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Charge transfer to and from silica-snpported bismuth molybdate catalysts MOOS, 
BiZ02.3 MoOI + 0.25 Bi,O,, 3 Bi,Os;MoOs, and Bi,O, (designated as M, B/M-0.7, 
B/MB, and B, respectively) has been investigated by measuring the changes of the 
electrical conduct.ance and of the ESR line due to MO’+ during exposure of the 
catalysts to propylene or oxygen and during steady-state catalysis. For reduction by 
propylene at 600 and 660 K, the order of the initial charge transfer rates (t < 5 see) 
of the catalysts are: B/M-O.7 > M > B/M-6 > B. Upon extended reduction (t > 5 
set) the order is unchanged at 660 K and at 600 K is reversed for catalysts B/M-0.7 
and M. The initial rapid rate exhibited by catalyst B/M-0.7 is most likely due to 
reactive surface oxygen, while subsequent rates appear to be limited by bulk diffusion. 
Upon extended reduction of catalyst B/M-O7 at 600K, the electrical conductance 
increases continuously but according to ESR data the formation of Most ceases. At 
660 K, the initial charge transfer rates upon reduction of catalysts M and B/M-O.7 
are nearly the same. This behavior is ascribed to rapid exchange of bulk and surface 
oxygen. 

The kinetics of charge transfer upon oxidation is analyzed in terms of a model in 
which the rate of incorporation of oxygen in the lattice depends on the oxygen 
vacancy concentration. Such an analysis demonstrates dissociative chemisorption of 
oxygen as a rate-limiting process. The temperature dependence of the charge transfer 
rates upon initial oxidation and reduction gives apparent activation energies of 18 
kcal/mole for oxidation and 23 kcal/moIe for reduction. The charge-transfer kinetics 
exhibit half-order dependence on oxygen and first-order dependence on propylene 
pressures. 

During catalytic oxidation of propylene, t,he process of charge transfer is postulated 
to be associated with hydrogen removal from propylene by surface oxygen of the 
catalyst. Subsequent steps in the oxidation mechanism det,ermine catalyst selectivity. 

INTRODVCTION may cause bulk diffusion to become the 

The interpretations of the selectivity of rate-limiting reaction. In the oxidation 

bismuth molybdate catalysts for partial studies, the oxidation rates have been too 

oxidation of olefins have been based on con- fast to permit adequate recording and inter- 

siderations that are primarily related to pretation of the event occurring at the 

bulk characteri&ics of t’he catalysts, such surface. 

as structure, composition, reducibility and The emphasis of the present study is on 

oxidizability (J-11). In most of the reduc- charge transfer reactions that may be ex- 

tion .studics, the results show some dis- petted to relate to the character of the sur- 

agreeklent as to the effect of catalyst com- face during steady-state catalysis. We have 

position on reducibility. Also, long-term examined the kinetics of charge transfer 

exposure of the catalysts to reducing gases during initial oxidation and initial reduction 
of bismuth molybdate catalysts and during 

*This study was sponsored by a group of in- steady-state catalysis. The experimental 
dustrial companies whose support is gratefully approach employed the extended ESR tech- 
acknowledged. nique (12)) which is capable of simultane- 
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ously measuring the ESR MO”+-signal in- 
tensity and the rapid changes of electrical 
conductance of the catalysts. Since the mea- 
surements were made at microwave fre- 
quencies, the effect of electronic surface bar- 
riers on intergranular conductance was 
minimized. 

EXPERIMENTAL DETAILS 

The detailed preparation of the catalysts 
has been previously described (6). The 
silica-supported catalysts have the follow- 
ing designations and compositions: M, 
Moo,/77 wt% SiO,; B/M-0.7, [Bi,O,* 
3Mo03 + 0.25 Bi,0,]/50 wt% SiO, ; 
B/M-6, 3Biz03*Mo03/50 wt% SiO,; and B, 
Bi,0,/55 wt’$ SiO,. In B/M-0.7 and B/M-6, 
the number following the letter designation 
signifies the approximate Bi/Mo atom ratio. 
Catalysts M and B/M-0.7 have equal 
weight fractions of molybdenum. 

