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The response of several bismuth molybdate-based catalysts to reduction under propylene 
ammoxidation conditions in the absence of gaseous oxygen, and to reoxidation by gaseous oxygen, 
was studied using a pulse microreactor method. The catalysts investigated were Bi2M030,2, 
Bi,Mo,O,, Bi,MoOB, Bi,FeMozOlz, and a multicomponent system (M,*+Mb3+Bi,Mo,0,). The unit 
area rates of lattice oxygen participation at 430°C decrease in the order: multicomponent system > 
Bi,MozOr, > BiPMo30i2 > Bi,FeMo,O,, z B&Moo.+ Maximum selective utilization of reactive 
lattice oxygen occurs after partial reduction for the multicomponent system, BiZMo30i2 and 
Bi,Mo,O,. These results are consistent with a mechanism requiring coordinately unsaturated metal 
ions in complex shear domains for selective ammoxidation. Conversely, Bi,FeMo& and 
Bi2MoOB show maximum lattice oxygen activity at their highest oxidation states. The overall 
reoxidation rates of partially reduced catalysts at 430°C decrease in the order: Bi,MoOB > 
Bi,Mo,O, > Bi2Mos0i2 > Bi,FeMqO,, z multicomponent system. These reoxidation rates of 
partially reduced catalysts are first order in oxygen vacancy concentration and half order in 
gaseous oxygen. A general mechanism for catalyst reoxidation is proposed based on these kinetics. 
This series of catalysts exhibits two reoxidation regimes. One regime is characterized by a low 
activation energy at low degrees of initial reduction and involves the reoxidation of surface 
vacancies. A second regime is observed for deeper degrees of reduction which is characterized by a 
higher activation energy and involves the reoxidation of anion vacancies in the bulk of the catalyst. 
The observed activation energies for the reoxidation of the catalyst bulk are strongly dependent 
upon the structure and composition of the catalyst. 

INTRODUCTION 

The discovery of bismuth molybdate- 
based catalysts for the selective 
(amm)oxidation of propylene (I) sparked 
an extensive research effort to probe the 
unique properties of these catalytic mate- 
rials (2). Sohio discovered in the early 
1950s that these catalysts function through 
a redox mechanism wherein selective oxi- 
dation occurs through loss of lattice oxygen 
from the bulk structure followed by reduc- 
tion of gaseous oxygen and bulk transport 
of oxygen anions to the reduced site. Real- 
ization of this redox concept contributed 
significantly to Sohio’s commercialization 
of (amm)oxidation catalysts (2). The 
unique role of lattice oxygen and not ad- 

’ Presented before the Division of Petroleum Chem- 
istry of the American Chemical Society, Washington, 
D.C., September 1979. 

sorbed oxygen in selective catalytic oxida- 
tion has recently been reviewed by 
Bielanski and Haber (3). This redox mecha- 
nism has been given formal mathematical 
treatment by Mars and van Krevelen (4). 

It has also been found that, although all 
three phases of bismuth molybdate are se- 
lective olefin (amm)oxidation catalysts, 
there are significant differences in their 
catalytic activities. These differences have 
been linked to the relative effectiveness of 
the redox process which in turn is depen- 
dent upon the chemistry and structure of 
both the surface and the bulk of the cata- 
lyst. In order to further understand these 
differences, it is judicious to separate ex- 
perimentally the reduction and reoxidation 
processes and to determine how each in 
turn contributes to the overall catalytic 
properties of these systems. 

Oxygen depletion and regeneration of 
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bismuth molybdate catalysts has been stud- 
ied using various approaches (5-20). In our 
present study, we used a pulse microreac- 
tor (II, 12) to obtain quantitative informa- 
tion about the reduction and reoxidation 
rates of various bismuth molybdate-based 
catalysts. This method proved desirable 
since it allows observation of reduction and 
reoxidation on a shorter time-scale than is 
otherwise possible. The oxidation state of 
the catalyst can also be monitored accu- 
rately at intervals which are limited only by 
the size of the pulse. In this manner 
changes in catalytic activity can be fol- 
lowed during the initial stages of the reac- 
tion when the catalyst surface first sees the 
reactants. Similarly, the reoxidation rate 
can be accurately determined for various 
degrees of initial catalyst reduction. 

In the work reported here we studied the 
reduction and reoxidation rates of (Y-, p-, 
and y-bismuth molybdate, single phase 
Bi3FeMo2012, and a multicomponent sys- 
tem (M,2fMb3+BisMo,0J. Each ‘system 
was shown to be a selective oxidation and 
ammoxidation catalyst. The ability of each 
of these systems to use and replenish their 
lattice oxygens was investigated and the 
results correlated to the unique structural 
and chemical properties of these catalysts. 

EXPERIMENTAL 

Apparatus 

The flow diagram for the automated pulse 
microreactor is shown in Fig. 1. Reactant 
gases are injected into the reactor from 
sample loop A which was kept at 47°C and 
had a constant volume of 0.52 cm3 (20.2 
pmoles). The reaction products were col- 
lected in loop B and subsequently injected 
into the gc for analysis. The Antek 460 gc 
was equipped with a thermal conductivity 
detector and a Houdry Micropak system 
consisting of 36’ x &” molecular sieve 5A 
(45-60 mesh) and 20’ x &” Poropak Q (80- 
100 mesh). The He flow through the 
columns was held constant at 20 cm3/min at 
a head pressure of 56 psig. The system was 
capable of quantitative separation of pro- 
pylene, COe, 02, Nz, CO, CH,CN, acro- 
lein, and acrylonitrile by temperature pro- 
gramming of the gc from 115 to 200°C. 
Carbon balances of between 95 and 105% 
were obtainable with this system. 

The reactor was a stainless-steel U-tube, 
composed of a &” x 6” preheat zone and a 
#” x 6” reactor zone with a maximum cata- 
lyst volume of about 5.0 cm3. The reactor 
was immersed in a molten salt bath which 
was temperature controlled at 20.5”C. 

FIG. 1. Schematic diagram of pulse microreactor and gas chromatograph. 
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The He flow rate over the catalyst was 
maintained at 24 cm3/min (measured at 
298”K, 1 atm) in all cases. Enough catalyst 
was used to maintain the contact time at 2.2 
set in all cases. 

Experimental Procedure 

A summary of the synthetic procedures 
used to prepare the catalysts for the investi- 
gation is given in Table 1. Water was re- 
moved from the precipitates by slow evapo- 
ration. The phase composition of the 
calcined catalysts was determined from X- 
ray powder patterns which compared fa- 
vorably with those in the literature for each 
of the molybdate structures indicated. All 
of the catalysts, with the exception of the 
multicomponent system, were found to be 
initially single phase in composition. 

The helium used in the pulse microreac- 
tor was purified by passing it through a 
molecular sieve column and through a com- 
mercial gas purifier to remove traces of 
water and oxygen. Oxygen and air were 
passed through a molecular sieve column 
prior to use. The propylene and ammonia 
were obtained from Air Products and were 
used directly from their cylinder with no 
additional treatment. 

