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The oxidation of propylene was investigated on silica-supported bismuth molybdate 
catalysts (MoOa, Biz03.3Mo03 + 0.25BizOa, 3Biz03.Mo03, and Bi203) by simultaneous 
measurement of the ESR spectra of the catalysts during the oxidation reaction at 325 
and 390°C and the product distribution. As the oxygen/propylene ratio was increased 
in the range of 0.25 to 3, the Mo6+ slgnal intensity decreased and the total conversion 
increased. However, the acrolein selectivity remained almost constant. The Mo5+ signal 
intensity was found to be inversely proportional to the total propylene conversion. The 
experimental data are developed by assuming that the molybdenum ions detectable by 
ESR are primarily at the surface. These molybdenum ions in the Mo6+ valence state may 
be the surface sites necessary for the initial catalytic conversion step. Another type of site 
is postulated to account’ for selective oxidation to acrolein. 

ESR was also employed to investigate the rates of oxidation and reduction of the cat,a- 
lysts by measurements of the Mos+ srgnal and of the relat.ive electrical conductivity of 
the samples. Very fast oxidation and reduction reactions wit.h time constants of seconds 
are associated with oxidation and reduction involving the surface. Slow reduction re- 
actions with time constants of half an hour are associated with reduction of the bulk with 
bulk diffusion as the probable rate-limiting process. 

Electron spin resonance spectroscopy 
(ESR) of metal oxide catalysts during 
catalysis may be expected to provide in- 
formation on the dependence of catalyst 
reactivit’y or selectivity on t,he metal cation 
valence state. To date, ESR measurements 
have been made on catalysts that, were 
quenched to room temperature or lower 
after completion of kinetic measurements at 
elevated temperatures. 

The literature contains several ESR 
studies of molybdenum oxide catalysts. 
Boreskov et al. (1) found a correlation be- 
tween the yield of ethylene polymerization 
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and the intensity of the Moj+ signal. They 
also postulated that an interacbion with the 
alumina support stabilized the Mo5+ state 
with respect to reduction to Mo4+. Seshadri 
and Petrakis (2) found that the catalytic 
activity for an aldol condensation and the 
intensity of the Mo5+ signal both showed 
t.he same functional dependence on the 
MoOa content of catalysts which were pre- 
reduced in hydrogen. Cornaz et al. (3) 
examined the ESR spectra of oxygen- 
deficient MOOS and of bismuth molybdate 
catalysts. The Mo5+ signal was found only 
in MOOS at 77°K but not at room tempera- 
ture, and the g value was reported to be 
1.943. Peacock et aE. (4) studied the ESR 
spectra of bismuth molybdate and MoOa 
catalysts after exposure to propylene at 
reaction temperatures up to 590°C. How- 
ever, the ESR spectra were taken after the 
catalyst had been quenched to room tem- 
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perature, evacuated, and sealed off. A broad 
signal was observed with glI = 1.865 and 
g1 = 1.933, which was ascribed to Mo5+, 
and a narrow signal wit,h g = 2.0036, which 
was considered to arise from carbon. In 
general, the Mo5+ signal intensity initially 
increased upon exposure of the catalyst to 
propylene. In some cases, depending on 
temperature and propylene pressure, the 
signal again decreased. When the bismuth 
molybdate catalyst was exposed at reaction 
temperatures t,o a 1:1 mixture of propylene 
and oxygen, the Mo5+ signal appeared after 
excess oxygen had been consumed. Masson 
and Nechtschein (5) used ESR to investi- 
gate the conditions for formation of Mo5+ 
in Mo03/A1203 cat’alysts that were exposed 
to hydrogen at elevated temperatures. The 
ESR spectra measured at room temperature 
displayed an unsymmetrical line at g = 
1.95, which was attributed to Mo5+. The 
Mo5+ signal intensity passed through a 
maximum as the amount of MOO, sup- 
ported on A&O3 was increased. The initial 
increase was attributed to formation of 
Mo5+ stabilized by interaction with A1203, 
and the subsequent’ decrease.was attributed 
to a reaction in the concentrated MoOB 
phase leading to formation of the nonpara- 
magnet,ic Mo4+ ions. Seshadri et al. (6) 
investigated the combined effects of sulfid- 
ing with H,S and of reducing with Hz molyb- 
dena on an alumina support and concluded 
that t’he sulfiding favors formation of Mo4+ 
at the expense of Mo5+. 