The catalytic reactor consisted of a 
quartz tube (3 mm o.d.) held vertically in 
one ESR cavity of a dual cavity. The bot- 
tom of the tube was constricted to provide 
a small opening (1 mm i.d.) which was 
plugged with quartz wool (3 mm long) to 
hold the column of powdered catalyst 
(about 0.1 g and 2.5 cm long) in place. The 
upper end of the reactor tube was secured 
into a Swagelock tee fitting which was 
adapted with a gas inlet and a rubber sep- 
tum. Through the septum was inserted a 
ceramic tube (2 mm o.d.) containing a 
thermocouple in contact with the top of the 

catalyst column. Thus gas flowed downward 
through the catalyst bed and vented into 
the nitrogen stream of the temperature-con- 
trolled Dewar in the cavity. The temper- 
ature gradient across the catalyst was about 
12 K at 575 K and 25 K at 675 K. 

The reactant gases were provided in two 
streams, oxygen/helium and propylene/ 
helium. The flow rates of the individual 
gases could be separately adjust’ed and the 
gas streams mixed. The gas-handling sys- 
tem also was equipped to provide abrupt 
changes in gas composition by means of a 
Loenco valve which could direct either 
stream to the react,or through a short length 
(30 cm) of copper tubing (0.15 cm i.d.). To 
minimize disturbances due to pressure dif- 
ferences upon switching streams, the back 
pressures of the stream not passing through 
the reactor was equalized to that passing 
through the reactor. The contact time of 
the gas with the catalyst at 600K was esti- 
mated to be 0.1 set for a flow of 50 cc/min. 

During reaction conditions, measurements 
were made of (a) AlYost the change in 
peak-peak intensity of the ESR line due to 
Mo5+ ions at a g value of about 1.93 (a weak 
Mo5+ signal was usually present even for 
oxidized samples), and (b) AV, which is 
proportional to the change in electrical con- 
ductance of the sample but which provides 
no information on the absolute conductance 
of the sample (1.2). Actually, AV is the 
change in the output voltage of the micro- 
wave crystal diode detector. An increase in 
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FIG. 1. Schematic wiring diagram for recording the crystal voltage. (1) Crystal current (leakage) meter; 
‘(C.D.) the microwave crystal diode. 
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AV corresponds to an increase in the elec- 
trical conductance of a sample as it is re- 
duced by propylene, and a decrease of AV 
corresponds to a decrease in electrical con- 
ductance of the sample as it is oxidized by 
oxygen. 

The schematic diagram of the circuit for 
recording AV is shown in Fig. 1. Two re- 
corders were used: for relat.ively slow 
changes a Moseley Autograph 1700 BM 
(pen speed 0.5 set full scale), and for rapid 
changes a Honeywell Visicorder 1508 
equipped with a galvonometer with a 600- 
Hz response. An amplifier (Kintell 111BF 
with a gain of 103) was used to amplify the 
signal to the Visicorder. 

The response time of the electronic cir- 
cuits to conductance changes at the sample 
position was det,ermined by inserting a sili- 
con diode (IN4454, forward biased) in place 
of the sample. With no applied potential, 
the resistance of the diode was high (lo6 0). 
When a potential (1.5 V) was applied with 
a current limiting resistance (150 fl) the re- 
sistance dropped to a low value (10 R) in 
about lo-” sec. The increase in charge car- 
riers in the diode caused an unbalance of 
the microwave bridge and a change in the 
crystal voltage (AV = 3 mV). In this way 

M 

I E/M -0.7 

B/M -6 

60 0 2 4 6 8 10 
Time - seconds 

FIG. 2. Dependence of AV on propylene reduction FIG. 3. Dependence of AV on propylene reduction 
of bismuth molybdate catalysts at 600 K. 44yo C3H6 of bismuth molybdate catalysts at 660 K. 44% CtHs 
in He at 500 cc/min. in He at. 50 cc/min. 

the time response of the entire electronic 
circuit was found to be about 2 msec, ap- 
proximately that of the Visicorder. The re- 
sponse time of the Moseley recorder was 20 
times faster than any event recorded by it. 

