
ESR Studies on Zinc Molybdate Catalyst in Relation 
to Propylene Oxidation 

The act ive sites (in terms of the oxidat ion state of  

Mo) responsible  for the adsorpt ion and part ial  oxida- 

tion of  propylene  have been identified through kinet ic  

invest igat ion (1) and on the basis  of the observed  

select ivi t ies  (2) Peacock  et  al.  (3) have deduced that  

the adsorpt ion of propylene  takes  place on Mo 6+ site 

and the electron re leased in this step reduces  the 
adjacent  molybdenum ions to Mo 5+ which is re- 

sponsible for the ESR signal observed.  On the o ther  

hand Saucier  et  al. (4), using ESR to moni tor  the 

concent ra t ion  of Mo 5+ during the oxidat ion of  

propylene,  obtained a reciprocal  re la t ionship be tween  

total  convers ion  and the Mo 5+ signal intensi ty.  

C h e e t  al.  (5) have  recognized the presence  of  two 

types  of  Mo 5+ species in supported molybdenum 
cata lys ts  but have  not identified the exac t  nature  of  

these  two species.  The aims of  the present  invest iga-  

tion, therefore,  are (1) identif ication of the nature  of  

Mo sites responsible  for the adsorpt ion and par t ia l  
oxidat ion of propylene ,  (2) e lucidat ion of the two 

types  of  Mo 5+ species normal ly  observed in molybdate  

ca ta lys ts ,  and (3) finding out the nature of the adsorbed 

(binding) state of  oxygen responsible  for direct  

total  oxidat ion as well as for the reoxidat ion of  the 

reduced ca ta lys t  due to part ial  oxidat ion react ion,  

through ESR measu remen t s  on a typica l  zinc 

molybdate  ca ta lys t  under  var ious t reatments .  

E X P E R I M E N T A L  

About  0.1 g of  the cata lys t  (prepared by coprecipita-  
tion) was used for recording the spect ra  using a 

Varian E4 X-Band ESR spec t rometer  with 100 KHz 

field modulat ion and phase  sensi t ive detect ion,  

For  the calculat ion o f g  factors DPPH was used as an 
internal  reference.  

RESULTS A N D  D I S C U S S I O N  

In Table I a summary  of the results  obtained in 

terms of  the " g "  factors observed  and intensi t ies  of  

the various signals obta ined after var ious  t rea tments  

of the cata lys t  is given. The intensi ty  of  the reso- 
nance  signals is given by I = K W 2 H  where  W is the 

peak  to peak  separat ion,  H is the peak to peak height,  

and k is a constant .  In Fig. 1, the ESR spectrum of  the 

fresh cata lys t  evacuated  at 450°C is given. It is seen 

that  there  are in total  seven signals due to the presence  

of  two types  of  Mo 5÷ species (A) and (B), as well  as 

due to adsorbed oxygen species tenta t ive ly  assigned 

T A B L E  I 

Summary  of  ESR Resul ts  on ZnMoO4 Cata lys t  

Subjected treatments 

Observed ESR signals and their probable assignments 

g. gz g3 g4 g~ g6 g7 

free 
Mo ~+ (A) spin O- 02 M@ + (B) 

Intensity of the various ESR signals 

11 12 13 14 1~ Is 17 

1. ZnMoO4 catalyst evacuated at 450°C 1.928 1.967 1.998 2,015 2.044 1.896 1.874 102.6 62.4 1.7 0.1 0.2 4.5 0.6 
2. ZnMoO4 treated with 02 at 30°C 1.922 1.961 1.991 2.007 2.034 1.889 1.886 152.8 13.2 4.1 0.1 0.7 5.9 0.8 
3. ZnMoO4 reduced with CaHn at 300°C 

for 30 miu 1.925 1.969 -- --  2.036 1.892 1.868 410.1 27.7 0.5 6.1 0.7 
4. ZnMoO4 reduced with C3H6 at 300°C 

for 3 hr 1.929 1.968 1.997 2.018 2.045 1.896 1.876 116.9 11.3 2.3 0.4 0.4 5.7 1.3 
5. ZnMoO4 reduced with propylene for 

30 min at 300°C and then treated with 02 
at 30°C 1.936 1.977 2.00 2.010 2.024 1.904 1.868 227.4 15.6 2.9 6.9 12.9 6.0 0.5 