In the present study, ESR was employed 
to examine t,he catalyst at reaction tem- 
peratures with simultaneous analysis of the 
product gas. The system investigated was 
the oxidation of propylene in the presence of 
bismut,h molybdat’e catalysts supported on 
silica gel. ESR was used (1) to monitor the 
intensity of the Mo5+ signal, and (2) to 
indicate relative changes of electrical con- 
duct*ivity of the catalyst. Gas mixtures con- 
taining various rat,ios of propylene and 
oxygen were passed over the catalyst, and 
the conversion and specificity were examined 
simultaneously with the ESR examination. 
Strong reducing atmospheres were avoided 
during catalysis partly because high conver- 
sion of propylene is observed at high OP/CzHB 

ratios (‘Y), and other evidence indicates that 
irreversible changes of the catalyst’ prop- 
erties occur in strong reducing atmospheres. 

EXPERIMENTAL DETAILS 

The silica-supported catalysts have 
the following designations and composi- 
t,ions: M, Moos/77 wt y0 SiOZ; B/M-0.7, 
[Biz03.3Mo03 + 0.25Biz0,]/50 wt y0 SiOz; 
B/M-6, 3Bi203.Mo0J50 wt y0 SiOZ; and 
B, Bi,03/55 wt y0 SiO2; the number follow- 
ing the letter designation signifies the ap- 
proximate bismuth/molybdenum atom ratio. 

Catalyst B/M-0.7 was prepared by add- 
ing a solution of 2.12 g ammonium molyb- 
date, 2.4 ml water, and 0.94 g of ammonium 
hydroxide (d = 0.88 g/cm3) to 12.8 g of a 
silica sol (duPont’s Ludox AS, 30 wt To). To 
this mixture a solution of 4.37 g bismuth 
nitrate dissolved in 5.3 ml of 5 N HNOp was 
added. Catalyst B/M-6 was prepared by 
adding a mixture of 0.59 g ammonium 
molybdate, 0.66 ml water, and 0.26 g am- 
monium hydroxide solution to 17.2 g of 
silica sol. Then a solution of 9.70 g of bismuth 
nitrate in 11.7 ml 5 N HNOZ was added. 
Catalyst B was prepared by adding 9.2 g 
bismuth nitrate in 11 ml 5 N HNO, to 
18.2 g of silica sol. Catalyst M was prepared 
by adding a solution of 1.77 g ammonium 
molybdate, 2.0 ml water, and 0.79 g am- 
monium hydroxide to 1.59 g silica sol. The 
wat,er from the above four catalyst suspen- 
sions was evaporated with stirring at low 
heat. The remaining solids were dried at 
140°C overnight, and calcined in air at 
540°C for 3 hr. The products were pressed 
into pellets, crushed, and sieved to obtain 
the size fraction between 32 and 40 mesh. 
All chemicals were reagent grade. 

The quartz reactor shown in Fig. 1 con- 
sisted of an outer tube (3 mm id., 0.5 mm 
wall) with an inlet side arm for the reactant 
gases and a central outlet, t,ube equipped 
with an unlubricated ground joint (lower 
tube dimensions 1 mm o.d., 0.2 mm wall) 
through which the react’ed gases exited to 
the gas chromatograph. Quartz wool pro- 
vided a means of maintaining the end of the 
central tube free of catalyst particles. About 
0.1 g of catalyst filled the reactor to a height 
of about 2 cm. 
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FIG. 1. Quartz reactor cell. 

The reactor resided in a temperature-con- 
trolled quartz Dewar vessel (Varian V-4540) 
situated in the ESR cavity. Catalyst tem- 
peratures up to 450°C could be obtained by 
use of a heater coil twice the length of the 
standard one. A Variac controlled the power 
for heat’ing the nit’rogen flowing over the 
heater to the reactor. A thermocouple 
located within 2 cm of the cavit#y center 
monitored the reactor temperature. A fan 
was used to prevent excessive heating of the 
ESR cavity. 