The relative change in electrical conduc- 
tance per oxygen molecule was evaluated by 
introducing a known aliquot of air through 
a rubber septum into the helium stream 
passing over a catalyst partially reduced 
by propylene at 660 K. The amount of oxy- 
gen removed from the aliquot was deter- 
mined by gas chromatography (molecu1a.r 
sieve 5A, l/4 in. X 6 ft’, room temperature) 
and by the change in ratio of oxygen-to- 
nitrogen peaks. For this determination the 
reactor was of an earlier design (6) that 
permitted chromatographic analysis of the 
exit gas. Assuming that oxygen reacts to 
form O”-, we estimate that a 1 mV change 
of crystal voltage, AV, is equivalent to 
chemisorption of 6 X 1Ol6 0, molecules or 
the transfer of 24 X 1Ol6 electrons. 

RESULTS 

The changes of the crystal voltage, AV, 
of four catalysts upon reduction by propyl- 
ene at 600K are shown in Fig. 2 and at 
660 K in Fig. 3. Simultaneously, at 600K 
the changes in the value of AI,,p’ were mea- 
sured for each of the two catalysts (M and 
B/M-0.7) containing an equal amount of 
molybdenum (Fig. 4). At 660K the reac- 
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F FIG. 4. Dependence of the change of Ilo’+ on 
propylene reduction of bismuth molybdate catalysts 
at 600 K. 44% CaHB in He at 50 cc/min. 

tion rate was too fast to record AI,,?. The 
catalysts were first equilibrated at 600 K 
for at least 10 min in a stream of 0, (50 
cc/min). When the crystal voltage attained 
a constant value, the oxygen was abruptly 
replaced by a propylene stream (44 ~01% 
in He at 50 cc/min). 

The changes of the crystal voltage upon 
the oxidation of the four catalysts at 600 K 
are shown in Fig. 5. The oxidation process 
was performed after the catalysts had been 
reduced to a given arbitrary value of AIJ’ 
(27 mV) except for catalysts B and 
B/M-6, which could not be reduced as 
much in the given period of time (see Fig. 
2). After the partial reduction, the propyl- 

0 1 2 3 4 
TI me - seconds 

Fro. 5. Oxidation of catalysts at 600 K. 100% 02 
at 50 cc/min. 

ene flow was stopped, and helium was 
flushed over the catalyst for about 1 min 
until the value of V remained essentially 
constant, then the gas stream was switched 
to pure oxygen. Repeated reductions and 
oxidations of a given catalyst gave repro- 
ducibility of 2 5%. 

The rates of change of the crystal voltage 
dAv/dt, for initial reduction and initial oxi- 
dation depend upon the propylene and oxy- 
gen concentration in the gas, as illustrated 
for catalyst M at 600 K in Fig. 6. The rate 
for oxidation is always much greater than 
for reduction at a given temperature and 
pressure of react,ant gas. 

The rates of change may be expressed by 
the kinetic equations: 

Reduction dAV/dt = kTP~I~6, (1) 
Oxidation dAV/dt = koPol”z, (2) 

where k, and k, are the rate constants corre- 
sponding to the reduction and oxidation 
processes, P is the pressure of the reactant 
and the exponent of P indicates the order 
of the reaction. The linear dependence 
dAV/dt on the square root of the oxygen 
concentration is examined further by a de- 
tailed analysis of the oxidation kinetics in 
terms of oxygen vacancy concentration (cf. 
Discuss+. ~. 

Q 50 100 

C3H6 vol % 

FIG. 6. Effect of gas composition on initial rates 
of conductance change (t = 0) for reduction (&He) 
and oxidation (02) of catalyst M at 600 K. 
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TABLE 1 
RATE CONSTANTS FOR INITIAL REDUCTION AND OXIDATION OF CATALYSTP 

Catalyst 

M 
B/M-O. 7 
B/M-6 
B 

k, 
(mV set-1 Torr-1 X 104) 

K: 600 660 

2.2 30 
8.4 34 
0.42 2.3 
0.11 0.24 

ko 
(mV se+ Torr-“2) 

600 660 

0.62 0.73 
0.51 0.69 
0.26 0.21 
0.19 -b 

krlko 
(To+‘2 X 103) 

600 660 

0.35 4.2 
1.7 5.0 
0.16 1.1 
0.06 

(1 Estimated probable error k 5%. 
* Too small t,o est,imate. 

