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The formation of solid solutions in rare earth and bismuth-containing molybdate catalysts plays a 
key role in the selective ammoxidation of propylene to acrylonitrile. Solid state structural studies of 
the Bi2&e,(Mo04)r system reveal that bismuth dissolves readily in the Cer(MoO& lattice which 
crystallizes in the low-temperature Lar(MoO& structure, yielding a single-phase material when x 2 
1. The solubility of cerium in the Bir(MoO& structure is less extensive, with maximum solubility 
occurring at x = 0.2. Structural substitution of bismuth or cerium by rare earth cations such as La, 
Pr, Nd, and Y results in lattice parameter changes which indicate that bismuth and cerium cations 
randomly occupy equivalent positions in Bi-Ce-molybdate solid solutions. Catalytic activity max- 
ima correlate well with phase compositions and occur in the two single phase regions, where there 
is maximum solubility of bismuth in the cerium molybdate phase and maximum solubility of cerium 
in the bismuth molybdate phase. A third catalytic maximum is observed in the binary phase region 
of the two saturated solid solutions and coincides with equal solubihty of Ce in the Bi-molybdate 
phase and Bi in the Ce-molybdate phase. At these three optimum catalyst compositions, maximum 
interactions exist between the three key catalytic components: Bi (a-H-abstracting element), Ce 
(oxygen and electron transfer element), and MO (olefin chemisorption and nitrogen insertion ele- 
ment). 

INTRODUCTION 

Interest in solid state structural aspects 
of trivalent metal molybdates, especially 
the rare earth molybdates, stems from their 
unique electrical, optical, elastic, magnetic, 
as well as catalytic properties (I). Bismuth 
molybdate is unique among the trivalent 
molybdates in its ability to catalyze the oxi- 
dation, ammoxidation, and oxidative dehy- 
drogenation of olefins to the corresponding 
unsaturated aldehydes, nitriles, and diole- 
fins with extremely high selectivities (2, 3). 
In addition, cerium-containing bismuth mo- 
lybdates are reported to be active catalysts 
for the selective ammoxidation of propyl- 
ene to acrylonitrile (4, 5). We have under- 
taken a detailed examination of the mixed 
bismuth-cerium molybdate system as a 
model of an effective multicomponent oxi- 
dation catalyst. 

From X-ray diffraction studies, both (Y- 
bismuth molybdate [B&(MoO&] (6) and ce- 
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rium molybdate [Ce2(Mo0&] (7) have been 
shown to crystallize with structures which 
can be derived from the scheelite (CaWO& 
structure. In the ABO,-type scheelite, the 
A cation is usually divalent and is eight co- 
ordinated by oxygen while the B cation is 
hexavalent and present as descrete B04 tet- 
rahedra in the structure. When molybdates 
or tungstates of trivalent metal cations 
crystallize with a scheelite structure, three 
of the A cations are replaced by two triva- 
lent cations producing a cation vacancy in 
the structure. Taking a-bismuth molybdate 
as an example, these trivalent molybdates 
and tungstates are more accurately written 
as Bi&&Mo04, where 0 represents a va- 
cant cation site. 

Rare earth molybdates and tungstates 
have been shown to crystallize in various 
modifications of this scheelite-derived 
structure (7, 8). The difference between the 
structural modifications are a result of the 
possible ways in which the cations and va- 
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cancies can be arranged in the lattice. As 
Jeitschko points out (9), the differences be- 
tween these structures result from the way 
in which the cation vacancies are ordered, 
and from the relative degree of distortion of 
the lattice from the ideal scheelite struc- 
ture. In Biz(MoO&, the vacancy ordering is 
such that some of the oxygen atoms are 
bonded only to one molybdenum cation at a 
distance of 1.68 A which corresponds to a 
Mo=O double bond. This vacancy arrange- 
ment does not occur in either the 
Euz(WO& or Laz(MoO& structures. It has 
been suggested that Mo=O double bonds 
are one of the prerequisites for selective 
catalytic oxidation (IO). 

The Lq(MoO& structure is character- 
ized by the presence of three intercon- 
nected cation vacancies along the z coordi- 
nate which does not exist either in the 
B&(MoO& or Eu2(WO& structures. In ad- 
dition, the Laz(MoO& structure deviates 
slightly from the ideal scheelite arrange- 
ment. In contrast to this, both Eu2(WO.& 
and Biz(MoO& contain considerable distor- 
tions in the arrangement of the B04 tetrahe- 
dra. Lanthanum molybdate is further dis- 
tinguished by its large monoclinic unit cell. 
The cell volume for La2(Mo0& is 3103 A3 
while BiZ(MoO& and Eu~(WO& have cell 
volumes of 962 and 944 A3, respectively. 

In this study we have examined the solid 
state structural aspects of various rare 
earth-containing bismuth molybdate cata- 
lysts. In particular, a comparison of the cat- 
alytic behavior with the phase composition 
of the bismuth-cerium molybdate system 
has yielded important insights into the solid 
state mechanism of selective olefin oxida- 
tion and ammoxidation by bismuth molyb- 
date-containing catalysts. 