The total flow rate of propylene, oxygen, 
and helium was 200 cm3/min, but only 
10 to 20 cm3/min of the gas mixture was 
bypassed through the reactor and its flow 
was monitored by a bubble flow meter. The 
gases from the reactor were analyzed by a 
gas chromatograph with two columns: Ucon 
at 90°C for separating acrolein and acetal- 
dehyde, and silica gel at 240°C for separating 
oxygen, carbon dioxide, and propylene. The 
conversion is defined as t’he volume ratio 
of a given product to the propylene in the 
feed stream; selectivity is defined as t,he 
volume ratio of a given product to the 
propylene reacted. 

ESR measurements were made with 
a Varian V-4502 X-band spectrometer 
equipped wit#h a 12-in. magnet, a Fieldial, 
and a dual cavity (TE& operated from the 
microwave bridge at about 200 mW. The 
reactor was inserted in one cavity modulated 
at lo5 Hz and 15 Oe. A sample of 0.1% 
pitch in KC1 (Varian) was inserted in the 
other cavity modulated at 400 Hz to monitor 
the relative cavity sensit,ivity and to measure 
t’he g value. ESR spectra were measured at 
the reaction temperatures of 325 and 390°C. 
The absolute spin density of the MO”+ 
resonance was evaluated by a first-moment 
analysis of the first derivative of the reso- 
nance line using a 0.1% pitch sample as an 
absolute spin standard. Unless otherwise 
specified, the signal intensity is expressed 
in terms of t,he relat,ive peak-peak height of 
the resonance line at a given detector level 
and normalized for cavity sensitivity which 
depended upon the elect,rical conductivity 
of the sample, e.g., the degree of reduction. 

RESULTS 

ESR Sigrtals 

Two principal ESR signals were observed, 
and the first-derivative presentations are 
shown in Fig. 2 along with g-value markers. 
One signal was a broad asymmetric reso- 
nance, with g values in the range of 1.88 to 
1.95, similar to that reported (I-5) for 
Mo5+, and the other signal was a narrow 
resonance with a g value at 2.003 ascribed 
to carbon or a hydrocarbon radical (4). The 
composition of the reactant gas mixture 
influenced the shape of the broad line at 
high magnetic fields (g values 1.88 to 1.92) 
but not at low fields (g value 1.95). For 
catalyst B/M-0.7 at 325”C, curve (A) was 
obtained aft,er the catalyst was exposed to 
propylene for 10 min. A narrower line (B) 
was observed a few minutes after oxygen 
was substituted for the propylene, but this 
effect is transient because oxygen soon 
causes the Mo5+ resonance to disappear 
completely. Under steady-state reaction 
conditions (02/C3Hs ratios from 0.25 to 3), 
an intermediate line shape (C) was ob- 
tained, and peak-peak intensities of t,his 
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FIG. 2. ESR spectra of catalyst B/M-0.7 at 
325°C. Curve A, after propylene reduction for 
10 min; curve B, after subsequent exposure to 
oxygen for several minutes, and curve C, after 
exposure to an OJCaHG ratio of unity. 

line (g values 1.95 and 1.90) were used as a 
measure of Mo5+ concentration. 

The narrow ESR signal with a g value 
at! 2.003 occurred only for catalysts con- 
taining bismuth and during exposure to gas 
mixtures of low O&H6 ratios. For gas 
mixtures at a given OJC3Hs ratio in contact 
with the catalyst, the signal intensity 
qualitatively increased with the bismuth 
content of the catalyst: the intensity was 
negligible for catalyst M, relatively small 
for B/M-9.7, and much stronger for cata- 
lysts B/M-6 and B. This observation pro- 
vides some evidence that, in the presence 
of bismuth oxide, cracking of the hydro- 
carbon occurs. No hyperfine structure of 
this line could be detected, even when the 
catalyst during react,ion was quenched to 
liquid nitrogen temperature. 

Mo5+ Signal and O,)C3Ha Ratio 
The steady-state value of the intensity 

of the signal for the catalysts M and B/M- 

0.7 at 325°C changed reversibly and rapidly 
(within 1 min) when the ratio of O&H, 
in the feed stream was changed. But the 
signal int’ensity was essentially independent 
of the absolute amounts of these gases. The 
effect of the gas composition is shown in 
Fig. 3. These results were obtained by 
varying the propylene concentration at fixed 
oxygen-concentration levels of 3, 6, and 
9 vol To. Although the mass of molybdenum 
in the two catalysts is equal, the Mo5+ signal 
intensity for catalyst M is about 50yo 
higher than that for catalyst B/M-0.7 
(Fig. 3). 