The values of k, and k, were determined 
for the four catalysts at two reaction tem- 
peratures from the initial slopes of AV upon 
reduction and oxidation, and the results are 
tabulated in Table 1. At a given temper- 
ature, the value of t.he ratio k,/lc,, exhibits 
a maximum for the catalyst B/M-0.7 and 
indicates that t,his catalyst is initially 
somewhat more reducible than the other 
catalysts. The rates of reduction determined 
from the ESR data of Fig. 4 also show that 
catalyst B/M-0.7 is initially more reducible 
t,han catalyst M, and by about the same 
ratio as determined from AV in Fig. 2. 

The temperature dependences of the rate 
constants of the processes of oxidation and 
reduction of catalyst M are shown in Fig. 
7. For the oxidation study, the catalyst at 
600 K was reduced by propylene (4% in 
He) to a given value of AV, and then the 
catalyst was flushed with helium. After the 
catalyst temperature was decreased to the 

, 
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FIG. 7. Temperature dependence of rate constants 
for initial reduction and oxidation of catalysf hl. 

indicated value in the range from 375 to 
600K, an oxygen stream (5% in He) was 
introduced over the catalyst. In the reduc- 
tion study the catalyst was first oxidized at 
600 K and then reduced at the temperature 
indicated in the range from 560 to 600 K. 
The Arrhenius plots in Fig. 7 yield for the 
linear portions at high temperatures ap- 
parent activation energies of 18 kcal/mole 
for the oxidation process and 23 kcal/mole 
for the reduction process. It was ascertained 
that flushing with helium after reduction 
(or oxidation) had no subsequent effect on 
the kinetics of oxidation (or reduction). 
However, an atmosphere of helium caused 
slow reduction of the catalysts, as discussed 
below. 

In the above analysis at various temper- 
atures, it has been assumed that the mea- 
sured changes in electrical conductance re- 
sulting from oxidation or reduction are 
independent of the actual electrical con- 
ductance which is temperature dependent. 

It is of interest to determine the influence 
of catalyst composition on the extent of 
charge transfer and the extent of reduction 
of a catalyst, during catalysis. One approach 
to this problem involves measurement of 
AL, the change of crystal voltage under 
steady-state catalytic conditions. In these 
experiments the total gas flow ra’c was 
maintained at 100 cc/min, the oxygen flow 
rate at 12 cc/min, and the flow rates of 
propylene and helium were adjusted to pro- 
vide the desired ratio of 0,/C&H,. The re- 
sults of such mrasurcments are shown in 
Figs. 8 and 9 for the four catalysts at 660 K. 
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FIG. 8. Steady-state values of AV, as a function of 
O&I&H, mole ratio for four catalysts at 660 K. 
Total flow rate 100 cq’min 02 at 12 cc/min, re- 
mainder C,HG?and He. 

Before each measurement, the catalyst was 
exposed to oxygen until the crystal voltage 
was constant. The gas composition was then 
switched to a given ratio of O&&H, and 
;the crystal voltage changed to a steady- 
state value of V,. Under these steady-state 
conditions, it is evident that catalyst B/M- 
0.7 has the highest crystal volt,age (i.e., 
highest electrical conductance). At 600 K, 
the values of AV were about 10% of those 
at 660 K, but the precision was not adequate 
to differentiate between catalysts M and 
B/M-0.7. For comparison, the ratios i&/k, 
from Table 1 are also plotted in Fig. 9. 

To obtain information on the ease of oxy- 
gen removal from these catalysts, helium 

FIG. 9. Effect of catalyst composition on steady- 
state values of AV, for OJCaH( = 1 (a) and ratio 
of rate constants k,/ko at 660 K (0 ); and of k,/k, at 
600 K (A). 

was passed over the fully oxidized catalysts 
at 600 K and 1~ . the intensity of the ESR 
signal due to Mo5+, was montiored. As 
shown in Fig. 10, IMOs+ changed less and at 
a slower rate than that observed for the 
catalysts M and B/M-0.7 during reduction 
with propylene (Fig. 4). The value of the 
crystal voltage was not sufficiently stable 
over the long duration of the vacuum re- 
duction experiment to obtain meaningful 
correlations of AV with catalyst composi- 
tion. 