Prior to reduction, the catalysts were 
pretreated with a 40 cm3/min flow of air at 
430°C for 1 hr. This was done to ensure that 
the catalyst was completely oxidized at this 
temperature. It was then immediately 
placed in an He flow and connected to the 
pulse gc system, and allowed to equilibrate 
for about 1 hr. 

In order to determine the effect which the 
1-hr pretreatment in helium had on the 
oxidation state of the catalysts, each cata- 
lyst was pulsed with a mixture of 20% 
oxygen in helium at 430°C. The amount of 
oxygen uptake was then determined for 
each catalyst. It was found that the pre- 
treatment had no significant effect on the 
oxidation state of the catalyst since an 
oxygen uptake of only 0.002 x 10ls [01/m* 
to 0.006 x 101e[0]/m2 was observed. This 
amounts to about one to two orders of 

magnitude less than the oxygen removed 
from the catalysts by a propylene/ammonia 
pulse as will be shown later. 

Reduction of the catalysts was achieved 
by pulsing with a mixture of 1 propylene/2 
ammonia (6.7 pmoles propylene, 13.5 
pmoles ammonia per pulse), at 430°C. The 
extent of catalyst reduction was calculated 
based on the stoichiometric reaction of 
propylene and ammonia with lattice oxygen 
to give the observed product distribution. 

Reoxidation of the partially reduced cata- 
lysts was accomplished by sequentially 
pulsing with known mixtures of oxygen and 
helium at lOO-set intervals. The amount of 
oxygen uptake by the catalyst during each 
pulse was calculated from the ditference 
between the initial oxygen content of the 
pulse and the amount of unreacted oxygen 
observed in the reactor effluent. The total 
oxygen vacancy concentration of the par- 
tially reduced catalysts was calculated from 
the total oxygen uptake by the catalyst after 
sufficient pulsing to give an essentially 
reoxidized sample. The amount of oxygen 
uptake agreed well with the calculated 
amount of oxygen lost during the reducing 
pulses. 

Activation energies for the reoxidation 
were determined over a temperature range 
of 320 and 460°C. 

Reoxidation Rate Calculations 

A pseudo-first-order reoxidation rate 
constant was calculated from the rate of 
change of the oxygen vacancy concentra- 
tion in the catalyst with pulse number. That 
is: 

Rate = k,,,([O]vO - [O]J = =p (1) 

where [O],O is the total oxygen vacancy 
concentration of the catalyst after reduc- 
tion. 

[O]( is the oxygen uptake by the catalyst 
after i pulses. 

[O], is the oxygen vacancy concentration 
after i pulses which is equal to [O],O - [O],. 
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ti is the pulse number which is equivalent 
to a finite time that the catalyst is exposed 
to the oxidizing gas mixture. 

The rate was observed to be first order in 
the oxygen vacancy concentration from the 
point where oxygen breakthrough from the 
reactor occurred to the point of near com- 
plete reoxidation of the catalyst. A first- 
order dependence on the degree of reduc- 
tion was also observed by Keulks and co- 
workers (8, 13) for the reoxidation of bis- 
muth molybdate. 

Under these experimental conditions, the 
following assumptions are valid: 

(i) The catalyst bed is reoxidized uni- 
formly. That is, there is little or no concen- 
tration gradient of oxygen vacancies in the 
bed. 

(ii) Changes in the oxygen partial pres- 
sure as the pulse moves through the bed are 
small and thus do not appreciably affect the 
reaction rate. In this region gaseous oxygen 
is assumed to be in excess. The rate depen- 
dence on oxygen concentration is thus 
combined with the apparent rate constant 
and the actual rate expression becomes: 

F = k,,,[Ol, = k [O,ln[Olv (2) 
1 

where k is the actual reoxidation rate con- 
stant and [O,] is the gas phase concentra- 
tion of oxygen over the catalyst. 

The exact value of n can be determined 
by varying the partial pressure of oxygen in 
the pulse and measuring the apparent reox- 
idation rate constant. A log-log plot of k,,, 
versus oxygen partial pressure will yield a 
straight line with the slope equal to n. 

The relative reoxidation abilities of the 
catalysts were determined by maintaining 
the initial oxygen concentration of the 
pulse constant and comparing the observed 
value of k,,,. 

RESULTS 

Reduction 

Propylene activity and acrylonitrile 
yields of the catalysts as a function of the 
number of propylene-ammonia pulses are 
illustrated in Figs. 2 and 3, respectively. 
Since there is no oxygen in the pulses, the 
reaction proceeds through the removal of 

i 

-,-----m-- ---‘ BI~FEMo~O,~ 
(Ordered 1 

,$ 
0 2 3 4 5 6 

PULSE NUMBER 

FIG. 2. Propylene conversions during ammoxidation in the absence of gaseous oxygen at 430°C. 
Catalysts pulsed with a mixture of lCB-/2NHI. 
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-- a--- _ n --- - n Bt3FeMcqO12 
(Ordered) 

0 Bi#!oOg 
---- ‘----4Bi3FeMq& 

(Oirordsred) 

01 I I I I I I 
0 I 2 3 4 5 6 

PULSE NUMBER 

FIG. 3. Acrylonitriles yield during propylene ammoxidation in the absence of gaseous oxygen at 
430°C. Catalysts pulsed with a mixture of 1CF/2NH3. 

lattice oxygens from the catalysts. These 
plots therefore reflect the trend in catalyst 
activity with the oxidation state of the 
catalyst. Typically, the amount of oxygen 
removal after five reducing pulses ranged 
between 0.11 and 0.21% of the total oxygen 
content of the sample. Powder X-ray dif- 
fraction experiments did not detect any 
change in structure of the catalysts after 
reduction. 

In terms of propylene conversion, the y- 
phase as well as Bi3FeMo12012 show maxi- 
mum activity only when they are near their 
maximum oxidation state. The depletion of 
oxygen from the structure results in a lower 
activity and thus a lower rate of lattice 
oxygen participation. The loss in activity is 
probably due to the destruction of the most 
active surface sites during the first pulse. 
The sites cannot be readily regenerated by 
bulk lattice oxygens under anaerobic condi- 
tions. 

The (Y- and P-phases also lose activity 
after the first reducing pulse but regain part 
of it by the fourth or fifth pulse. The two 
maxima in activity suggest the existence of 
two different sites of ditferent oxygen coor- 

dination which are capable of selective am- 
moxidation of propylene. 

The multicomponent system showed a 
monotonic increase in activity reaching a 
maximum near the fifth reducing pulse. 

In all cases further pulsing resulted in a 
slow drop in catalytic activity due to the 
progressive loss of oxygen from the cata- 
lyst bulk. In this region, a large gradient 
between the oxygen content of the surface 
and the bulk is expected, extending many 
crystallographic layers into the bulk struc- 
ture. The change in acrylonitrile yield for 
these catalysts follows the same trends 
which were observed for the propylene 
conversion except for the multicomponent 
system. In this case, maximum acrylonitrile 
is produced at about the fourth or fifth 
reducing pulse. This reveals the existence 
of selective surface sites for this catalyst 
which are characterized by a lower oxygen 
coordination or lower oxidation state for 
the metal ions. 