EXPERIMENTAL 

The catalysts were prepared by copre- 
cipitation using aqueous solutions of 
WJ&kM0& - 4&O, PJ&hWNW~, 
and Bi(NO& * 5H20. Other elements were 
added as their nitrate salts prior to copre- 
cipitation. All the catalysts were supported 

on 20 wt% SiO2 using an ammonium-stabi- 
lized silica sol. The slurry pH was adjusted 
to 3.0 by the addition of NH40H. The 
slurry was then evaporated to dryness with 
continual stirring. The catalysts were 
calcined at 290 and 425°C for 3 hr at each 
temperature. Most of the catalysts received 
a final calcination at 550°C for 16 hr. Select 
samples were calcined at 600 and 650°C in 
order to obtain a partial phase diagram for 
the system. 

X-Ray powder patterns were obtained at 
25°C using a Philips 50 kV universal vac- 
uum spectrometer or Rigaku D/MAX-IIA 
X-ray diffractometer and CL&, radiation. 
Corundum (a-A&03) was used as an inter- 
nal standard. Cell dimensions were ob- 
tained by least-squares treatment of the 
data. 

Raman spectra were obtained with a 
Spex Ramalog 4 with a Spectra Physics 2 W 
argon ion laser. 

Propylene ammoxidation experiments 
were conducted using a single pass, plug 
flow, tubular (3/8” diameter) stainless-steel 
microreactor. The reactor was operated un- 
der atmospheric pressure at 420°C using a 
gaseous feed mixture consisting of a 
1 : 1.2: 10.5 : 4 molar mixture of propylene, 
ammonia, air, and water, respectively. 

Pulse experiments were conducted using 
a pulse microreactor with an on-line Varian 
3700 gc equipped with thermal conductivity 
and flame ionization detectors and a Hou- 
dry Micropak column system consisting of 
36’ X l/16” molecular sieve 5A and 20” x l! 
16” Porapak Q. Helium was used as the car- 
rier gas with a flow rate of 30 cm3/min over 
1.0 cm3 of catalyst. The pulse size was 
maintained at 37.35 kmole of a gaseous 
feed consisting of a 1 : 1.2 : 10 mixture of 
propylene, ammonia, and helium respec- 
tively . 

RESULTS 

Phase Composition of the Bi2-xCe(Mo04)3 
System 

Phase compositions of Bi2-xCex(Mo04)3 
catalysts supported on silica and calcined 
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FIG. 1. 

0.25 0.50 0.75 1.00 1.25 1.50 1.75 

X 

Phase composition in the Bi2&e,(Mo04), system after calcination at 550°C for 16 hr. 

TABLE 1 

Observed and Calculated d-Values for Bi1.8Ce0.Z(Mo04)3 and Bi&e1.5(Mo04)j 

h k I d cak. d ObE. I obr. h k I d talc. d ohs I ohs. 

0 1 1 7.893 7.908 wm 
1 0 0 6.973 7.001 m 

-1 1 1 6.286 6.282 wm 
1 1 0 5.969 5.966 W 

0 0 2 5.407 5.420 W 

0 2 1 5.093 5.109 m 
-1 2 1 4.574 4.584 W 

1 2 0 4.447 4.458 W 

-1 1 3 3.751 3.750 W 

0 3 1 3.626 3.637 wm 
1 0 2 3.594 3.600 wm 
1 1 2 3.432 3.430 W 

2 1 0 3.338 3.347 wm 
-1 2 3 3.269 3.269 m 
-2 2 1 3.191 3.194 vs 

0 2 3 3.058 3.064 vs 
0 4 0 2.887 2.890 S 

-2 0 4 2.789 2.793 m 
-3 1 2 2.508 2.508 W 

2 0 2 2.487 2.487 wm 
-1 1 5 2.323 2.320 W 

0 5 2 2.124 2.121 W 

-2 4 4 2.006 2.005 m 
2 5 0 1.9253 1.9240 W 

4 0 -2 1.9147 1.9144 m 
2 4 2 1.8840 1.8826 m 

-4 1 4 1.8494 1.8484 W 

2 3 3 1.8423 1.8400 W 

0 0 6 1.8024 1.8038 wm 
-3 5 2 1.7177 1.7184 wm 

0 6 3 1.6977 1.6977 m 
-2 2 7 1.6376 1.6375 W 

-1 1 1 8.845 8.927 W 

0 0 2 7.582 7.555 W 

-2 0 2 6.658 6.637 W 

0 2 1 5.111 5.528 wm 
-1 1 3 4.861 4.874 wm 

3 1 1 4.277 4.260 W 

-4 0 2 4.114 4.109 W 

-1 1 4 3.776 3.771 W 

-3 1 4 3.525 3.526 W 

-4 2 3 3.180 3.183 vs 
-2 2 3 3.175 3.183 VS 

0 4 0 2.958 2.958 S 

-1 3 4 2.803 2.806 W 

6 0 0 2.662 2.663 S 

-2 4 3 2.326 2.328 W 

6 4 0 1.9785 1.9785 S 

-8 0 6 1.8856 1.8862 m 
-4 0 6 1.8816 1.8802 m 
-4 6 3 1.7474 1.7454 m 
-10 2 3 1.6203 1.6203 m 