The MO”+ ESR resonance of a catalyst 
which has been partially reduced by propyl- 
ene is subject t.o a magnetic dipolar broad- 
ening effect of gaseous oxygen. The signal 
intensity decreases rapidly (<l set) by 
about 25% when the oxygen pressure is 
suddenly increased ; this effect is rapidly 
reversed as the oxygen pressure is decreased. 
This behavior is undoubtedly due to the 
fact that, for the partially reduced catalyst, 
some of the Mo5+ ions are at the surface 
where they can interact with the magnetic 
moment of oxygen molecules. However, 
such an effect is not observed for oxidized 
catalysts, such as were studied in the ex- 
periments of Figs. 4 and 10, for which the 
observable MO”+ resonance is initially due 
to Mo5+ ions largely below the surface. 
Hence, the initial increases of IMos+ in these 
figures are due entirely to the reduct,ion of 
the catalyst (by propylene or helium) and 
not to removal of broadening effects. 

DISCUSSION 

The observed changes in AV result from 
changes in the electrical conductance of the 

0 10 20 30 
Time -minutes 

FIG. 10. Helium reduction of catalysts M and 
B/M-0.7 at 600 K. He flow 50 cc/min. 
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catalysts where an increase is associated 
with electron injection (reduct’ion) to the 
catalyst and a decrease with electron re- 
moval (oxidation) from the catalysts. An 
increase of t,he MO”+ resonance int’ensity in- 
dicates that MO& ions have been reduced to 
MO”+ ions or (the electrical equivalent) that 
oxygen ion vacancies are produced. 

Initial and Steady-Stnte Reduction 

The absolute magnitude of the changes 
observed for these parameters indicates 
that the behavior of the cat’alyst’s differ 
markedly during reduction. For catalyst 
B/M-0.7 the initial rate of reduction by 
propylene at 600K is larger than that of 
the other catalysts, and the trend is weaker 
but still discernible at 660 K (Fig. 3 and 
Table 1). This unusual behavior of cat’a- 
lyst B/M-0.7, especially at 6OOK, suggests 
that there is a higher concentration of an 
electron accepting species on the catalyst 
surface, presumably an oxygen species, than 
on the surfaces of the other catalysts. Since 
at 660 K the reactivities are almost equal 
for cat,alyst,s B/M-0.7 and M, it appears 
that the surface concentration of the re- 
act.ive oxygen is almost equal. This equiva- 
lence could occur if diffusion of oxygen 
from the bulk to surface was not rate 
limited at the higher temperature. However, 
bulk diffusion of oxygen cannot account 
for the greater reduction rate for catalyst 
B/M-0.7 than for cat,alyst M because the 
diffusion coefficient for molybdenum oxide 
is about double that for bismuth molybdate 
(5). 

The slow initial rise of AV for catalyst M 
followed by a more rapid rise (Fig. 2) sug- 
gests an induction period for the reaction 
such as reported for a similar catalyst (5). 

It appears that the initial charge transfer 
rates are not indicators of the activity or 
selectivity that differ significantly for cata- 
lysts B/M-0.7 and M at 660 K, a temper- 
ature approaching practical catalytic con- 
ditions. Accordingly, charge transfer must 
occur in an early step in the mechanism of 
propylene oxidation, and probably before 
(or with) the rate-limiting hydrogen-ab- 
straction step in the formaCon of the ally1 
radical (1.9). 