The effect of catalyst temperature on the 
Mo5+ signal intensity was determined for an 
Oa/GHr, ratio of unity. As the temperature 
was increased from 325 to 390°C the Mo5+ 
signal intensity for catalyst M changed from 
80 to 165, and for catalyst B/M-0.7 from 
47 to 15; for catalyst B/M-6 the signal 
intensity was determined only at 390°C and 
was 5. 

The absolute spin density of the Mo5* 
resonance was determined for catalyst 
B/M-0.7 (reaction temperature 325% and 
gas composition 6 vol To C3Hs, 6 vol y. 
Ozr 88 vol y0 He) and found to be 1.0 X 1016 
spins/g-catalyst; this spin density corre- 
sponds to 50 scale units of Mo5+ signal 
intensity. A Curie law correction was ap- 
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FIG. 3. Dependence of Mob+ signal intensity on 
OP./C~HG ratio at three constant oxygen coneen- 
trations for catalysts M and B/M-0.7 at 325°C 
(0 = 3 vol %, 0 = 6 vol %, and l = 9 vol y0 
02). 
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FIG. 4. Dependence of catalytic conversion and 
the Mob+ signal intensity on Oz/C3He ratio at 3 vol 
y0 propylene for catalyst B/M-0.7 at 325°C. 

plied to compensate for the temperature 
difference between the catalyst and the spin 
standard (20°C). This spin density accounts 
for about 4 X 10W5 of the total mass of 
molybdenum of the catalyst. Assuming an 
area of 1 m2/g for the bismuth-molybdate 
part of the catalyst, about 1% of the surface 
molybdenum sites were observed by ESR. 

Conversion and Selectivity 

The effects of the 0JC3Hs ratio on cata- 
lytic conversion and selectivity are shown 
in Figs. 4 and 5 for catalyst B/M-0.7 at 
325°C and the Mo5+ signal intensities 
measured during catalysis are also indicated. 
At 325% oxidation of propylene could not 
be detected over catalyst M even though 

100 
I I I I I 

100 

-0 1 2 3 
0 

%‘C, H, 

FIG. 5. Dependence of catalytic selectivity on 
OJC,H, ratio for catalyst B/M-0.7 at 325°C (same 
run as Fig. 4). 

FIG. 6. Dependence of catalytic conversion and 
Mob+ signal intensity on OZ/C~H~ ratio at 3 vol ‘% 
propylene for catalyst M at 390°C. 

marked reversible changes in the intensity 
of the Mo5f signal were observed as the 
Oz/CaHe ratio was altered (Fig. 3) ; however, 
oxidation was measurable at 390°C (Figs. 6 
and 7) at which temperature the total con- 
version was about equal to that of catalyst 
B/M-0.7 at 325°C. In these runs the appro- 
priate OJCaH, ratio was obtained by adjust- 
ing the propylene concent,ration while hold- 
ing the oxygen concentration at 3 ~01%. The 
values of percent conversion were obtained 
from analysis of the reactant gas. The 
conversion results for catalyst B/M-0.7 at 
325°C (Fig. 4) and for catalyst M 

757 
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FIG. 7. Dependence of catalytic selectivity and 
the Mo6+ signal intensity on 02/C3H6 ratio for 
catalyst M at 390°C (same run as Fig. 6). 
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FIG. 8. Relationship between total conversion 
and MO&+ signal intensity for catalyst M at 390°C 
and catalyst B/M-0.7 at 325°C. 

(Fig. 6) suggest that a reciprocal relationship 
exists between total propylene conversion 
and the Mo5+ signal intensity, as demon- 
strated in Fig. 8. It should be noted that 
the Mo5+ signal intensities for catalysts 
B/M-0.7 and M differ by a factor of 1.5 at 
325’C (Fig. 3) and by a factor of 10 at 
390°C (Fig. 8). In the latter case the dif- 
ference is undoubtedly due to the higher 
temperature rather than to a difference in 
surface area. 

The selectivity for oxidation to acrolein, 
as well as to acetaldehyde and carbon 
dioxide, is essentially independent of the 
OJCsHe ratio and of the Mo5* signal in- 
tensity for both catalysts M and B/M-0.7 
(Figs. 5 and 7), except at the lowest Oz/C3H, 
ratio. 