0 2 9 1.6203 1.6191 m 
0 4 8 1.5959 1.5950 m 
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at 550°C were determined from X-ray pow- 
der patterns (Fig. 1). All observed diffrac- 
tion lines were unambiguously assigned to 
either Bi2(MoO& (II) or the low-tempera- 
ture Laz(MoO& (9) structure. At x I 0.2, 
the solid consists of single phase Bi2 
(MOO& indicating the presence of a solid 
solution of cerium in the bismuth molyb- 
date lattice. At high cerium contents, where 
x > 1, the material is also single phase and 
crystallizes in the Laz(MoO& structure. It 
is reported in the literature that Ce2(Mo0& 
is isostructural with La2(Mo0& (7), al- 
though our attempts to prepare single phase 
silica-supported Ce2(Mo0& by coprecipi- 
tation and calcination between 550 and 
750°C proved unsuccessful. Still higher cal- 
cination temperatures and absence of gas- 
eous oxygen might be necessary to prepare 
this system. Nevertheless, the high cerium- 
containing compositions consist of a solid 
solution of bismuth dissolved in the La1 
(MOO& structure of cerium molybdate. At 
intermediate compositions with 0.2 < x < 
1, only mixtures of phases of the two end 
members were observed. 

The observed and calculated d values for 
the most intense lines in the powder pat- 
terns of Bi1.sCe0.2(Mo04)3 and Bio.sCel.s 
(MOO& are summarized in Table 1. These 
powder patterns were indexed by analogy 
to the monoclinic Biz(MoO& and La2 

Wo033 structures, respectively. The 
agreement between the observed and calcu- 
lated values is very good in both cases. The 
calculated cell parameters for the single 
phase bismuth-cerium molybdates are 
given in Table 2. 

The phase composition of the Bizmx 
Ce,(Mo04)3 system after calcination for 16 
hr between 550 and 650°C is shown in Fig. 
2. Calcination for 16 hr proved to be suffi- 
cient to achieve equilibrium solubility of the 
phases since calcination of selected sam- 
ples at these temperatures for 3 to 5 days 
did not alter the distribution of the phases. 
From these results, it can be seen that the 
solubility of bismuth in cerium molybdate 
increases with temperature. Conversely, 
the solubility of cerium in the bismuth mo- 
lybdate structure decreases at higher tem- 
peratures. No changes in lattice parameters 
as a function of calcination temperature 
were observed for the single phase materi- 
als. 

The solubility of tungsten in the bis- 
muth-cerium molybdate system was also 
examined since mutual solubility between 
various trivalent metal molybdates and 
tungstates has been observed (12). Typi- 
cally, the rare earth molybdates and tung- 
states are not isostructural (13, 14). How- 
ever, we observed that low levels of 
tungsten can be incorporated into the BiCe 

TABLE 2 

Lattice Parameters for Bi2&e,(Mo04), and BiCe(Mo,+,W,04)j Solid Solutions 

Composition” Solvent phase a& b(h P (deg) v cw3, 

Bi2(MoOA BidMoW 
BhG%&MM~ BidMoO. 
Bb&eo.dMo0& %(MoQh 
Bil.&eo.dMo04)3 BidMoO& 
B1t.&edMoO& BidMo04)3 
BidkdMoW JWMoO4h 
BiCe(MoOd3 Cez(Mo04)3 
BkdJa.&Mhh Ce2(Mo04)3 
Bi0.&edMoO& CeAMoO& 
BhdhdMoOd3 Cez(Mo033 
BiCeMo2.5Wdh2 CeAMoOd3 

o Supported on 20 wt% SiOz. 

7.718(2) 11.521(3) 11.979(3) 115.33(2) 962.7 
7.715(3) 11.530(4) 11.965(4) 115.26(3) 962.5 
7.706(2) 11.528(4) 11.966(4) 115.19(3) 961.9 
7.695(3) 11.531(4) 11.960(4) 115.24(3) 960.0 
7.710(4) 11.547(5) 11.957(6) 115.25(4) 962.7 
7.710(2) 11.544(3) 11.972(2) 115.31(2) 963.4 

16.801(7) 11.814(3) 16.061(9) 108.73(6) 3019 
16.839(8) 11.820(5) 16.022(9) 108.52(6) 3024 
16.844(8) 11.826(5) 16.011(9) 108&l(9) 3026 
16.841(8) 11.838(3) 16.024(9) 108.53(5) 3029 
16.866(7) 11.819(3) 16.078(9) 109.21(6) 3026 
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FIG. 2. Partial phase diagram for the Biz-xCe,(Mo04)1 system. 

(MOO& structure. Specifically, the X-ray 
powder pattern for BiCeMo2.sWo.sOiz was 
readily indexed using the La2(MoO& struc- 
ture with good agreement between ob- 
served and calculated d values. A compari- 
son of the lattice parameters is given in 
Table 2. The incorporation of tungsten into 
the structure results in the preferential ex- 
pansion of the cell along the x direction ac- 
companied by an increase in the monoclinic 
angle, p, resulting in a small increase in the 
unit cell volume. 