Long-Term Reduction 

During prolonged propylene reduction of 
catalyst B/M-0.7, (t > 5 set), the changes 
in AV (Fig. 2) and AZMoI+ (Fig. 4) seem to 
indicate two different processes. The regular 
increase of Al’ clearly results from progres- 
sive electron injection in the catalyst as 
higher density of donors are formed. On 
the other hand the MO”+ resonance intensity 
attains a limiting value. Such behavior may 
be interpreted in terms of two models: (a) 
While the concentration of Mo5+ in the cata- 
lyst increases as reduction proceeds, only 
the surface Mo5+ ions are detectable by ESR 
at room temperature (6, 7, 14). According 
to this model, the ESR signal intensity is 
limited to the MO”+ ions near the surface 
where the crystal field environment is of 
low symmetry. (b) The electrical conduct- 
ance may arise, at least in part, from an 
impurity band in the semiconductor cata- 
lyst. Oxygen ion vacancies are likely to 
produce such an impurity band, which could 
be sufficiently below the bottom of the con- 
duction band that ionization into the band 
would be limited at reaction temperatures. 
nilorrison (15) postulates such an impurity 
band which “pins” the Fermi energy at an 
energy level comparable to the surface-state 
energy of the oxygen species involved in 
partial oxidation react.ions. Such an impur- 
ity band could easily exist during steady- 
state catalysis, since we can estimate from 
the nVs results that the degree of reduction 
of catalyst B/M-0.7 corresponds to a donor 
density of about 1CP cm-3.j- According to 
this model, reduction by propylene results 
in oxygen vacancies that form an impurity 
band and cause the elect’rical conductance 
to increase (e.g., as indicated by AV in Fig. 
2). However, the concentration of Mo5+ will 
reach a constant value (Fig. 4) because 
ionization of the vacancy levels to the con- 
duction band (to form Mo5+ species) is 
limited by the pinned Fermi energy. 

t The extent of steady-state reduction leading 
to oxygen vacancies is estimated from AV, = 0.5 
mV (catalyst B/M4.7, and O&,Hs = 3, cf. Fig. 
S), the equivalence AV s 12 X 10” oxygen vacan- 
cies/mV, and by taking into account that 0.1 g 
sample was used and its density is about 5 g/cm’: 
(0.5) (1.2 X 10”) (5/0.1) = 3 X 10” cme3. 



264 SANCIER, AOSHIMA AND WISE 

Kinetics of Initial Oxidation 

The oxidation rate is greater than the 
reduction rate for a given reactant gas pres- 
sure by a factor of about 200 (Fig. 6). As 
shown in Table 1, the oxidation rates are 
almost equal for catalysts M and B/M-0.7 
and the smaller values for catalysts B/M-6 
and B probably arise from the small extent 
to which the catalysts were reduced. 

where the subscript i refers to initial con- 
ditions, and (Y is defined as 

a = (A/m)(dr/dx),. 

We have examined the kinetics of the 
initial reoxidation of various catalysts (Fig. 
5) by considering the interface reaction 
rate to be a function of the oxygen ion 
vacancies in the solid, a model similar to 
that used by Stotz (16). The composition 
of nonstoichiometric molybdenum oxide, 
Moo,-,, may be expressed in terms of the 
oxygen-to-molybdenum ratio 

no/nM = 3 - 2, (3) 
where x represents the number of anion va- 
cancies, no and nM the number of g-atoms 
of the oxygen or molybdenum ions in the 
solid. If, for a specified gaseous oxygen 
pressure in contact with the solid, the non- 
stoichiometric equilibrium composition is 
given by 

Since the vacancy density is proportional 
to the conductivity of the solid, the change 
in vacancy density x - x’ is proportional 
to the change of electrical conductance 
A'V' = V - vff, where v’ is the crystal volt- 
age associated with the fully oxidized cata- 
lyst and V is the voltage associated with the 
catalyst at any time during the reaction with 
oxygen. Thus, the measurement of AV - 
AVf as a function of time allows evaluation 
of cy for a given catalyst exposed to a speci- 
fied oxygen environment. A typical plot of 
the experimental data is presented in Fig. 
11. Values of (Y for different catalysts and 
various gaseous oxygen concentrations are 
summarized in Table 2. 

no/nM = 3 - x’ 

then, for the conversion of MOO,-, to 
MOO,,, the rate of oxygen uptake is given 
by: 

The results show that the uptake of oxy- 
gen can be expressed in terms of a model in 
which oxygen ion vacancies are filled by 
oxygen derived from the gas phase. Again, 
catalysts M and B/M-0.7 show little dif- 
ference in their respective response to oxy- 
gen uptake. Of special interest is the varia- 
tion in relaxation time exhibited by 
catalyst M as a function of partial pressure 
of oxygen (Table 2). It will be noted that 
(Y varies linearly with the square root of the 

r = (l/A)(ino/&), (4) 
where A represents the surface area. After 
differentiation of Eq. (3) one may rewrite 
Eq. (4) as follows 

-dx/dt = A r/m. (5) 