Evaluation of Rates of Reductiorr and Oxida- 
tion of the Catalysts 
The rates of reduction and oxidat.ion of 

bismuth molybdate catalysts have been 
determined separately by ESR and by 
electrical conductivity measurements (8-9). 

It was of interest to use the ESR technique 
for both of these measurements on the 
catalyst employed during propylene oxida- 
tion. The rate of reduction of the catalyst 
can be determined by ESR by monitoring 
not only the Mo5+ signal intensity but also 
the relative changes in the electrical conduc- 
tivity of the catalyst (10). Changes in 
electrical conductivitv Ao alter (1) the 
cavity sensitivity, which can be monitored 
by the changes in the intensity of a reference 
sample (in the present work the intensity 
I, of 0.1% pitch in KC1 was used) in the 
dual cavity, and (2) the microwave bridge 
balance, which can be monitored by the 
changes in the dc bias current of the crystal 
diode Ice,. It has been shown that Au is 
approximately proportional to A(l/l,) and 
to AI,, (10). 

The results of such measurements show 
that when the catalysts at an elevated 
temperature are exposed to propylene, the 
initial very rapid increase of t,he Mo5+ signal 
intensity is followed by a much slower 
increase. The slow portion of the reduction 
process in propylene at 390°C is shown in 
Fig. 9 for the three catalysts initially pre- 
t,reated in oxygen at this temperature. The 
results indicate that the bismuth molybdate 
catalysts are apparently more resistant to 
reduction than catalyst M. The ordinant of 
the curve for catalyst B/M-6 has been 
multiplied by a factor of 4.8 in order to 
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FIG. 9. Effect. of propylene reduction on the 
Mob+ signal intensity for three catalysts at 390°C. 
The ordinate for caklyst B/M-6 has been multi- 
plied by a factor of 4.8. 
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normalize the data to t,he same molybdenum 
concentration as that of the other two 
catalysts. On this basis, catalyst, B/M-0.7 is 
clearly the most resistant to reduction. The 
maximum of the Mo5+ signal for catalyst, 
M upon extensive reduction is consistent 
with t,he interpretation t,hat Mo5+ may be 
reduced to Mo4+ (4, 5). However, there are 
other reasons, which we will discuss pres- 
ently, why ESR may not detect all Mo5+ 
ions. 

Using Ip to monitor the changes in cavity 
sensitivity, the results in Fig. 10 show that 
I, decreased during t)he reduction, i.e., the 
electrical conduct.ivit,y of the samples in- 
creased. Reduction of bismuth oxide is also 
demonstrated by the results in Fig. 10; the 
reduction rate is initially slower than that 
of the other catalysts, but then accelerates. 
The relatively faster and larger change for 
cat.alyst. M is consist.ent, wit,h the faster and 
larger extent of reduction shown by the 
data on the Mo5+ signal in Fig. 9. Thus, 
stability of the mixed oxides is again indi- 
cated. The increased electrical conductivity 
presumably results from formation of re- 
duced species, such as Mo5+, Mo4+, or Bi2+, 
which act as electron donors to the conduc- 
tion band. Upon subsequently exposing 
these catalysts at an elevated temperature 
to oxygen, the I, value returned rapidly to 
its original high value. 

160 F’j 

0 40 80 120 

TIME - min 

FIG. 10. Effect of propykue reduction of few 
ratalysts at, 390°C on ESIi sensitivity :ts irldieatrtl 
I)y I,, the sigd inl.ewitzy of a pitch sample in the 
reference cavit,y. Same run as Fig. 9, except cata- 
lyst B. 

Finally, an attempt t,o determine the rates 
of reducibility and oxidizability was made 
by recording changes in the crystal current. 
I,,. Easily measurable and reversible changes 
of this quantity occurred when the OJC,H, 
ratio was suddenly changed between high 
and low values. However, under our experi- 
mental condit,ions it, was not, possible to alter 
the gas composition fast enough to provide 
a “step-function” concentration gradient,. 
For example, for catalyst B/M-0.7 at 39O”C, 
when t’he OJGHS ratio was changed be- 
tween m and 1, the half-time for a change 
in I,, decreased with an increase in gas flow 
rate; for t.he largest pra&ical flow rate of 
60 cm3/min (contact time of 0.15 set) the 
half-time was 6 sec. The rat,e of change of 
I,, was probably still limited by a gas diffu- 
sion process, and, therefore, t,he actual rates 
of oxidation and reduction could not be 
measured. For catalysts B and B/M-0.7, the 
magnitude and rate of change of ICC was 
qualitatively similar when the 02/C3H, was 
varied between w and 1. 