The maximum solubility of tungsten in 
the BiCeMo3-zW,012 structure occurs at 
approximately z = 0.75. When the tungsten 
content is increased above this level, the X- 
ray powder patterns reveal the presence of 
a cerium tungstate phase of composition 
Ce4W90j3 (ASTM Card File 25-192). At z = 
1.5, the material is a complex mixture of 
Ce4W90J3, Bi2W06, and a bismuth-cerium 
molybdate solid solution. 

Substitution by Other Rare Earth 
Elements 

Since Laz(MoO& and Ce2(Mo0& are re- 
ported to be isostructural (7), we were in- 
terested to determine if the two molybdates 
are mutually soluble in the presence of bis- 
muth. Therefore, several mixed molyb- 
dates were prepared with the composition 

BiCei-,La,(MoO& and their X-ray powder 
patterns were indexed by analogy to La2 
(MOO& with good agreement obtained be- 
tween the observed and calculated d-values 
in all cases. The cell dimensions are given 
in Table 3 and the change in cell volume as 
a function of catalyst composition is shown 
in Fig. 3. The formation of a continuous 
solid solution between La- and Ce-molyb- 
date is demonstrated by the linear change in 
the cell volume as the La/Cc ratio is varied, 
indicating a random replacement of cerium 
cations by lanthanum in the structure. 

It was also found that cerium can be re- 
placed by other large trivalent cations with- 
out destroying the integrity of the La2 
(Mood3 structure. Mixed molybdates with 
the formula BiCeo,SMo.s(MoO& where M = 
Y, Nd, Pr, and La were prepared and their 
X-ray powder patterns were readily in- 
dexed by analogy to lanthanum molybdate. 

TABLE 3 

Lattice Parameters for the BiCe,-,LaY(MoOJp 
System 

Y a (A) b (A) c c.4 p Meg) v (A”) 

16.801(7) 11.814(3) 16.061(9) 108.73(6) 
i.25 16.857(Z) 11.830(2) 16.007(7) 108.51(2) 

3019 
3027 

0.50 16.884(2) 11.836(2) 16.071(6) 108.83(2) 3040 
0.75 16.880(2) 11.839(3) 16.084(8) 108.68(2) 3045 
1.00 16.894(4) 11.866(3) 16.094(6) 108.92(4) 3052 
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FIG. 3. Change in cell volume with composition for 
BiCe,-,L+(MoO&. 

The lattice parameters for the rare-earth 
containing Bi-Ce molybdates are summa- 
rized in Table 4 and the calculated cell vol- 
umes are plotted in Fig. 4 as a function of 
the cube of the ionic radii of the substituting 
cations. Ionic radii for eight coordinated 
cations given by Shannon (15) are used in 
the figure. Clearly, all the large trivalent 
cations investigated can readily occupy the 
cation sites of the Laz(MoO& structure. 
The incorporation of Pr and Nd into this 
structure is not surprising since they both 
form isostructural molybdates with La2 
(MOO&. Conversely, Y2(Mo0& is re- 
ported to crystallize in the Sc2(WO& struc- 
ture which is characterized by six co- 
ordination of the trivalent cation and tet- 
rahedral coordination of the hexavalent cat- 
ion (16). Nevertheless, there appears to be 
sufficient driving force for the mixed Bi- 
Ce-Y-molybdate to crystallize in the La, 
(MOO& structure although in this series 

TABLE 4 

Lattice Parameters for the BiCe0.SM0.5(MoO& 
System 

M a (A) b (A) c 64 P (de) V (A,) 

Ld+ 16.8842) 11.836(2) 16.071(6) 108.83(2) 3040 
F-6+ 16.829(2) 11.809(2) 16.102(6) 108.86(2) 3028 
Nd3+ 16.829(2) 11.780(3) 16.131(5) 109.30(2) 3018 
Y3+ 16.744(S) 11.758(3) 16.030(9) 109.21(3) 2980 
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FIG. 4. Change in cell volume as a function of the 
cube of the ionic radii of the substituting cation M in 
BiC%&.OfoOd3. 

the cerium comprises only 25% of the triva- 
lent elements. A somewhat similar result 
was reported by Nassau ef al. (13) for 
mixed trivalent tungstates containing ce- 
rium. They observed that CeY(WO& crys- 
tallizes with the same structure as CeZ 
(WO& even though cerium tungstate is not 
isostructural with Y2(WO&. 