At small departures from the equilibrium 
composition, r may be considered to be pro- 
portional to (x - 2’) : 

r = (x - x’)(dr/dx),, (6) 

where p represents the partial pressure of 
oxygen in the gas phase. Thus by substi- 
tution into Eq. (5)) one obtains 

-di/dt = (A/nM)(x - x’)(dr/dx),! (7) 

‘and on integration 

11 I I I I 
0 OS 1.0 1.5 2.0 

Time - seconds 

Flo. 11. Conductance change of catalyst B/M-0.7 
during exposure to oxygen (temp = 600 K, oxygen 
Dressure = 760 Tow). ln[(x - x’)/(xi - x’)] = --at, (8) . 
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TABLE 2 
RELAXATION TIME FOK OXYGIGN UPTAKE 
OF BijMo OXIDE CATALYSTS AT 600 K 

Oxygen pres- Relaxation time 
Cat.alyst sure p (Torr) 01 (se+) ci/p”* 

M 760 2.64 0.10 
M 380 1.66 0.09 
M 190 1.07 0.08 
M 68 0.83 0.10 
M 23 0 .55 0.11 

B/M-0.7 760 2.46 0.09 
B/M-6 760 16.1 0.6 

oxygen pressure, indicative of dissociative 
chemisorption as a rate-limiting step and 
subsequent formation of an oxygen radical 
anion species such as 0- or O”-. Such a spe- 
cies is undoubtedly involved in the initial 
step of hydrogen abstraction from the 
propylene molecule. This result is in agree- 
ment with the square root dependence found 
from the measurements of the initial slopes 
of the oxidation reactions for different oxy- 
gen pressures (Fig. 6), and also reported by 
Adams (17). 

Conceivably, the kinetics of initial oxi- 
dation could be described by a model in 
which oxygen dissociatively chemisorbs and 
produces a space charge that limits charge 
transfer. There are two reasons why this 
model is unsuitable: (a) chemisorption of 
oxygen over the range of AV = 7 ml/’ (Fig. 
5) would lead to an unacceptably large sur- 
face concentration of about a monolayer 
of oxygen (e.g., as O,-), and (b) it is most 
unlikely that a simple mathematical model 
could account for chemisorption over the 
entire range of oxygen sorption (18). 

The kinetics of oxygen sorption based on 
the oxygen vacancy model is supported by 
the oxygen-18 tracer studies (8, 9, 19), 
which show that oxygen is rapidly trans- 
ported between the bulk and the surface. 

It is of interest to account for the rate- 
limiting steps which are associated with the 
activation energies of the initial charge 
transfer rates associated with oxidation and 
reduction (derived from Fig. 7). We have 
shown that, oxygen chemisorption follows 
half-order kinetics; hence, the rate-limit- 
ing step associated wit’h the 18 kcal/mole 
activation energy is probably due to disso- 
ciation of the oxygen molecule. By similar 
reasoning, the 23-kcal/mole activation 
energy is probably associated wit,h the 
chemisorption of propylene, since such a 
process for conversion to acrolein is first- 
order in propylene. The rate-limiting step 
in this case may well be associated with 
allylic hydrogen abstraction (17) or with 
oxygen ion diffusion. Several workers have 
measured t,he activation energies for long- 
term oxidation (10, 14) and reduction (20, 
21) processes on bismuth molybdate cata- 
lysts, but a wide range of values have been 
reported depending on catalyst preparation 
and catalyst composition. 

CONCLUSIONS 

In contrast to our findings that the rate 
of oxygen uptake of the catalysts depended 
upon oxygen pressure (a in Table 2), Mat,- 
suura and Schuit (10) reported that oxygen 
sorption on Bi,O,*MoOa in the temperature 
range of 300 to 670 K was independent of 
oxygen pressure. This difference is probably 
due to the difference in the character of the 
measurement: we measured charge transfer 
and Matsuura and Schuit measure amount 
of oxygen sorbed. Also, our catalysts were 
silica-supported whereas those of Matsuura 
and Schuit were not. 

From the measurement of charge transfer 
during initial reduction at 600K, catalyst 
B/M-0.7 exhibits the highest rate of elec- 
tron capture. At 660 K where the initial 
rates of charge transfer upon reduction for 
catalysts M and B/M-0.7 are almost equal, 
it is probable that. charge transfer is no 
longer limited by bulk oxygen diffusion. We 
propose that charge transfer during reduc- 
tion may involve hydrogen atom transfer 
from the propylene to the catalyst but pre- 
cedes the steps that determine activity and 
selectivity. 