DISCUSSION 

For each of t,he catalysts (B/M-0.7 and 
M) investigated, the experimental results 
demonstrat)e that under steady-state condi- 
tions the extent of propylene conversion and 
the intensity of t,he Mo5+ signal are affected 
by the 02/C&H, ratio. Most likely this ratio 
of reactants governs the distribution of 
surface molybdenum ions, such as Mo5+ and 
Mo6+, in different valence states, as a result 
of a sequence of reactions involving charge 
transfer such as: 

C&H6 + Mo6+ 2 CaHG+ + Mo5+, 
kz 

(1) 

02 + Mo5+ -+ Oz- + Moe+. c4 

Based on these reactions the steady-state 
condition leads to the following relationship 
between the valence states of molybdenum 
and the reactant concentrat,ions 

[M @+I k-2 [O,] 
[Mo5+] kl KXf,l 

which is in agreement with experimental 
observations. A measure of the relative 
distribution of Mo6+ and MO”+ can be 
derived from the fact that t,he total number 
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FIG. 11. The dependence of l/Mob+ on Oz/CaHa 
ratio for catalysts M and B/M-0.7 at 325°C (data 
taken from Fig. 3). 

of molybdenum surface sites N, is fixed for a 
given catalyst sample, 

MOE+ + Moe+ = A’,. (3) 

Since at vanishing ratios of O.JCsHe, Mo5+ 
would be expected to predominate on the 
surface, a graphical analysis of the data 
presented in Fig. 3 allows evaluation of the 
maximum surface density of Mo5+ by 
plotting the reciprocal of the Mo5+ signal 
intensity vs the 02/C3Ha ratio (Fig. 11). The 
intercept with the ordinate yields the value 
of N, since under these conditions all molyb- 
denum is present as Mo5+. Once N, has been 
evaluated in this manner, we can compute 
the relative magnitude of [Mo6+] from the 
difference between N, and the observed 
Mo5+ signal intensity at different 02/C3Hc 
ratios. Such an analysis of the data is pre- 
sented in Fig. 12 for the two catalysts under 
examination. Based on this analysis the 
ratio [Mo”+]/[Mo”+] appears to be a linear 
function of the 02/C3H6 ratio for both 
catalysts B/M-0.7 and M. This observation 
lends further support to the assumption 
that the molybdenum ions detect,ed by ESR 
(although a small fraction of the total 
molybdenum) are either in Mos+ or Mo5+ 
state and probably at the surface of the 
catalysts. In addition, the ratio of the two 
rate constants LJG, is the same for both 
catalysts at the same temperature. Since for 
catalyst M no measurable conversion of 

FIG. 
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12. The relationship between Mos+/Mo6* 
and the 02/C&H, ratio for catalysts M and B/M-0.7 
at 325°C (data taken from Fig. 11). 

propylene was detectable at 325°C although 
the Mo6+/Mo5+ exhibited variations with 
the 02/C3Hs ratio, it must be concluded that 
the charge transfer steps [Eqs. (1) and (2)] 
are not rate determining in the process of 
propylene oxidation. At the same time the 
results indicate that Mo6+ sites, and/or the 
oxygen species associated with the MO”+ 
site, are essential for propylene oxidation 
and that the conversion rate is high when 
the relative Mo6+ surface density is high, 
i.e., low Mo5+. Examination of the product 
distribution points to the interesting fact 
that selectivity of each of the catalysts for 
acrolein formation does not appear to be 
tied in with the Mo6+/Mo5+ distribution 
detectable by ESR. Although catalyst 
B/M-9.7 exhibits much higher acrolein 
selectivity at 325°C than catalyst M at 
390°C, the selectivity of each catalyst re- 
mains relatively constant and unaffected by 
the OJCaH6 ratio. The initial attack of the 
C&H6 molecule appears to involve a Mo6+ 
type site, deduced from the ESR data, 
which is common to both catalysts, but the 
subsequent oxidation steps leading to specific 
products are governed by other variables. 
For example, in the mixed oxide catalyst, 
the role of Bi3+ has been explored in several 
recent studies (11-19) in terms of a dual-site 
mechanism. We consider it significant that 
catalyst B/M-0.7, which yields high acrolein 
selectivity, also exhibits high stability for 
reduction of Mo6+ -+ Mo5+ on exposure to 
propylene (Figs. 9 and 10). An opposite 
effect was reported for reduction of such 
catalysts by hydrogen (IS). Cation valence 
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stabilization by admixture of foreign metal 
oxides (14) and by catalyst moderators (15) 
emerges as an important factor in selective 
oxidation catalysis. As suggested in Refs. 
(15) and (16), such valence st’abilization 
affects the elect,ronic properties of the 
catalyst and thereby influences t’he charge 
distribution of reactant species on the sur- 
face of the catalyst. Thus the degree of 
propylene oxidation or the selectivity of the 
catalyst may be reflected in the type of 
oxygen species (e.g., 0, O-, or 0~~) pre- 
ponderant on the catalyst surface. 

