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Small particles o f  ZnO trapped between silica particles exhibit a marked size effect on the reaction rates as well  as on  the 
reaction intermediates of the propene-deuterium addition and exchange reactions. 

Several studies on the particle size effect of supported metal 
catalysts on the activity and selectivity of catalytic reactions 
have been reported. 1-4 However, such effects for supported 
metal oxide catalysts have so far not been investigated in 
detail.5 In this communication, we report on the C3Hb-2H2 
and C3H6-C3*H6 reactions over unsupported and silica-sup- 
ported ZnO catalysts; microwave spectroscopy was used to 
determine the structure of the reaction intermediates.6 We 

have found that very small particles of ZnO trapped within the 
space between silica particles exhibited remarkably different 
catalytic behaviour from that of larger particles or  unsuppor- 
ted ZnO.  

Catalysts were prepared by impregnating aqueous solutions 
of zinc acetate [Zn(MeC02)2.2H20, Wako Chemicals] onto 
SO2 (Aerosil300, Nippon Aerosil, surface area 300 m* g-I), 
followed by calcination at 673 K. Unsupported ZnO catalyst 
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Table 1 Initial rates of propene-deuterium reactions over various ZnO catalysts and their characterization by XPS 

Reaction rates ( x 10-8 mol s-l per g of ZnO) 
C3Hh-C3’Hh 

XPS analysis C3H6JH2 (403 K)’ (403 K)c 

Dispersion Zn2p3,2/eVc’ Propane [’Hl]propene [‘HI Jpropene 

Unsupported ZnO 1022.0 0.8 1.8 1.7 
ZnO : SiO? 

1 wt% 0.24 1023.4 48 17 0.9 
10 wt% 0.40 1023.4 4.2 5.4 3.6 
20 wt% 2.3 5.1 5.2 

I wt% 0.30 1023.5 
10 wt% 0.85 1023.4 

Zn(OAc)? : Si02 

0 For the calibration of the binding energy, Au 4f7/? (84.0 eV) was used as a reference. 0 PC3Hh = 3.3 kPa; PzH2 = 6.7 
kPa. 1 PC3?Hh = = 3.3 kPa. 
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Fig. 1 Isotopic distribution of monodeuteriopropene formed during 
the C3Hh-?H2 reaction over various ZnO:SiOz catalysts at 403 K: 
(a)  20 wt%, ( h )  V: 
CHz=C2H-CH3, 0 : c~s-CH’H=CH-CH~. A : ~~u~s-CH’H=CH-CH~ 

1 0  wt%, (c) 1 wt%. 0: CHZ=CH-CHZ’H, 

was also prepared by the decomposition of zinc acetate at 673 
K. The catalyst (1 g) was placed in a U-shaped glass reactor, 
which was connected to a closed gas circulation system. The 
products were analysed by gas chromatography and their 
deuterium content was determined by mass spectroscopy. The 
amounts of the various isomers of monodeuteriopropene were 
determined by microwave spectroscopy. 

Dispersed Zn(OAc)2 and Z n O  were characterized by X-ray 
photoelectron spectroscopy (XPS), as summarized in Table 1. 
Dispersion on silica caused the Zn 2p3/2 peaks to shift 0.4 eV 
upwards from that of the unsupported ZnO. The atomic ratio 
of Zn : Si on the surface was estimated from the corrected peak 
area of Zn 2p3,2 and Si 2s and used to derive the dispersion of 
Z ~ ( O A C ) ~  and ZnO on silica (the ratio of surface Zn atoms to 
bulk Zn atoms, which is obtained by assuming that each 
component consists of homogeneous spherical particles and 
that XPS intensity is proportional to the surface area). 

The initial rates of propane and [2Hl]propene formation in 
the C3H6-2H2 and C3H6-C32H6 reactions over unsupported 
and various silica-supported ZnO catalysts are listed in Table 
1, which indicates a remarkable dependence of the rate upon 
the amount of ZnO loading. In the C3H6-2H2 reaction, the 
rates of both propane and [2Hl]propene formation over 1 wt% 
ZnO : Si02 were much larger than those over 10 wt% catalyst. 
Higher loading decreased both reaction rates toward those 
over unsupported ZnO. In the C3H6-C32Hh reaction, on the 
other hand, the rate of [2H1]propene formation increased 
gradually as the loading increased. 