6. ZnMoO4 treated with propylene at 30°C, 
propylene is pumped out at the same 
temperature and the sample is treated 
with oxygen 1.937 1.977 2.011 2.025 2.054 1.904 1.882 186.6 11.6 8.8 0.4 6.9 5.6 0.4 

7. ZnMoO4 treated withpropylene at 30°C 1.950 1.991 2.020 2.039 2.066 1.917 1.894 102.7 6.8 1.7 0.1 0.4 3.9 0.3 
8. ZnMoO4 reduced with C3H6 at 300°C 

and treated with O~ at 300°C 1.921 1.961 1.995 2.009 2.039 1.891 1.867 109.6 12.7 5.3 0.4 1.5 1.8 0.8 
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FIG. 1. ESR spectrum of the catalyst evacuated at 450°C. 

as 02-  and O-  in addition to the existence of free 
spins at g = 1.967. The observation that this catalyst 
is an n-type semiconductor supports  this conclusion 
(7). Treatment of the catalyst with oxygen at room 
temperature resulted in increased signal intensity due 
to Mo 5+ and 0% while that due to free spins is reduced. 
Treatment of the catalyst with propylene at 300°C 
resulted in an enormous increase of  the " A "  type 

of  MO 5+ species whose intensity is decreased when 
the treatment is extended for prolonged periods 
( - 3  hr), while that of  the " B "  type of  Mo 5+ species 
is increased. This might be taken to indicate that the 
B species should be associated with Mo 5+ in the 
bulk or in a coordination geometry which under- 
goes reduction with difficulty. The fact that the in- 
tensity of Mo 5+ species associated with g = 1.930 
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(that is, the A type of Mo 5+ species) decreases with 
prolonged treatment with propylene indicates that 
this concentration of surface Mo 5+ species (A type) is 
depleted by diffusion of bulk oxygen at this high 
temperature thus resulting in an enhancement in 
intensity due to the B type of Mo 5+ species or due to 
further reduction to Mo 4+ state. Keulks (6) has 
proposed that the bulk oxygen diffuses to the surface, 
during the oxidation of propylene in the absence of 
oxygen to account for the isotopic content of the 
products formed. Present ESR measurements support 
this conclusion. 

In order to understand the nature of reoxidation 
step, the catalyst was treated with propylene at 
300°C for 30 min. a situation favorable for forma- 
tion of surface Mo 5+ species and then treated with 
oxygen at 30°C as well as at 300°C. It was seen that 
oxygen is mostly adsorbed as 02- at 30°C which is 
transformed to O- at 300°C, and probably it is this 
adsorbed oxygen that is responsible for the reoxida- 
tion of the reduced catalyst in the catalytic reaction. 
Though the partial oxidation reaction can proceed 
by a redox mechanism (intrafacial catalysis), the total 
oxidation reaction, if it proceeds by a direct reac- 
tion route, may not involve the participation of surface 
oxide ions. When the catalyst contains only strongly 
adsorbed propylene (since evacuation at the same 
temperature can be expected to remove weakly held 
propylene), the treatment with oxygen resulted in the 
formation of (O-) adsorbed oxygen species, These 
results lead to the following conclusions: 

1. The adsorption ofpropylene occurs preferentially 
on Mo 6+ sites (since no change in Mo 5+ signal 
intensity is observed on treatment of the catalyst 
with propylene at 30°C). 

2. The partial oxidation reaction involves the 
participation of lattice oxide ions which can result in 
the further reduction of surface Mo 5+ to Mo 4+ or to 
the diffusion of oxide ions to the surface as is evident 

from the increase of Mo 5+ signal intensity on treat- 
ment of C3H6 at 300°C. The decrease in Mo 5+ signal 
intensity with prolonged treatment with propylene 
showed that it undergoes further reduction to Mo 4+ or the 
oxide ions from the subsurface layers diffuse to the 
surface to participate in the oxidation reaction. The 
latter appears to be probable because of the increase 
of the signal intensity due to bulk Mo 5+ species (B type). 

3. Oxygen is adsorbed as 02- and is transformed 
to O- in which state it is participating in the total 
oxidation reaction or in the reoxidation of the catalyst. 
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