For every catalyst, except the P-phase, 
these changes in activity and selectivity are 
the same after the catalysts are reoxidized 
with gaseous oxygen at 430°C. Reoxidation 
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FIG. 4. Total lattice oxygen utilization during propylene ammoxidation in the absence of gaseous 
oxygen at 430°C. 

is therefore able to completely restore the than it had initially. After reoxidation, the 
initial states of the catalysts. In marked initial propylene conversion and acryloni- 
contrast to this, reoxidation of the P-phase trile yield were about 39% less than that 
resulted in a catalyst with lower activity observed in the first reducing cycle. Re- 

.--- - .-----A---- -A-----ABi3FsMo2012 

(D~aordersdl 

I I I I I I 

I 2 3 4 5 6 

PULSE NUMBER 

FIG. 5. Selective lattice oxygen utilization for the production of acrylonitrile during propylene 
ammoxidation in the absence of gaseous oxygen at 430°C. 
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structuring of the catalyst surface (and The values were calculated assuming stoi- 
bulk) must therefore occur as a result of the chiometric reaction of lattic oxygen with 
reduction/reoxidation cycle. propylene and ammonia to give the ob- 

The above results were used to calculate served product distribution. The results 
the distribution of lattice oxygen among the clearly reveal the higher unit surface area 
various products and they are summarized activity of the multicomponent system 
in Table 2. The total oxygen utilization by compared to the other catalysts. In sharp 
each catalyst is shown in Fig. 4 while Fig. 5 contrast to this is the y-phase which ap- 
summarizes the change in lattice oxygen pears to possess a surface with substan- 
utilization for acrylonitrile as a function of tially less reactive sites than do the other 
catalyst reduction. The rates of lattice oxy- systems. 
gen participation during the course of the In summary, the rates of lattice oxygen 
five reducing pulses are given in Table 3. participation at 430°C among the catalysts 

TABLE 2 

Lattice Oxygen Utilization among Products at 430°C” 

Pulse CH,=CHC=N CH,CkN CO CO2 NZ Total [O] 
number Acrylonitrile lost/m2 x lo-l9 

Multicomponent 
system 

BiPMoa019 

Bi,Mo,O, 

Bi,MoOB 

Bi,FeMo90,2 
(disordered form) 

Bi,FeMoZO,p 
(ordered form) 

1 0.0339 
2 0.0491 
3 0.0574 
4 0.0609 
5 0.0637 

1 0.0842 
2 0.0538 
3 0.0559 
4 0.0750 
5 0.0726 

1 0.114 
2 0.0543 
3 0.05% 
4 0.0676 
5 0.0720 

1 0.0429 
2 0.0233 
3 0.0233 
4 0.0228 
5 0.0233 

1 0.0154 
2 0.0182 
3 0.0192 
4 0.0155 
5 0.0156 

1 0.0744 
2 0.0328 
3 0.0303 
4 0.0311 
5 0.0323 

0.0019 0.0151 
0.0030 0.0111 
0.0036 0.0039 
0.0039 0.0107 
0.0035 0.0113 

0.0071 - 

0.0066 - 

0.0075 - 

0.0082 - 
0.0072 - 

0.0068 - 

0.0049 - 
0.0059 - 

0.0063 - 

0.0067 - 

0.0043 - 

0.0025 - 
0.0024 - 

0.0021 - 

0.0023 - 

0.0025 
0.0037 
0.0040 
0.0035 
0.0033 

0.0158 
0.0080 
0.0071 
0.0069 
0.0069 

- 
- 
- 
- 
- 

0.0024 
- 
- 
- 
- 

0.162 0.0768 
0.125 0.0727 
0.0992 0.0742 
0.0787 0.0673 
0.0761 0.0856 

0.0205 0.0446 
0.0073 0.0270 
0.0075 0.0327 
0.0089 0.0126 
0.0084 - 

0.0196 0.0982 
- 0.0830 
- 0.0819 

0.0005 0.0767 
0.0044 0.0958 

0.0135 0.0393 
0.0004 0.0356 
-trace 0.0310 
-trace 0.0316 
0.0022 0.0337 

0.0915 0.0011 
0.0573 0.0013 
0.0440 o.ooo9 
0.0334 0.0017 
0.0241 0.0010 

0.0581 0.0020 
0.0240 0.0015 
0.0234 0.0011 
0.0233 0.0010 
0.0233 0.0010 

0.290 
0.261 
0.238 
0.237 
0.240 

0.156 
0.0947 
0.104 
0.105 
0.0880 

0.239 
0.141 
0.147 
0.151 
0.179 

0.100 
0.0618 
0.0559 
0.0565 
0.0615 

0.1101 
0.0808 
0.0683 
0.0543 
0.0442 

0.1528 
0.0663 
0.0619 
0.0623 
0.0635 

a Number of lattice oxygens lost/m*, x 10-‘s. 
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TABLE 3 TABLE 4 

Rates of Catalyst Reduction Activation Energies for Catalyst Reoxidation” 

Rate of lattice 
oxygen participation 

(pmoles [0] lost mm2 pulse-l) 

Catalyst initial 
([0] x 1019/m’) 

Multicomponent 
system 

4.11 

BiZMo30L2 
BiZMo209 
B&Moo, 
Bi3FeMo20,2 

(disordered form) 

1.78 
2.44 
1.07 
1.17 

Bi3FeMo2011 
(ordered form) 

1.26 

studied decrease in the following order: 

Multicomponent system > Bi,Mo,O, 
> Bi,Mo,O,, > Bi,FeMo,O,, Z B&Moo,. 

Reoxidation 

Bi,Mo,Otz 

Bt2M0209 

B&Moo, 

Bi3FeMo20L2 

Multicomponent 
catalyst 

0.2 1.3 
0.5 I .4 (430-46(K) 

24.5 (320-400°C) 
1.4 25.9 
0.1 8.1 
0.3 9.6 
0.8 26.6 
1.5 25.8 
0.2 1.2 
0.5 -0.7 (430-46(K) 

8.1 (320-380°C) 
1.3 7.9 
0.1 4.0 
0.4 6.6 
0.9 8.0 
1.4 8.2 
0.1 3.6 
0.5 5.2 (430-460=(Z) 

27. I (350-400°C) 
1.3 1.4 

Apparent first-order reoxidation rate 
constants were calculated from the change 
in the oxygen vacancy concentration of the 
catalyst using Eq. (1). Rate constants were 
measured over a temperature range of 320 
to 460°C and for varying initial degrees of 
catalyst reduction, and the respective Ar- 
rhenius plots are shown in Figs. 6a through 
e. The activation energies shown in Table 4 
were calculated using least-squares linear 
regression of the data. 

n Temperature range = 320 to 460°C. 

the higher energy process is predominant at 
lower temperatures (320 to 400°C). 

Clearly, the activation energies depend 
upon the initial degree of catalyst reduc- 
tion. In general at least two reoxidation 
processes were identified, one with a high 
rate constant and a low activation energy 
which usually occurs at low degrees of 
initial reduction, and a second process for 
deeper degrees of reduction which is char- 
acterized by a lower rate and a higher 
activation energy. These two processes are 
further identifiable by the break in the Ar- 
rhenius plots for the (Y- and y-bismuth mo- 
lybdates at intermediate degrees of initial 
reduction (Figs. 6a and c). In these cases, 
the low energy reoxidation process prevails 
at higher temperatures (430 to 460°C) while 

The reoxidation processes for the p- 
phase, Bi,FeMo,O,,, and the multicompo- 
nent system are more complex than those 
observed for the CY- and y-bismuth molyb- 
date. The observed complexities will be 
discussed in more detail in the following 
section. 