It has been reported that over unsupported ZnO, hydrogen 
addition to propene takes place via an associative mechanism 

through n- and sec-propyl intermediates, whose reverse 
reaction to form monodeuteriopropene is prohibited. 
Hydrogen exchange of propene takes place via an indepen- 
dent dissociative mechanism through n-ally1 intermediate.7-1(J 
The same results were obtained over 20 wt% ZnO : Si02 in the 
present study. The rate of the [2H1] propene formation in the 
C3H6-2H2 and C3H6-C32H6 reactions indicates that both 
reactions proceed through the common n-ally1 reaction 
intermediate. Microwave spectroscopic analysis of the 
monodeuteriopropene formed in these reactions confirmed 
this as shown in Fig. l(a),  where C H Z = C H - C H ~ ~ H  was the 
major initial product at the initial stage of the exchange 
reaction. The different rate over 20 wt% Z n O : S i 0 2  and 
unsupported ZnO may be explained in terms of the surface 
area of respective ZnO particles. 

A completely different result was observed over 1 wt% 
ZnO : S i 0 2  catalyst. The rate of [2Hl]propene formation in the 
C3H62H2 reaction was one order of magnitude larger than 
that in the C3H6-C32H6 reaction, suggesting different reaction 
intermediates in the two reactions. On the other hand, similar 
temperature dependences of the rates of propane and 
[2Hl]propene formation in the C3H6-2H2 reaction indicate 
that both addition and exchange processes proceed via an 
associative mechanism through the same propyl interme- 
diates. As shown in Fig. l(c), microwave spectroscopic 
analysis of the monodeuteriopropene disclosed that the 
n-propyl intermediate is the most active species, from which 
the CH2=C*H-CH3 is predominantly formed. In the case of 10 
wt% catalyst, the isotopic distribution shown in Fig. l (b)  
exhibited a mixed feature of (a )  and (c), indicating that the 
amount of the active n-propyl species decreased with the 
increasing loading amount. 

The very high dispersion (0.85) in 10 wt% Zn(OAc)2 : SiO2 
suggests formation of a zinc acetate monolayer on  the silica 
surface. Calcination of the catalyst decreased the dispersion 
(0.40), which indicated sintering of the acetate monolayer to 
ZnO particles with 40-SO 8, diameters. In contrast, the rather 
small dispersion (0.30) of the 1 wt% Zn(OAc);, : SiO2 catalyst 
is peculiar, when we consider the formation of an acetate 
monolayer even at the 10 wt% impregnation. Moreover, little 
sintering was observed following calcination (0.24 . 

are known to have few micropores, the only reasonable 
explanation for these results would be as follows: at the initial 
stage of impregnation, zinc acetate may be trapped preferen- 
tially within the space between the spherical silica particles 
and would give less intense XPS peaks than those on the 
‘outer’ surface of combined silica particles. The remarkably 
rapid formation of propane and [lHl]propene in the C3Hh-2H2 
reaction may proceed in these particular active sites, where 
n-propyl adsorbed species can act as stable intermediates. As 
the amount of impregnated acetate is increased, this structure 

Since the spherical silica particles in Aerosil(70 A diameter) 
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may be destroyed to form a monolayer and larger ZnO 
particles were formed on the silica surface after calcination. 

In the case of the C3H6-C3*H6 reaction, the isotopic 
distribution pattern of monodeuteriopropene was similar to 
that in Fig. l ( n )  over all the catlayst investigated. Accordingly, 
this reaction proceeds vin a dissociative mechanism through 
Jc-ally1 intermediate irrespective of the particle size of the 
ZnO. The increase in the reaction rates with loading suggests 
that larger ensembles of ZnO are required for the stabilization 
of j-c-ally1 adsorbed species. 
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