During long-term reduction, the contin- 
uous increase of electrical conductivity is 
attributed to continuous formation of oxy- 
gen vacancies and Mo5* ions. The fact that, 
for catalyst B/M-0.7, the ESR line due to 
M$+ reaches a limiting value (Fig. 4) may 
be accounted for in Dwo ways: the oxygen 
vacancies form an impurity band which pins 
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the Fermi energy, limits the extent of ioni- 
zation of the vacancies to the conduction 
band, and thus limits the concentration of 
Mo5+ ions; or, MO”+ are produced through- 
out the bulk, but only those ions at the 
surface are observable by ESR. However, 
results from long-term exposure to propyl- 
ene are probably less relevant to catalytic 
processes than the initial rate results which 
pertain to the surface reactions. 

The kinetics of charge transfer during 
initial oxidation of partially reduced cata- 
lysts involve dissociative chemisorption of 
oxygen and formation of a monoatomic ion 
(0- or O*-). Bulk vacancy diffusion is not 
considered rate-limit,ing. The activation 
energy for charge transfer upon initial oxi- 
dation is associated with this dissociation 
step. The activation energy for charge trans- 
fer in initial reduction is attributed to 
chemisorption of propylene or to oxygen 
ion diffusion. 

REFERENCES 

1. SACHTLER, W. M. H., AND DEBOER, N. H., Proc. 
Znt. Congr. Catal., 3rd 1, 254 (1965). 

2. OTAMA, HARA, FUNAMI, AND ODA, Shokubai 
11, 125 (1969). 

3. PLUTA, J., 2. Anorg. A&. Chem. 356, 105 
(1967). 

4. PEACOCK, J. M., PARKER, A. J., ASHMORE, P. G., 
AND HOCKEY, J. A., J. Catal. 15, 387 (1969). 

6. BATIST, PH. A., KAPTEIJNS, C. J., LIPPENS, B. 
C., SCHUIT, G. C. A., J. Catal. 7, 33 (1967). 

6’. SANCIER, K., DOZONO, T., ANP WISE, H., J. 
Catal. 23, 270 (1971). 

7. BUR~AMACCHI, L., MARTIN, G., AND FERRONI, E., 
J. Chem. Sot. Faraday Trans. Z, 68, 1586 
(1972). 

8. KEULKS, G. W., J. Catal. 19, 232 (1970). 
9. WRAGD, R. D., ASHMORE, P. G., AND HOCICEY, 

J. A., J. Catal. 22, 49 (1971). 
10. MATSUURA, I., AND SCHUIT, G. C. A., J. Catal. 

20, 19 (1971). 
11. BATIST, PH. A., VAN DE MOESOIJK, C. G. M., 

MATSUURA, I., AND SCHUIT, G. C. A., J. Catal. 
20, 45 (1971). 

12. SETAKA, M., SANCIER, K. M., AND KWAN, T., 
J. Catal. 16, 44 (1970). 

IS. ADAMS, C. R., AND JENNINGS, T. J., J. Catal. 
3, 549 (1964). 

14. EGASHIRA, M., SUMIE, H., SAKAMOTO, T., AND 
SEIYAMA, T., Kogyo Kagaku Zasshi 73, 860 
( 1970). 

16. MORRISON, S. R., unpublished data. 
16. STOTZ, S., Ber. Bunsenges. 70, 769 (1966). 
A. ADAMS, C. R., Proc. Znt. Congr. Catal., 3rd 1, 

240 (1965). 
18. WEISZ, P. B., J. Chem. Phys. 21, 1571 (1953). 
19. NO~AKOVA, J., AND Jmu, P., J. Catal. 27, 155 

(1972). 
20. PEACOCK, J. M., PARKER, A. J., ASHMORE, P. G., 

AND HOCKEY, J. A., J. Catal. 15, 393 (1969). 
21. KEULKS, G. W., R~SYNEK, M. P., AND DANIEL, 

C., Znd. Eng. Chem. Prod. Res. Develop. 10, 
138 (1971). 