In addition, compositions were prepared 
in which lanthanum partially replaced 
either bismuth or bismuth and cerium: 
Bii-,La,Ce(MoO& and Bii -,Ce, -yLas 
Mo2.5WoO.5012. The calculated lattice 
parameters for these compositions are 
given in Table 5. Cell volume increases lin- 
early with the cube of the averaged cation 
radii when lanthanum is substituted for 
both bismuth and cerium in the lattice (Fig. 
5). Therefore, isomorphous replacement of 
both cerium and bismuth by lanthanum is 
strongly indicated. There is virtually no ob- 
served change in cell volume when lan- 
thanum is substituted for bismuth alone 
(Table 5) which may be expected based on 
the similarity in the ionic radii of 8-coordi- 
nated Bi3+ and L3+ (15). 
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TABLE 5 

Lattice Parameters for Bi,-,Cel-,La~~Moz.sWo.~O,z and Bil-,LayCe(Mo04)3 

Composition a (A) b (A) P Meg) v (A’) 

Bio.7sCeo.7sLao.sMoz.5Wo.sOl2 16.915(2) 
Bio.~Ceo.~LalMo2.5Wo.5012 16.953(2) 
Bio.aCeo.aLar.5Moz.5Wa.sOl2 16.939(2) 
Bio.&%.&Mo033 16.868(2) 
%.Z~AI &(Mo03~ 16.924(3) 

11.833(2) 
11.898(2) 
11.891(2) 
11.871(2) 
11.852(2) 

16.126(4) 
16.01 l(4) 
16.039(4) 
16.069(3) 
16.051(4) 

109.21(2) 3048 
108.94(2) 305 1 
109.00(2) 3055 
108.69(2) 3048 
108.8X2) 3047 

Raman Spectroscopic Analysis 

Raman spectra of the bismuth-cerium 
molybdates and of lanthanum-molybdate 
are summarized in Table 6. In general, few 
shifts in band positions can be seen as the 
BKe content is changed. The high fre- 
quency band at 953 cm-* in Bi2(Mo04)3, 
which is assigned to the Mo=O moiety in 
the structure, decreases in intensity with in- 
creasing cerium content. This band is ab- 
sent at high cerium contents where the ma- 
terial is a single phase solid solution of 
bismuth in the cerium molybdate lattice. 
This is consistent with the Raman spectrum 
of the isostructural La2(Mo04h which 

_ 3054 

a, 

Y 
3 3052 
s 
a. 

5 
% 3050 

3048 

3046' h 0 0 ' 
1.550 1.552 1.554 1.556 1.556 

R3 AVE. (x3) 

FIG. 5. Change in cell volume as a function of the 
cube of the average ionic radii in Bi,-,Ce,-,La, 
Mo~.~W~.~O~~ compositions. 

shows no evidence of Mo=O in the struc- 
ture . 

The Raman bands above 800 cm-i have 
been assigned to the vibrational modes of 
the Moo4 tetrahedra (17). The only signifi- 
cant shift in this region is the 921 cm-’ band 
of bismuth molybdate which moves to 
lower frequencies as the cerium content is 
increased. Poorly resolved bands at 925 and 
884 cm-l also become apparent at the high- 
est cerium levels. 

Catalytic Activity 

The effectiveness of bismuth-cerium 
molybdates as catalysts for selective pro- 
pylene ammoxidation to acrylonitrile was 
examined under both continuous flow and 
pulse microreactor conditions. The overall 
catalytic activity as a function of catalyst 
composition is shown in Fig. 6. Three dis- 
tinct activity maxima are observed as the 
Bi/Ce ratio is varied in the Biz-CeX(Mo04)J 
system. The propylene conversion maxima 
occur at x = 0.20, 0.375 and 1.125. The 
surface area of all the silica-supported bis- 
muth-cerium molybdates is nearly the 
same (Fig. 6) and does not account for the 
differences in catalytic activity. Hence, the 
observed activity differences are clearly 
fundamentally related to the solid state 
structure and chemistry of these materials. 

The observed relationship between cata- 
lytic behavior was confirmed by pulse mi- 
croreactor experiments. Figure 7 shows the 
propylene conversion and acrylonitrile 
yield for several of the bismuth-cerium mo- 
lybdates when pulsed with a propylene, 
ammonia, and helium mixture in the ab- 
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sence of gaseous oxygen. Both the catalytic 
activity and acrylonitrile yield are maxi- 
mum in the composition regions where 
maximum catalytic activity was observed 
in the continuous flow microreactor experi- 
ments. 

The redox properties of BiCe(MoO& 
and Bi&e,.s(Mo04)3 were also examined 
in the pulse reactor. The catalysts were se- 
quentially pulsed with a mixture of propyl- 
ene, ammonia, and helium at 420°C result- 
ing in the progressive depletion of oxygen 
from the lattice. The observed changes in 
propylene conversion and acrylonitrile se- 
lectivity are shown in Fig. 8. For both cata- 
lysts, the propylene conversion declined 
sharply after the first few pulses, while the 
selectivity to acrylonitrile decreased only 
slightly, leveling off at about 70% in both 
cases. 

The higher overall activity of BiCe 
(MOO& indicates that this catalyst pos- 
sesses a larger number of active and acces- 
sible lattice oxygens, as well as a superior 
mechanism for regeneration and reoxida- 
tion of the surface active sites by lattice 
oxygen anions. In addition, the BiCe 
(MOO& catalyst is more redox stable than 
the Bi,&el,S(MoO& composition since the 
overall performance of the BiCe(MoO& 
catalyst is unchanged or slightly improved 
after reduction and reoxidation in flowing 
air at 420°C. However, the acrylonitrile se- 
lectivity of the Bi&ei.~(MoO& catalyst is 
initially lower after reoxidation, increases 
with partial reduction, but rapidly deterio- 
rates with further depletion of lattice oxy- 
gen, even though the original activity of the 
catalyst is restored by reoxidation. 