In all cases, the reoxidation rate de- 
creases with an increasing degree of initial 
catalyst reduction. From the plot (Fig. 7), 
the reoxidation rates for these catalysts at 
430°C decrease in the following order: 

B&Moo, > Bi,Mo,O, > Bi,Mo,O,, 
> Bi,FeMozOlz 2: multicomponent system 

The dependence of the reoxidation rate 
on gaseous oxygen concentration was de- 
termined by measuring the pseudo-first- 
order rate constant at various partial pres- 
sures of oxygen in the pulse (Fig. 8). The 
overall reoxidation rate is about one-half 
order in oxygen for all the catalysts studied. 

Activation 
energy 

(kcal/mole) 
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FIG. 6. Temperature dependence of the pseudo-first-order reoxidation rate constant at various 
degrees of initial catalyst reduction. Catalysts were reoxidized with a mixture of 20 mol% 0, in 
He. Temperatures in “Ii;: (a) BilMo30i2 reoxidized after initial reduction of (0) -0.2 x 
101e[O]/mz; (x) -0.5 x lO’Q[D]/m*; (A) -1.4 x IOn’[O]/mZ. (b) BiZMo208 reoxidized after initial 
reduction of (0) -0.1 x 101s[O]/m*; (x) -0.3 x 10’9[O]/m2; (A) -0.8 x 1019[0]/mZ; (0) -1.5 
x 1018[O]/mZ. (c) Bi,MoOB reoxidized after initial reduction of (0) -0.2 x 1019[0]/m2; (x) -0.5 
x 101s[O]/mg; (A) -1.3 x 1019[O]/m*. (d) Bi,FeMo 0 2 ix reoxidized after initial reduction of (0) 
-0.1 x 101s[O]/m*; (x) -0.4 x 10L8[0]/m2; (A) -0.9 x 1019[O]/m* and 1.4 x 10*s[O]/m2. (e) 
Multicomponent catalyst reoxidized after initial reduction of (0) -0.1 x 10’9[O]/mz; (x) -0.5 x 
10~*[O]/mZ; (A) -1.3 x 101”fO]/m2. 

DISCUSSION 
In addition, the oxygen dependence re- 
mains half order over a wide range of initial Catalyst Reduction during Propylene 

degrees of reduction as indicated by the Ammoxidation 

results for the y-phase in Fig. 8. The results reported here show that dis- 
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tinct changes occur in the catalytic proper- 
ties of different bismuth molybdate-based 
systems during the initial stages of catalyst 
reduction. The most interesting point is the 
manner in which catalyst behavior is 
strongly dictated by the structural and 

0.14 

1 

G 

” 
0.06- 

\ 
a 
a 
m 

r \ 

0.04- 

\ 

&, 

X-L * 
0.02s* 

t 

0.00 
4-33 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 

CATALYST REDUCTION ([Ol X 10-"K2) 

FIG. 7. Dependence of the pseudo-first-order 
reoxidation rate constant on the initial degree of 
catalyst reduction for: (0) Bi,MoOG; (x) Bi,Mo,Og; 
(A) Bi,Mo,O,,; (0) Bi,FeMo,OIZ; and (*) multicom- 
ponent catalyst. Catalyst reduction is in units of 
101s[O]/m2 and the reoxidiation rate constants are in 
units of pulse-’ m-2. 

chemical make-up of the individual sys- 
tems. Each catalyst will be discussed in 
turn to illustrate these points: 

y-Bismuth molybdute. For y-bismuth 
molybdate, maximum propylene conver- 
sion and acrylonitrile yield occur near its 
maximum oxidation state (Figs. 2 and 3). It 
appears, therefore, that the catalytically 
active site in this system must possess full 
or nearly full oxygen coordination to be 
active. Alternatively, it can be said that 
only a few lattice oxygens surrounding a 
site for propylene chemisorption are reac- 
tive enough to detach from the lattice. 
Depletion of these oxygens by the first 
pulse renders some sites inactive. The abil- 
ity of this catalyst to act as a selective 
(amm)oxidation catalyst is thus primarily 
dictated by its ability to regenerate these 
depleted sites during the reoxidation por- 
tion of the redox cycle. Since the active site 
concentration is relatively low, the reoxida- 
tion of the catalyst in the presence of gas- 
eous oxygen must be rapid enough so that 
chemisorbed propylene and ammonia mole- 
cules see an essentially oxidized catalyst 
surface. 

CY- and P-Bismuth molybdate. The unique 
response of the (Y- and p-phase to reduction 
during propylene ammoxidation reveals the 
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FIG. 8. Straight line fit for the observed dependence of the pseudo-first-order reoxidation rate 
constant on the partial pressure of oxygen in the reoxidizing pulse at 430°C. The data are for the 
following catalysts with the indicated initial degrees of catalyst reduction: (0) Bi,MoOB, Red. = 
0.2 x 101g[O]/mZ; slope = 0.51; (x) BiqMoOg, Red. = 1.3 x 10”‘[0]/m2; slope = 0.47; (A) 
B&MqOg, Red. = 1.5 x 10’B[O]/m2; slope = 0.60; (El) Bi,Mo,O,,, Red. = 1.4 x 10LOIO]/m*; 
slope = 0.50; (*) BhFeMo,O,,, Red. = 1.4 x 
catalyst, Red. = 1.3 x 101S[0]/m2; slope = 0.50. 

101s[O]/mZ; slope = 0.49; (0) multicomponent 

presence of two distinct regimes where 
these catalysts are capable of active and 
selective ammoxidation. 

The rapid drop in activity after the first 
pulse indicates the presence of a catalytic 
site similar to that observed for y-bismuth 
molybdate but with a higher unit surface 
area concentration (Table 2). This site loses 
activity as it becomes depleted of oxygens. 

Alter loss of about 0.355 x lOI9 lattice 
oxygens per mz, the catalytic activity rises 
to a point approaching that of the com- 
pletely oxidized system. The amount of 
lattice oxygens lost in these latter pulses is 
not much greater than that of the previous 
pulses (Table 2). However, both the propyl- 
ene conversion and acrylonitrile yields are 
observed to increase (Figs. 2 and 3). Exam- 
ination of the oxygen participation among 
the products shows that the additional oxy- 
gens become available as a result of a 
decline in the nonselective oxidation of 
ammonia to N, and of propylene to CO, 
(Table 2). This apparently results from an 
increase in the selectivity of the active 
sites. 