The paramagnetic species giving rise to 
the Mo5+ signal may, of course, be eit,her 
at the surface or in the bulk. However, 
during catalysis the evidence favors their 
location at the surface. This conclusion is 
based on the qualitative observation that 
when the 02/C3Hs ratio is changed, very 
rapid changes occur in both the initial 
change of the Mo5+ signal intensit,y and the 
microwave bridge crystal diode current. By 
contrast, reduction of molybdenum in the 
bulk may occur slowly under reducing 
conditions. For example, such bulk reduc- 
tion may account in part for the relatively 
large values of the Mo5+ signal intensity 
resulting from exposure of catalyst M to 
propylene (Fig. 9) in comparison to those 
found with the presence of some oxygen 
(Fig. 3). Reduction of the bulk is undoubt- 
edly also indicated by t,he slow changes of 
the Mo5+ signal (especially for catalyst 
M), and of the cavity sensitivity parameter 
I, (Figs. 9 and 10). Similar slow changes 
have been reported for the Mo5+ signal 
(4, 5) and electrical conductivity (7, 8). 
Incidentally, severe reduct,ion of bismuth 
molybdate during propylene oxidat.ion has 
been reported by Keulks (17). But his 
results with a pre-reduced sample of bismuth 
molybdate exposed to a gas mixture con- 
taining a ratio of OJC3Hc < 0.76 are more 
indicative of the competitive oxidation rate 
of catalyst vs olefin. In any case, the slow 
oxidation and reduction reactions in ques- 
tion are probably rate limited by a bulk 
diffusion process which, in turn, is deter- 
mined by crystal structure and composition. 
Bismuth oxide itself is oxidized or reduced 
in a way qualitatively comparable to the 

bismuth molybdates. For example, for 
catalyst B surface oxidation or reduction is 
indicated by t.he rapid change of the crystal 
diode current resulting from changes in the 
OJCSHG rat’io; bulk reduction by propylene 
is indicated by the slow change of the I, 
parameter (Fig. 10). These results are in 
qualitative agreement wit,h those obtained 
from electrical conduetivit,y (8). From past 
experience with ZnO (IO), the changes of I, 
resulting from reduction of cat)alyst M for 
1 hr (Fig. 10) correspond to an increase of 
ionized donors by an order of magnitude of 
1016 t,o 10” cm-3, and this donor density is 
equivalent to the reduction of about lO-s 
to lo-’ moles of bismut)h or molybdenum per 
gram of catalyst. Hence t,he amount of 
reduct,ion, which is probably mostly in the 
bulk, is very small but is readily detected 
by this sensitive technique. 

It is of interest to inquire whether all 
the surface Mo5+ ions are detectable by 
ESR. This question arises partly because 
of the apparently low absolute concentjration 
of Mo5+ ions observed and also because 
several mechanisms are known that may 
“attenuate” the signal. Three of these 
mechanisms are: (1) instabilit,y of Mo5+ with 
respect to reduction to Mo4+, (2) magnetic 
dipolar relaxation processes, and (3) crystal 
field effects. 