DISCUSSION 

Solid State Structural Aspects of the 
Bi~-xCe,(MoO& System 

Since the end members of the Bi2 
(Moo&-Ce2(MoO& system are not iso- 
structural, only partial solid solubility is ex- 
pected. The partial phase diagram of this 
system (Fig. 2) reveals two regions of solid 
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FIG. 6. Catalytic activity and surface area for the Bi2-xCex(Mo04)3 system. Catalytic activity was 
measured using a feed mixture of propylene : ammonia air : water = 1 : 1.2 : 10.5 : 4.0 at 420°C in a 
continuous flow microreactor. 

solution formation with partial solubility at 
both the bismuth-rich and cerium-rich com- 
positions. The extent of solid solubility of 
the two phases is not expected to be hin- 
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FIG. 7. Pulse catalytic ammoxidation of propylene 
as a function of catalyst composition for the Biz-$eX 
(MOO,), system using fresh catalyst (-) and re- 
duced and reoxidized catalyst (----) at 420°C. Feed: 
propylene : ammonia : helium = 1 : 1.2 : 10. Pulse size 
= 37.35 umole. 

dered by the need for the cations to un- 
dergo any change in coordination since 
both bismuth and cerium are eight coordi- 
nated by oxygen in both molybdate struc- 
tures. Therefore, the most important factor 
in determining solid solubility will be cation 
size and its effect on the ordering of cation 
vacancies. 

From the ionic radii given by Shannon 
(15) (Bi3+ = 1.17 A, Ce3+ = 1.143 A> the 
incorporation of bismuth and cerium in the 
same structure appears possible. However, 
Bi3+ cations possess lone pairs of electrons 
(6~~) which cause considerable distortion 
of the Bi2(MoO& structure (9). This lone 
pair effect generates MozOs dimers (6) 
rather than the discrete Moo4 tetrahedra 
present in the La2(Mo04)3 structure. Such 
structural distortion is also evident in the 
Biz-,CeX(MoOd)3 system. Figure 9 shows 
the change in cell volume for both the bis- 
muth-rich and cerium-rich solid solutions 
as a function of the relative BiKe content. 
When the amount of bismuth dissolved in 
the Ce2(Mo04)3 lattice is sufficient for the 
existence of neighboring bismuth cations in 
the structure, the resulting lone pair effect 
causes Moo4 pairs to coalesce. This con- 
traction produces an overall decrease in 
cell volume. Conversely, when the cerium 
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FIG. 8. Propylene conversion (-) and acrylonitrile selectivity (---) as a function of pulse number 
for (0) BiCe(MoO& and (Cl) Bi0.5Cel,J(Mo04)3 at 420°C. Feed = propylene : ammonia : helium = 
1: 1.2: 10. Pulse size = 37.35 pmole. 

content in the Bi2(Mo0& structure is suffi- 
ciently large, the generation of discrete 
MOO, tetrahedra from Mo208 dimers ex- 
pands the unit cell. 
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FIG. 9. Change in cell volume with composition in 
the Biz&ex(MoO& system for (A) bismuth-rich and 
(B) cerium-rich solid solutions. 

In the region where isolated bismuth or 
cerium cations are present in the host lat- 
tice, changes in the unit cell volume reflect 
the relative sizes of the Bi3+ and Ce3+ cat- 
ions. This is indicated for dilute solid solu- 
tions of cerium in bismuth molybdate by a 
cell volume decrease with increasing ce- 
rium content (Fig. 9A). Also, the reported 
unit cell volume of Ce2(Mo04)3 (7) (3032.7 
A3) is less than that expected from an ex- 
trapolation of the observed change in cell 
volume with increased cerium content in 
the cerium-rich solid solution (Fig. 9B). 

From the partial phase diagram (Fig. 2), 
it is clear that the extent of the solubility of 
bismuth in the Ce2(Mo04)3 structure is 
much larger than that of cerium in Bi2 
(MoO~)~. The solubility limit of Ce in BiZ 
(Mo04h occurs at about 10 mole% Cez 
(MoO~)~ at 550°C and decreases with in- 
creasing temperature. Conversely, the sol- 
ubility limit of Bi in Ce2(Mo0J3 is about 
50 mole% at 550°C and increases with tem- 
perature. These observed changes in solid 
solubility with temperature can be used to 
estimate relative partial molal enthalpies 
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for the individual components using the fol- 
lowing expressions (18): 

&!mM”’ (sat) = A exp Aa:““’ 
*eMo) (sat) e RT 

(1) 
1 - &J*MO) (sat) 
1 _ @;-MO) (sat> = B exP. 

