ber. Bunsenges. Phys. Chem., 82, 848 (1978). 
(21) F. T. Hong, J. Colloid. Interface Sci., 58, 471 (1976). 
(22) H. T. Tien, Photochem. Photobiol., 24, 97 (1976). 
(23) T. Watanabe, T. Takizawa, and K. Honda, J.  phys. Chem., 81, 1845 

(24) T. Takizawa, T. Watanabe, and K. Honda, J. Phys. Chem., 82, 1391 
(1977). 

(1978). 

Catalytic Conversion of Alcohols. 15. Alkene Selectivity from the Conversion of 
2-Octanol over Hafnium-Zirconium Mixed Oxide Catalysts 

Burtron H. Davis," Garth B. Freeman, 

Institute for Mining and Mlnerals Research, University of Kentucky, Lexington, Kentucky 40583 

James C. Watters, and Dermot J. Collins 

Depatiment of Chemical Engineering, University of Louisville, Louisville, Kentucky 40208 (Received May 18, 1979) 

Publication costs assisted by Institute for Mining and Minerals Research 

The substitution of Zr ions for Hf does not alter the l-octene selectivity from that of pure HfOz until 0.70-0.85 
mole fraction Zr, whereupon the selectivity abruptly changes to that of pure ZrOz. 

The catalytic activities and selectivities for hydrocarbons 
conversions vary among the group VIIIB metals.l In many 
cases, the catalytic parameters change uniformly with 
position within the group. They may be altered by alloying 
two or more of the metals2s3 even though the surface com- 
positions may vary significantly from the bulk composition 
for some of the  alloy^.^ The purpose of this study was to 
look for catalytic activity and selectivity changes for oxide 
systems as a different metal ion is substituted for the metal 
atoms in a pure oxide. 

Hafnium arid zirconium mixed oxides should be an ideal 
system to carry out a study with mixed oxides that would 
parallel the studies with metal alloy catalysts. Our earlier 
study shows that zirconia6 forms greater than 90% l-octene 
from the dehydration of 2-octanol while hafnia produces 
only 30-33% of the l-octene isomer.6 The precipitation 
of the mixed hydroxide should not lead to surface en- 
richment since the solubilities are so similar that separation 
of the two elements is not possible by fractional precipi- 
tation of the hydr0xide.I The free energies of the oxides 
are so similar that surface enrichment should not occur 
after calcination.8 This, together with the same crystal 
structure and ionic size, should permit uniform solid so- 
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lutions over the entire composition; this has been verified 
for mixtures after high temperature cal~ination.~ Fur- 
thermore, the same valence of the metal ions and the 
difficulty of reducing the oxides8 should eliminate the 
necessity of introducing a third ion to maintain electrical 
neutrality as is the case in some mixed oxides such as 
silica-alumina where the hydrogen ion imparts protonic 
acidity. 

The pure and mixed metal hydroxides were prepared 
by precipitation from a rapidly stirred aqueous solution 
by the rapid addition of about a fivefold excess of con- 
centrated ammonium hydroxide. The hafnium(1V) solu- 
tion was prepared by dissolving the metal in hydrofluoric 
acid, precipitating the hydroxide, and then redissolving 
in the minimum amount of an approximately equal mix- 
ture of hydrofluoric and hydrochloric acids. The zirco- 
nium(1V) solution was prepared by dissolving zirconyl 
nitrate in water. Appropriate volumes of these solutions 
were mixed to give the desired Hf-Zr composition with a 
concentration of about 20 g of metal oxides per liter. The 
mixed hydroxide, after drying ab 120 "C, was calcined at  
600 "C in air for 18 h. The surface area for all oxides was 
in the range 18-35 m2/g; it increased uniformly from the 
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Flgure 1. 1-Octene formation from 2-octanol conversion over various 
Hf-Zr mlxed oxide catalysts. 

low area of the pure oxide (Hf02, 18; Zr02, 22) to a max- 
imum of 35 m2/g at  60 wt % Zr02. Prior to use as a 
catalyst, the material was heated in situ at 500 "C in 5 
mL/min air flow. After this activation, the catalyst was 
cooled to the reaction temperature in a flow of air. The 
experimental procedure is outlined in ref 5. The reaction 
temperature was 250 "C. 

As the mole fraction of Zr increases from zero, the 1- 
octene selectivity from 2-octanol dehydration remains the 
same as hafnia over much of the composition range (Figure 
1). In the composition range of 0.70-0.85 mole fraction 
Zr, there is an abrupt change in the 1-octene selectivity 
to that of pure zirconia. The selectivity of the catalysts 
from 0.70 to 1.0 mole fraction Zr represents repeat prep- 
arations of the mixed oxide catalyst and/or repeat runs 
over the same mixed oxide preparation. The difference 
in selectivities for the repeat runs is much smaller than 
that obtained as the composition is varied. Thus, the 
selectivity changes in an abrupt manner rather than par- 
alleling the uniform change in oxide composition. The 
2-octanol conversion, converted to the same flow rate, was 
in the range 4-20 mol % and, in general, the higher surface 
area material gave the higher conversion. 
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The addition of an alkene that is similar to the octenes 
formed from 2-octanol dehydration shows that pure ZrOz 
and Hf02 does not catalyze alkene isomerization as long 
as the 2-octanol pressure is nearly 1 atm.616 Extrapolating 
the thermodynamic data for the four, five, and six carbon 
straight chain 1- and 2-alkene isomers indicates that a t  
equilibrium 1-octene would be less than 10% of the 1- and 
2-octenes and the cis-2-octene/trans-2-octene ratio would 
be about 0.5. The experimental cis-2-octeneltrans-2- 
octene ratio for all of the runs was in the range of 1.2-1.6. 
Thus, the octene isomers from 2-octanol dehydration was 
not near the equilibrium value for any of the oxide cata- 
lysts used in this study. 

I t  appears that the catalytic selectivity is determined 
by a feature that is not characteristic of the commonly 
measured bulk properties nor of the surface area. If se- 
lectivity is determined by electronic effects then it would 
appear that they are restricted to surface sites. 
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