Regarding the first mechanism, it has 
been reported (4-6’) that Mo5+ ions are 
unstable with respect to reduct,ion to Mo4+, 
especially for MOOS not in contact with a 
support such as activated alumina (1, 5, S). 
Accordingly, the maximum of the Mo5+ 
signal intensity observed during reduction 
of Moos in propylene (Fig. 9) may result 
from init.ial reduction of Mo6+ to Mo5+ 
followed by further reduction to the non- 
paramagnetic Mo4+, an explanation which 
follows Peacock et al. (4). However, reduc- 
tion to Mo4+ is less likely to occur when the 
02/GHe rat’io is not too low: (a) Mo5+ 
signal intensities are reversible (Fig. 3) ; (b) 
the response of the crystal diode current to 
changes in gas composition is also reversible; 
and (c) the decrease of the Mo5+ signal 
intensity upon reduction of catalyst M in 
pure propylene occurs only after an initial 
substantial rise, suggesting that adequate 
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bulk Mo5+ is required before further reduc- 
tion occurs. 

The second mechanism occurs when the 
Mo5+ concentration is sufficiently large that 
magnetic dipolar interactions cause sub- 
stant,ial line broadening. This mechanism is 
probably not active, even during extensive 
reduction of catalyst M (Fig. 9) where the 
concentration of Mo5+ ions becomes greater 
than the other catalysts, because significant 
line broadening is not apparent. The broad 
line observed during catalysis (Curve C, 
Fig. 2), which is similar to that observed 
during reduction in propylene (Curve A), 
suggests the presence of two paramagnetic 
centers. For example, the component at a 
g value of 1.88 may be ascribed to easily 
oxidizable Mo5+ ions at the surface, and the 
component at 1.92, which is the last to dis- 
appear during oxidation, may be due to 
Mo5+ ions, perhaps below the surface, which 
oxidize more slowly. Two forms of Mo5+ 
have been postulat.ed to account for the 
complex structure of this resonance line 
observed in MgO containing molybdenum 
(18), and catalyst pretreatment has been 
shown to affect line shape (2). 

The influence of crystal field splitting is a 
third mechanism by which transition para- 
magnetic ions may not be detectable by 
ESR. It has been predicted that when Mo5+ 
ions are in a crystal field of octahedral 
symmetry, their detection by ESR requires 
very low temperatures; however, in fields 
of duodecahedral symmetry the 4d orbital 
levels are split into a lower singlet and an 
upper quartet with a large energy difference 
so that ESR at elevated temperatures is 
possible (19). Maksimovskaya et al. (20) 
conclude that, for molybdate catalysts, ESR 
detection of Mo5+ ions at room t’emperature 
is possible because a crystalline field of low 
symmetry exists about the ions. We may, 
therefore, speculate that the favorable 
crystalline field splitting occurs in the case 
of some surface Mo5+ ions and makes detec- 
tion possible for the surface ions, even at 
elevated temperatures. The determination 
of the magnitude of the splittings requires 
knowledge of the crystal field symmetry and 
the magnitude and distortion of the electric 
field about the Mo5+ surface ions; such 

considerations are beyond the scope of this 
paper. 

CONCLUSIONS 

The present study shows that useful 
information may be obtained by correlating 
the ESR properties of related catalysts 
during catalytic propylene oxidation with 
the catalytic conversion rates and selec- 
tivities. Based on the reciprocal relationship 
between total conversion and the Mo5+ 
signal intensity, it is proposed that Mo6+ 
type sites are required for conversion reac- 
tions, perhaps for the initial oxidative 
dehydrogenation step. Based on the absence 
of correlation between the selectivity and 
the OJCZH6 ratio or the Mo5+ signal in- 
tensity, it is proposed that another surface 
site, which is not detectable by ESR, con- 
trols the selectivity. Several considerations 
favor assignment of the observable Mo5+ 
species to surface sites, especially during 
catalysis; however, some Mo5+ species may 
be detectable in the bulk especially when 
the catalyst is reduced in propylene alone. 

A study of the reduction rates of the 
catalysts, by means of the Mo5+ signal and 
the electrical conductivity parameters, 
points toward the existence of an initial 
rapid reaction which is probably at the 
surface, and of a subsequent slow reaction 
which may involve bulk species or at least 
difficulty reducible surface species. These 
results also show that the bismuth molyb- 
date catalyst, B/M-0.7, which exhibits the 
greatest acrolein conversion rate and selec- 
tivity, is also the most stable toward the 
slow reduction. It may be concluded that 
this composition among the bismuth molyb- 
date catalysts studied provides optimal 
stabilization of the Mo6+ valence state. 
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