A@-) 
- 

RT (2) 

where XAs (sat) is the solubility limit of A in 
phase B at a given temperature and tins is 
the relative partial molal enthalpy of A in B. 
The data are plotted in Fig. 10 for both the 
bismuth-rich and cerium-rich solid solu- 
tions. From the slopes of the resulting 
straight lines, the following values for the 
relative partial molal enthalpies are ob- 
tained: 

and 

,#$i-MO) = -9.5 kcal/mole 

A&$“““’ = 3.3 kcal/mole. 

The larger enthalpy necessary to transfer 
bismuth from the pure B&(MoO& to the 
Ce2(MoO& phase may be a consequence of 
the lone pair effect discussed above. The 
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FIG. 10. Partial molal enthalpies for Biz(MoO&Cez 
(MOO& solid solutions according to Eqs. (1) and (2). 

excellent fit of the experimental data to 
Eqs. (1) and (2) confirms that these materi- 
als have indeed achieved their equilibrium 
solubility at each calcination temperature. 

The data discussed so far show that the 
cerium-rich bismuth-cerium molybdates 
crystallize as single phase materials which 
are isostructural with LaZ(MoO&. In addi- 
tion cerium can be replaced by other large 
trivalent rare earth cations as evidenced by 
the linear change in cell volume reflecting 
the size of the substituting cation (Fig. 4). 
However, from these results it is not possi- 
ble to determine whether any ordering of 
bismuth or cerium cations takes place in the 
structure or whether a random solid solu- 
tion exists. To resolve this question, X-ray 
powder patterns of Bii-,La,Ce(MoO& and 
Bil-,Ce,-,La,Mo*.sWo.5012 systems were 
examined. 

The observed changes in unit cell volume 
were correlated to the average ionic radii of 
the three cations present at each composi- 
tion studied. The resulting linear correla- 
tion indicates that bismuth and cerium are 
replaced by lanthanum in the structure with 
equal probability (Table 5 and Fig. 5). This 
strongly suggests that bismuth and cerium 
randomly occupy equivalent cation posi- 
tions in the scheelite La2(Mo0& structure. 
Single crystal studies are in progress to de- 
termine the exact cation positions of these 
complex solid solutions. 

Relationship between Catalytic Behavior 
and Solid State Structure 
The catalytic activity of a silica-sup- 

ported cerium-doped bismuth molybdate 
catalyst with a composition of BigCel 
MouOS2 was reported by Giordano and 
Bar-t (4). However, no structural informa- 
tion was given about the catalyst, nor was 
there any discussion concerning the role of 
cerium in the catalytic process. Our study 
of the bismuth-cerium molybdate system 
reveals that cerium is effective in increasing 
the overall activity of bismuth molybdate 
catalysts. In addition, there are unique 
compositions where catalytic activity is 
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FIG. 11. Cation solubility (-) and first-order rate 
constant (---) for the Bi2&e,(Mo0& system as a 
function of composition. Rate constants were calcu- 
lated from the rate of propylene disappearance at 
420°C. 

maximized and these compositions corre- 
spond to specific features in the phase dia- 
gram. 

The reasons for the uniqueness of these 
compositions can be seen from Fig. 11, 
which shows the cation solubility and cata- 
lytic activity as a function of the bulk com- 
position. The high catalytic activity in Bi2-* 
Ce,(MoO& at x = 0.2 and 1.125 cor- 
responds to the solubility limits of the 
two respective single phase systems at 
550°C. At x = 0.2 maximum solubility of 
cerium cations in the bismuth molybdate 
phase is achieved, while the maximum sol- 
ubility of bismuth cations in cerium molyb- 
date is obtained at x = 1.125. The high cata- 
lytic activity of these compositions results 
from the coexistence of bismuth and cerium 
cations in a single molybdate structure. 
This intimate mixing of key catalytic com- 
ponents in a single solid state structure is a 
very important feature of an effective oxi- 
dation catalyst. The single solid state struc- 
ture acts as a host and template to keep 
these components in close proximity to 
each other, both at the surface and in the 
bulk. 

These results further confirm our earlier 

mechanistic studies (19) that in bismuth 
molybdate-based catalysts, the presence of 
bismuth-molybdenum pairs is required for 
selective oxidation and ammoxidation of 
olefins. The molybdenum in this two-com- 
ponent bifunctional active site serves as a 
coordinately unsaturated center for olefin 
chemisorption and selective oxygen or ni- 
trogen insertion. Bismuth is necessary to 
activate the olefin via cl-H abstraction in the 
rate-determining step and to produce the al- 
lylic intermediate. 

The enhanced catalytic activity obtained 
by the addition of cerium to bismuth molyb- 
date is not due to an increase in the number 
of the a-H abstracting centers. Cerium mo- 
lybdate is neither as active nor as selective 
as bismuth molybdate for propylene am- 
moxidation (e.g., approximately 25% pro- 
pylene conversion with about 15% selectiv- 
ity to acrylonitrile at comparable reaction 
conditions). In addition, the lack of any de- 
finitive correlation between the Raman 
band positions and catalytic behavior indi- 
cates that the presence of cerium does not 
significantly alter the metal-oxygen bond 
strength of the Moo4 polyhedra. Instead, 
the role of cerium is similar to that of iron in 
the Bi3FeMo20r2 catalyst (20). Like iron, 
cerium is a multivalent cation capable of 
facile redox and can thereby aid in the reox- 
idation and reconstruction of the surface 
active sites (i.e., Bi-Mo sites). Assigning 
cerium primarily a redox role has precedent 
in the Te-Mo oxide-based catalysts where 
cerium has been shown to enhance the 
reoxidation rate and thus substantially de- 
crease the reductive deactivation of that 
catalyst system (21). 