The X-ray diffraction patterns of these 
reduced systems revealed no bulk struc- 

tural change which would account for this 
observation. However, lack of surface sen- 
sitivity of these methods does not rule out 
the possibility of generating a different cata- 
lytic phase on the surface as a result of 
reduction. In any case, these new surface 
sites can be envisioned as having a lower 
oxygen coordination on the surface than 
those of the completely oxidized system. 
These coordinately unsaturated sites are 
then capable of more selective oxidation 
than are the sites with higher oxygen coor- 
dination. In other words, propylene reacts 
and the products are desorbed before com- 
plete, nonselective, oxidation can occur. 
This is a reasonable conclusion since coor- 
dinately unsaturated sites are expected to 
possess metal oxygen bond strengths which 
are greater than those of a site which pos- 
sesses its maximum oxygen coordination. 
Therefore, these more strongly bonded ox- 
ygens are expected to be more selective 
reactants for olefin oxidation than are those 
which are more loosely bound to the lattice. 
Multiple oxygen insertion into the chemi- 
sorbed propylene is thus less likely to oc- 
cur. These conclusions reinforce previous 
observations and hypotheses (2, 14) that 
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optimally bonded lattice oxygens (i.e., M- 
O of intermediate bond strengths) are the 
most selective ones. 

The nature of this coordinately unsatu- 
rated site can be envisioned as one involv- 
ing a restructuring of the molybdenum 
polyhedra (IS, 16) as shown in Fig. 9. This 
type of restructuring has been seen on the 
surface of MOO, and WOa (17). The re- 
structuring allows the solid to accommo- 
date a large number of anion vacancies 
while maintaining its structural integrity. In 
relation to catalytic activity, the fully oxi- 
dized catalyst is a very active oxidant. The 
initial loss of oxygen which generates iso- 
lated oxygen vacancies diminishes the ac- 
tivity of the catalyst. After the loss of a 
critical number of oxygens (-0.355 x 10ls 
[01/m* for the a-phase), the molybdenum 
polyhedra restructure to give complex 
shear domains in the reduced catalyst. This 
results in a catalyst which has become more 

selective due to a slightly higher metal- 
oxygen bond strength. 

Although this surface restructuring can 
occur as a result of the partial reduction of 
the catalyst surface, it is likely that this 
restructured state exists for all active and 
selective molybdenum catalysts under 
steady-state reaction conditions. Under 
such conditions, the restructuring can be 
essentially instantaneous and not readily 
observed by any changes in the catalytic 
activity and selectivity. 

BiSFeMozOlp-disordered and ordered 
scheelite phases. The incorporation of iron 
into the scheelite structure of a-bismuth 
molybdate has been shown to result in a 
single phase system of composition 
Bi3FeMo2012 (18). The phase is formed 
from the Bi2M030,2 structure by isomor- 
phous replacement of MO by an Fe atom in 
the B (tetrahedral) site on the ABO, 
scheelite with the additional bismuth taking 
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FIG. 9. Shear formation in molybdenum polyhedra for (a) molybdenum octahedra and for (b) 
molybdenum tetrahedra. 



360 BRAZDIL, SURESH, AND GRASSELLI 

up the single cation vacancy. The system 
was found to exist in two forms: a high- 
temperature ordered form and a low-tem- 
perature disordered form (18). 

Comparison of the unit surface activity of 
these two forms (Table 2) shows that both 
have similar activity. The selectivity of the 
ordered form is, however, somewhat higher 
than the disordered one. This may be due to 
the presence of lower coordinated iron in 
the ordered form (18). The resultant higher 
metal oxygen bond strength would thus 
favor selective (amm)oxidation over nonse- 
lective (amm)oxidation. 

The decline in activity with degree of 
reduction for the Bi3FeMo20r2 phase (Figs. 
2 and 3) indicates that its surface catalytic 
activity is quite similar to that of y-bismuth 
molybdate. In other words, rapid regenera- 
tion of the depleted surface oxygens during 
the reoxidation cycle is necessary to main- 
tain its highest activity. The unusual simi- 
larity of these two catalysts will be further 
discussed in the context of their reoxidation 
abilities. 

M,2+Mb3+BizMo,0, multicomponent sys- 
tem. The unit surface area activity of the 
multicomponent system was substantially 
higher than any of the other systems inves: 
tigated (Table 3). Propylene conversion re- 
mained fairly constant throughout the five 
reducing pulses (Fig. 2). In sharp contrast 
to the results obtained for the other cata- 
lysts, the multicomponent system reached 
its maximum selectivity to AN only after 
the loss of about 1 x lOIs oxygens per unit 
surface area (Fig. 3). Although the total 
amount of reactive oxygens decreases 
slightly during the reduction (from -0.29 x 
101a[0]/m2 to -0.24 x 101s[O]/m2 lost), the 
yield of acrylonitrile increased. The addi- 
tional lattice oxygens for the selective am- 
moxidation resulted from the decrease in 
the nonselective oxidation of propylene to 
CO, and CO (Table 2). 

It appears from these results that it is 
primarily the nature of’ the active surface 
site which changes in this catalyst reduc- 
tion. The continuous increase in selectivity 

indticates that it is not the destruction of one 
type of surface site followed by the appear- 
ance of a new more selective one which is 
occurring. Rather, it is the transformation 
of an initially nonselective site to a more 
selective one which takes place. The most 
selective sites on the surface of this catalyst 
are, therefore, those which possess a cer- 
tain degree of anion vacancy and coordi- 
nate unsaturation of the metal ions. This 
result is consistent with the theory of site 
isolation previously proposed (14) where 
the degree of oxygen coordination around a 
given metal atom site dictates whether the 
site will be selective or nonselective. In the 
case of the multicomponent system, high 
oxygen coordination causes multiple inser- 
tion of lattice oxygens into the chemisorbed 
propylene resulting in nonselective oxida- 
tion of CO,: The coordinately unsaturated 
site permits desorption of acrylonitrile be- 
fore complete oxidation can occur. 

This more selective site can be viewed as 
resulting from the restructuring of the mo- 
lybdenum polyhedra into shear planes as 
was discussed earlier for the (Y- and /3- 
phases. 

In the multicomponent system, complete 
reoxidation of the active site is not neces- 
sary to maintain high activity and selectiv- 
ity. A balance must therefore be kept be- 
tween the oxidation state of the surface and 
the rate of reoxidation in order to maintain 
this maximum selectivity under steady- 
state conditions. 

Catalyst Reoxidation 
Mechanism. The overall rate expression 

for catalyst reoxidation is given by Eq. (2) 
where n is equal to l/2. This rate expres- 
sion can be explained by the following 
general mechanism: 

M + O2 G M-O2 (3) 
M-O, + M e M-O + M-O (4) 
M-O + V + 0 (lattice) + M (5) 

M represents surface sites where gaseous 
oxygen is chemisorbed and dissociated, 
and V represents anion vacancies either on 
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the surface or in the bulk, where the newly 
incorporated oxygen finally resides in the 
lattice. Step 1 represents the reversible 
adsorption of dioxygen followed by Step 2, 
the oxygen dissociation. Because of the 
half order dependence in oxygen, both 
steps must occur prior to the rate-determin- 
ing Step 3. The rate-limiting step involves 
the incorporation of oxygen into an anion 
vacancy. If the anion vacancy is located in 
the bulk of the catalyst, the rate of Step 3 
may be further limited by the oxygen diffu- 
sion properties of the solid. 