Our results illustrate clearly that high cat- 
alytic activity is achieved in the Bi,-,Ce, 
(MOO& system when the greatest number 
of the three components (Bi, Ce, MO) can 
coexist and interact in a single solid state 
structure. This is evidenced by several ex- 
perimental facts: (i) the Bio.s7sCel.lzs(Mo04)3 
solid solution is more active than the Bil.s 
Ce0,2(Mo04)3 solid solution (Fig. 7) and (ii) 
the BiCe(MoO& composition possesses a 
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larger reservoir of active oxygens and is 
more redox stable than Bi,&e,.5(Mo04)~ 
(Fig. 8). Also, since the X-ray powder data 
reveal that the bismuth-cerium molybdate 
solid solutions are random, catalysts which 
are either bismuth rich or cerium rich will 
possess less than optimum interactive bis- 
muth-cerium neighbors. Such catalysts 
will therefore have surface regions whose 
catalytic activity is not markedly different 
from that of either pure bismuth molybdate 
or cerium molybdate. 

Variations in catalytic activity as a func- 
tion of the Bi/Ce ratio were also observed in 
the two phase region of the B&.&e, 
(MOO& system. Based on X-ray diffrac- 
tion data, the high catalytic activity of the 
Bil.625Ceo.~75(Mo04)~ composition is not the 
result of a new separate phase. The data 
strongly suggest that at x = 0.375 there ex- 
ists a true binary solid solution consisting of 
about 80 mole% Bi1.sCe0.2(Mo0& and 20 
mole% Bio.875Cel.l25(Mo04)3. 

High catalytic activity in multicom- 
ponent-multiphase systems is certainly not 
unprecedented (22). Many industrially im- 
portant catalyst systems owe their high ac- 
tivity and selectivity to interfacial effects 
between structurally different phases. For 
example, Wolfs and Batist (23) investigated 
multicomponent catalysts of the type M2+ 
M3+BiMo120, and attributed high cata- 
lytic activity and selectivity to interactions 
between three different molybdate phases. 
Margolis and co-workers (24) have inter- 
preted the catalytic properties of this sys- 
tem by an interaction model wherein the 
active centers are situated at the interfaces 
between different phases. 

In the multiphase region of bismuth-ce- 
rium molybdates, the catalytic activity de- 
pends on the distribution of bismuth and 
cerium at the surface and at the phase 
boundaries. For Bil.s2sCeo.375(Mo04)3 the 
observed phase composition is nearly that 
expected of an ideal mixture of separate Bi2 
(M004)3 and Ce2(MoO& phases. There- 
fore, at this composition equal amounts of 
bismuth and cerium are dissolved in the ce- 

rium molybdate and bismuth molybdate 
phases, respectively (Fig. 11). As a conse- 
quence, no shift in the phase boundary is 
necessary during final calcination. 

For all other compositions of the two 
phase region, the catalyst precursors con- 
tain more bismuth molybdate or cerium mo- 
lybdate phase than is present after final cal- 
cination. A shift in the phase boundary 
therefore must occur during the calcination 
and unequal amounts of bismuth or cerium 
dissolve in the cerium molybdate or bis- 
muth molybdate phases, respectively (Fig. 
11). This can result in large and diffuse 
phase boundaries having nonequilibrium 
compositions (25, 26). Thus, compared to 
the Bil.&eo.37s(Mo04)3 catalyst, such com- 
positions may contain larger amounts of 
material with nonequilibrium compositions. 
Because of the resulting nonoptimal distri- 
bution of key catalytic components, these 
compositions have, as expected, lower cat- 
alytic activity than either of the optimum 
equilibrium solid solutions or the two phase 
Bii.&eo.375(Mo04)3 composition. A de- 
tailed investigation of the structure and 
composition of interfaces of these catalytic 
materials will be reported in a forthcoming 
paper. 

CONCLUSIONS 

Mixed bismuth-cerium molybdates are 
active catalysts for the selective ammoxida- 
tion of propylene to acrylonitrile. A de- 
tailed examination of their catalytic behav- 
ior and solid state structure reveals that 
high catalytic activity is achieved in compo- 
sitional regions of maximum mutual solid 
solubility. In these regions, maximum 
atomic dispersion of Ce and Bi in molyb- 
date matrices is realized. This optimizes 
catalytic efficiency because of optimized 
proximity of all three key catalytic ele- 
ments: MO (propylene chemisorbing and ni- 
trogen inserting element), Bi (CPH abstract- 
ing element), and Ce (oxygen and electron 
transfer element). The enhancement in cat- 
alytic activity over the end members results 
from an increase in the oxygen ion, elec- 
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