Physically, the initial steps of adsorption 
and dissociation of dioxygen can be viewed 
as taking place on coordinately unsaturated 
metal cations on the surface. These cations 
serve as the reoxidation centers for the 
catalyst and must, according to the general 
redox mechanism, be physically removed 
from the centers which activate the hydro- 
carbon. A more precise picture of the ad- 
sorption and dissociation during catalyst 
reoxidation is provided in the following two 
mechanistic schemes: 

o,“;o/o\ u /O _ 
o/m\o/m\o - 

o<v/“\ M /O 
o/“\o/m\o 

I 
“\E/“\E/” 
,/ lo/ 10 

SCHEME 1 

“\E/“\E/” 
o/ lo/ 1, 

SCHEME 2 

In Scheme 1, dioxygen is adsorbed onto a 
single coordinately unsaturated metal cat- 
ion on the surface of the reduced catalyst 
forming a peroxo surface species. An end- 
on interaction between the dioxygen and 
the metal which produces a “charged” 
oxygen radical is also a possibility. This, 
however, is less likely to be an intermediate 
for reoxidation for two reasons: (i) The O- 
0 distance in the peroxo species is typically 
1.40 to 1.5 A whereas for the oxygen radi- 
cal, it is usually 1.30 to 1.35 A in transition 
metal complexes (19). The peroxo complex 
is thus more likely to lead to the dissociated 
oxygen species required to occupy the an- 
ion vacancies in the reduced catalyst. (ii) 
Numerous studies have failed to show the 
existence of oxygen radicals on the surface 
of any bismuth molybdate catalyst even 
though they are readily observed on other 
transition metal oxides (3). This fact sug- 
gests the existence of a covalent peroxo 
species rather than an ionic intermediate. 

After coordination, the dioxygen is disso- 
ciated on a second surface cation which 
may or may not be the same type as the 
first. These oxygens then diffuse to existing 
anion vacancies on the surface or in the 
bulk. This process then regenerates the 
reoxidation center on the catalyst surface. 

A second possible mechanism, for reox- 
idation is shown in Scheme 2. In this case, 
dioxygen coordinates symmetrically to two 
close-lying coordinately unsaturated sur- 
face cations forming a covalent oxygen 
bridge between the two centers. Just as in 
the case of the peroxo intermediate, disso- 
ciation of the bridging oxygen is expected 
to be an easy process at high temperatures. 
The dissociated oxygen can then readily 
diffuse to the anion vacancies in the lattice. 

Whether or not a peroxo or a bridging 
species is the most likely intermediate in 
the reoxidation of a bismuth molybdate 
catalyst depends upon both topographical 
and electronic factors. Obviously, the for- 
mation of the bridged species requires that 
two metal centers with the correct oxida- 
tion potential be in close enough proximity 
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on the surface. This is a stringent require- 
ment which may not always be possible on 
all catalysts. In addition, the ease with 
which the cations can transfer electrons to 
the oxygen molecule in one of these com- 
plexes is also of paramount importance. 
Because the reduction of an O2 molecule 
requires the transfer of four electrons, the 
symmetrical bridged intermediate is in 
some ways more appealing. In this case, 
each metal center can simultaneously per- 
form two one-electron transfers to the oxy- 
gen molecule. The insertion of another 
metal center into an existing dioxygen in- 
termediate is not required as it is in Scheme 
1. Nevertheless for any given catalyst 
which operates by a redox process, reox- 
idation may in fact occur by both mecha- 
nisms simultaneously. The relative contri- 
bution from each mechanism will be 
dictated by the structure and chemical com- 
position of the catalyst surface and bulk. 

The exact chemical make-up of the reox- 
idation site on a bismuth molybdate cata- 
lyst has not yet been clearly demonstrated. 
However, for the reoxidation mechanisms 
proposed here, it seems likely that at least 
one of the metal centers may be a reduced 
molybdenum cation. Molybdenum is 
known to form various multivalent coordi- 
nate compounds containing oxygen 
(19, 20). Since molybdenum is also stable 
in its lower valence states, it seems likely 
that such centers can serve as the sites for 
the initial reduction of dioxygen. Reoxida- 
tion rate studies on simple bismuth and 
molybdenum oxides which help clarify this 
point will be reported in a forthcoming 
paper. 

Reoxidation of (Y- and y-bismuth molyb- 
dates. Two reoxidation processes were ob- 
served for the CY- and y-bismuth molybdate 
phases which are a function of the initial 
degree of catalyst reduction. At low de- 
grees of reduction (lattice oxygen removal 
of about 0.2 x 101g[O]/m2), the reoxidation 
of these catalysts proceeds with an activa- 
tion energy of about 1.2 and 1.3 kcal/mole. 
Reoxidation in this case is confined primar- 

ily to the surface region of the catalyst. The 
activation energy is low for this process 
since only surface diffusion of oxygen is 
required to fill oxygen vacancies in the 
catalyst. These results also indicate that the 
chemisorption and dissociation of dioxygen 
on a reduced bismuth molybdate surface 
occurs quite readily. The relatively high 
reoxidation rate at this level of initial reduc- 
tion indicates that regeneration of the reox- 
idation site is rapid. The similarity in the 
activation energies for these two catalysts, 
under conditions where the reoxidation is 
surface limited, suggests that their reoxida- 
tion sites are quite similar. 

When the initial reduction of the catalyst 
was extended to about 1.4 x 10’9[0]/m2, 
the activation energy for the reoxidation 
increased. For the a-phase, the activation 
energy increased to about 26 kcal/mole 
whereas for the y-phase the increase was 
only to about 8 kcal/mole. This observed 
difference in activation energies results un- 
der deeper reduction conditions, because 
now reoxidation of the catalyst involves 
subsurface vacancies and not just the sur- 
face. The reoxidation rate is therefore lim- 
ited by the intrinsic ability of the catalysts 
to transport the newly incorporated surface 
oxygens away from the reoxidation sites 
and to the vacancies in the bulk structure. 

This lattice diffusion is apparently a 
much easier process in the y-phase than it is 
in the a-phase. The reason for this can be 
surmised from the structural features of the 
y-phase (21, 22). This phase has been 
shown to contain alternating layers of O*- 
oxygen anions which separate neighboring 
Bi202 and MOO, layers. These layers of 
oxygen anions can serve as facile routes for 
oxygen diffusion within the bulk structure. 
The a-phase contains no such structural 
pathways and is in fact a more closed 
packed structure than is the y-phase (23). 
Since, as mentioned above, the energy for 
chemisorption and dissociation of dioxygen 
is apparently similar for both phases, the 
observed differences in activation energies 
are a result of the relative abilities of these 
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catalysts to transport oxygen anions from 
the reoxidation site to bulk anion vacan- 
cies. The y-phase is thus better suited 
structurally for this diffusion process. 

Another important point of comparison 
are the relative ratios of the reduction rates 
and the reoxidation rates of these catalysts 
(Table 5). The results suggest that the cy- 
phase has either a higher concentration of 
active sites on the surface than does the y- 
phase or that the concentration of sites is 
similar but site reconstitution is faster for 
the or-phase. It is not possible at present to 
distinguish between these two possibilities 
clearly. However, in the case of reoxida- 
tion it appears that the reoxidation sites for 
the y-phase are more efficient than they are 
for the a-phase. Rapid diffusion of oxygen 
anions away from the reoxidation sites 
results in a faster regeneration of reoxida- 
tion sites on the surface of y-bismuth mo- 
lybdate. 

At intermediate degrees of reduction (lat- 
tice oxygen removal of about 0.5 x 
10’s[O]/mZ), both processes can be ob- 
served depending upon the reoxidation 
temperature (Figs. 6a and c). At low tem- 
peratures, below about 41O”C, the reoxida- 
tion rate is diffusion limited in both the (Y- 
and y-phases. The calculated activation en- 
ergies in this regime are very characteristic 
of the previously observed diffusion limited 
reoxidation processes for these catalysts: 
about 25 kcal/mole for the a-phase and 
about 8 kcal/mole for the y-phase. When 
these catalysts are reoxidized at higher 
temperatures, i.e., between 430 and 46O”C, 

TABLE 5 

ReductionlReoxidation Rate Ratios at 430°C 

Catalyst 

Multicomponent 
catalyst 

BilFeMo,012 
Bi2M03012 
Bi2M0209 
B&Moos 

kilo, ([OI pulse-’ m-7 

587.1 

106.4 
40.7 
57.8 
10.7 

the rate is no longer diffusion limited. In- 
stead, the observed activation energies are 
similar to those observed for the reoxida- 
tion of surface oxygen vacancies on these 
catalysts. 

At this intermediate level of reduction, 
oxygen vacancies are apparently generated 
both on the surface and in the bulk of the 
catalysts. At low temperatures surface oxy- 
gen anions must overcome the diffusional 
barrier in the solid in order to occupy these 
subsurface vacancies. At the higher tem- 
peratures, the mobility of these vacancies 
increases. As a result, they may tend to 
concentrate on the catalyst surface. Reox- 
idation then is no longer diffusion limited 
but instead proceeds by the low energy 
path involving only the surface region of 
the catalyst. 

Reoxidation of P-bismuth molybdate. 
The Arrhenius plot for the reoxidation of 
the P-phase (Fig. 6b) shows no evidence of 
a low energy surface reoxidation process 
like that observed for the CY- and @-phases. 
Instead the observed activation energies 
are very characteristic of the diffusion lim- 
ited reoxidation of either (Y- or y-bismuth 
molybdate. When the initial reduction was 
about 0.3 x 101s[0]/m2, the activation en- 
ergy for reoxidation was about 8 to 9 
kcal/mole for this catalyst. This level of 
reduction in the CX- and y-phases resulted in 
an oxygen loss from only the surface region 
of the catalyst. If a similar situation existed 
for the P-phase, a much lower activation 
energy would be expected for a single 
phase system. The observed activation en- 
ergy instead indicates that the catalyst sur- 
face consists primarily of a reduced y-phase 
under these conditions. 

When the initial degree of reduction was 
increased into the range 0.8 x 10’s[0]/m2 to 
1.5 x 101s[O]/mz, the observed activation 
energy for reoxidation increased markedly 
to a value of about 26 kcal/mole. This 
activation energy is the same as that 
observed previously for the reoxidation of 
the a-phase. This strongly suggests that 
at this level of reduction, the oxygen re- 
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moval from the catalyst extends beyond 
the surface layer to ,a subsurface region 
which consists, at least in part, of a-bis- 
muth molybdate. 

The existence of both (Y- and -y-bismuth 
molybdate on the catalyst can be visualized 
as arising from the disproportionation of 
the P-phase during reduction as follows: 

BizMozOs (surf.) e Bi,MoO,-z (surf.) 
+ MOO,-, + (X + y) [O] 

Bi,Mo,O, (bulk) + MoO~-~ + 
Bi,Mo,Olz-u (bulk) 

B&Moo,-, (surf.) + 5 O2 - Reoxidation 

B&Moo, (surf.) 

Bi2M03012--ll (bulk) + $0, - Reoxidation 

Bi,Mo,O,, (bulk) 

It is possible that the free molybdenum 
oxide on the surface will not migrate into 
the bulk of the catalyst but will instead 
sublime off’ the surface. Then, the 26 
kcal/mole activation energy observed for 
the reoxidation is the result of a diffusion 
limited process for the p-bismuth molyb- 
date phase and not for the o-phase. How- 
ever, there is little reason to expect that 
both bismuth molybdate phases would have 
identical activation energies since the diITu- 
sion-limited reoxidation process is sensitive 
to the bulk structure of the catalyst. There- 
fore, the mechanism proposed above ap- 
pears to be a reasonable one. 

The disproportionation mechanism given 
above is supported by the change in initial 
activity during the pulse reduction. As 
mentioned before, the P-phase was the only 
catalyst which experienced a step decline in 
its initial activity after the first reduction- 
reoxidation cycle. This is consistent with 
the proposed existence of a surface layer of 
the -y-phase since this phase was observed 
to have the lowest rate of lattice oxygen 
participation. 

The stability of the P-bismuth molybdate 

phase has been suspect in earlier studies 
(24). A recent examination by transmission 
electron microscopy (25) concluded that 
this catalyst thermally decomposes into the 
y-phase and MoOz in both a vacuum and in 
an oxygen atmosphere. From our investiga- 
tion, it appears that significant dispropor- 
tionation occurs only after the catalyst is 
contacted with the reactant gas mixture. 
Simple thermal decomposition would be 
expected to result in a lower initial activity 
than was observed during the pulse reduc- 
tion with propylene and ammonia. Instead, 
the step change in catalyst activity oc- 
curred only after the completion of a reduc- 
tion-reoxidation cycle. These results sug- 
gest that this catalyst will readily dispro- 
portionate on the surface under reaction 
conditions. This makes any “steady 
state” kinetic information about the p- 
phase suspect. 

Reoxidation of Bi3FeMo,012. The incor- 
poration of iron into the scheelite structure 
of a-bismuth molybdate can be seen to 
dramatically change its reoxidation proper- 
ties. First of all, the activation energy for 
reoxidation after high levels of initial reduc- 
tion (i.e., at 0.9 x 101g[0]/m2 and 1.4 x 
101g[0]/m2) is reduced by about a factor of 
three compared to o-bismuth molybdate 
(Table 4). This level of reduction is ex- 
pected to result in oxygen removal beyond 
the surface layers of the catalyst as was 
observed for both CY- and y-bismuth molyb- 
date. Reoxidation under these conditions 
must therefore be in a diffusion-limited re- 
gime since oxygen has to be transported 
from the surface to the anion vacancies in 
the bulk. The incorporation of iron into the 
scheelite structure aids this transport of 
oxygen in the catalyst. The role of iron can 
be viewed as enhancing the electron trans- 
port in the catalyst by the presence of 
interlinking Fe2+/Fe3+ redox couples in the 
partially reduced catalyst. The surface 
reoxidation sites can be rapidly regenerated 
by this process since electron transfer to 
these sites is facilitated by the iron. In fact, 
iron may also be an important constituent of 
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the reoxidation site for this catalyst. Fer- 
rous cations at the surface can readily pick 
up gaseous oxygen and transfer it to un- 
derlying cations in the bulk with the sub- 
sequent regeneration of the reoxidation 
site. The facile interchange between Fez+ 
and Fe3+ results in a low energy path for 
reoxidation of the catalyst bulk and in the 
rapid reconstitution of the reoxidation 
site. 

Although the activation energy for reox- 
idation of Bi3FeMozOlz is less than that for 
a-bismuth molybdate, the absolute rate of 
reoxidation is not higher. The reason for 
this is that the major role of iron in the 
structure is to enhance the activity of the 
active sites. This is apparent (Table 5) by 
comparing the ratio of the unit surface area 
reduction rate to the reoxidation rate for 
Bi,FeMozOlz which is nearly three times 
that of o-bismuth molybdate. Although the 
unit surface area concentration of reoxi- 
dation sites is significantly less for 
Bi3FeMo20L2, the presence of iron en- 
hances the efficiency of these sites. 

For very low levels of initial reduction 
(oxygen loss of 0.15 x 101s[O]/mZ), the 
observed activation energy of 4 kcal/mole 
for the reoxidation Bi3FeMozOlz is greater 
than that for the reoxidation of surface 
vacancies (Table 4). Although lower than 
the 7 to 8 kcal/mole observed for deeper 
degrees of initial reduction, it still must 
correspond to a process involving the reox- 
idation of at least some bulk oxygen vacan- 
cies in the catalyst. It appears, therefore, 
that after reduction the surface of the 
Bi3FeMo101z catalyst is rapidly reoxidized 
by lattice oxygens in the bulk. Iron helps to 
maintain the catalysts surface in a relatively 
high oxidation state. During reoxidation 
then, gaseous oxygen which is chemisorbed 
and dissociated at the surface, must be 
incorporated into these anion vacancies in 
the bulk even when the initial level of 
catalyst reduction is very low. 

Reoxidation of multicomponent system 
( M,“Mb3’Si,A40,0,). The Arrhenius plot 
shown in Fig. 6e reveals that the reoxida- 

tion processes of the multicomponent cata- 
lyst are quite complex. 

At low levels of initial reduction, corre- 
sponding to an oxygen loss of about 0.1 x 
101s[0]/m2, the catalyst behaves much like 
the Bi3FeMo2012 system. The surface of the 
catalyst appears to be rapidly reoxidized by 
lattice oxygen from the bulk after contact 
with propylene and ammonia. The reoxida- 
tion of the catalyst by gaseous oxygen 
proceeds by a mechanism which transports 
oxygen from the reoxidation site to vacan- 
cies in the bulk. The activation energy for 
the process is quite low at 3.6 kcal/mole 
and is similar to that observed for 
Bi3FeMo2012 under the same conditions. 

At an initial reduction of about 0.5 x 
101s[0]/m2, two reoxidation processes are 
apparent which are a function of the tem- 
perature of reoxidation. At temperatures 
between about 420 and 460°C the activa- 
tion energy is only about 5 kcal/mole. For 
reoxidation temperatures between 320 and 
400°C the activation energy increases 
markedly to 27 kcal/mole. This high activa- 
tion energy is indicative of a diffusion- 
limited reoxidation process wherein oxygen 
anions moving from the surface to the bulk 
must overcome a large energy barrier. This 
energy barrier probably has its origin in the 
structural nature of the catalyst as was 
observed for a-bismuth molybdate. 

When the multicomponent catalyst is re- 
duced deeper to a level of 1.3 x 101s[0]/m2, 
the activation energy for the reoxidation of 
the catalyst was found to be only 1.4 
kcal/mole. This low activation energy must 
result from the creation of a new pathways 
for the reoxidation of the catalyst bulk due 
to the depletion of oxygen from the lattice. 
As discussed previously, reduction of the 
multicomponent system can produce shear 
domains in the structure. Oxygen anions 
are expected to be able to diffuse quite 
readily along these sheer dislocations. They 
can therefore serve as low-energy path- 
ways for the transport of oxygen from a 
surface reoxidation site to an oxygen va- 
cancy in the catalyst bulk. 
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CONCLUSIONS 

Our pulse microreactor study of the re- 
dox properties of various bismuth molyb- 
date-based ammoxidation catalysts reveals 
that the effectiveness of the redox process 
is strongly dependent upon the structure 
and composition of the catalyst. The multi- 
component catalyst is the most active for 
propylene ammoxidation in the absence of 
gaseous oxygen. The high activity results 
from a large concentration of propylene 
chemisorbing sites which are rapidly recon- 
structed by lattice oxygen from the bulk. 

The ability of a catalyst to reconstruct 
effectively after partial reduction is an im- 
portant contributor to selectivity. Restruc- 
turing can result in the formation of com- 
plex shear domains due to the collapse of 
molybdenum polyhedra from corner to 
edge sharing after the creation of a critical 
number of oxygen vacancies. Shearing 
produces surface sites with an optimum 
metal oxygen bond strength which makes 
multiple oxygen insertion into the chemi- 
sorbed propylene less likely. Shearing can 
also aid in the reconstitution of active 
sites by enhancing the mobility of oxygen 
anions from the bulk to surface sites. 
Catalyst structures with relatively high 
molybdenum contents (notably the multi- 
component catalyst, (Y- and P-bismuth 
molybdate) are uniquely able to recon- 
struct after partial reduction. The y-bis- 
muth molybdate and Bi,FeMozOlz struc- 
tures are not able to restructure and thus 
possess maximum lattice oxygen activity 
only at their highest oxidation state. 

The observed kinetics for catalyst reox- 
idation can be explained by a general mech- 
anism involving the reversible adsorption 
of dioxygen followed by dissociation on the 
surface. The rate-limiting step is the incor- 
poration of the dissociated oxygen into 
vacancies on the surface or in the bulk. It is 
proposed that the initial stage of reoxida- 
tion proceeds via either a peroxo or an 
oxygen bridged-type surface intermediate 
(Schemes 1 and 2). 

In general two regimes for catalyst reox- 
idation are observed. The reoxidation of 
vacancies at the surface is relatively fast 
and proceeds with an activation energy 
barrier of only 1 to 2 kcal/mole. The reox- 
idation of vacancies in the bulk is a higher 
energy process and is limited by the ability 
of the catalyst to transport oxygen from the 
surface to the bulk. Layering in the y- 
bismuth molybdate structure results in low 
energy pathways for the diffusion of oxygen 
anions and oxygen vacancies. In more 
close-packed structures like (Y- and P-bis- 
muth molybdate the oxygen mobility is low 
and the overall reoxidation rate is slower. 
The presence of a redox couple in the 
catalyst however can promote electron and 
oxygen transfer. Iron in the BiBFeMo,Olz 
scheelite structure promotes the rapid ex- 
change of oxygen between the reoxidation 
sites and the bulk by means of interlinking 
Fe3+/Fe2+ redox couples in the partially 
reduced catalyst. The oxygen mobility in 
the multicomponent system is enhanced by 
the presence of shear structures in the 
lattice. The multicomponent catalyst is 
unique in that particularly facile pathways 
of oxygen transfer, site reconstruction, and 
electron exchange are available to it. 
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