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The selective oxidation of propene to acrolein has been studied on iron-containing bismuth 
molybdovanadates with the scheelite structure and general formula Bi, &li,~~,MeY(VI~,Mo, p 
Fe,)O,, where Me = Fe or Bi, 0 = cation vacancy, with x = 0.45 and 0.60 and 0 5 y 5 x/3, using 
the pulse technique in the temperature range 573-673 K. Total conversion. rate constant, and 
selectivity were found to depend on catalyst composition, in particular cation vacancy concentra- 
tion, content, and coordination symmetry of the iron ions. The results, discussed in terms of 
compositional parameter y and surface geometry of Bi-0 and MO-O species, confirm the impor- 
tance of the cation vacancies in the selective oxidation process and suggest a role of the eight- 
coordinated cations in the ally1 formation. o 1986 Academic press. hc. 

INTRODUCTION 

The selective (ammo)oxidation of pro- 
pene over mixed oxide catalyst systems is 
a process of great industrial importance and 
academic interest. For this reason it has 
been extensively studied and discussed in 
several reviews (14). 

However, while efforts in catalyst devel- 
opment and in providing a kinetic model 
have been quite successful, there is much 
uncertainty concerning the structure of in- 
termediates and the exact role of the indi- 
vidual metallic component of the catalyst in 
the various reaction steps (I, 2, 5, 6). 

A comparison between the more impor- 
tant proposed mechanisms for the selective 
oxidation of propene on molybdenum- 
based catalysts shows that authors agree 
upon the stages of the process, namely ini- 
tial chemisorption of the olefin, a-hydrogen 

’ This work has been supported by a financial con- 
tribution from the “Progetto Finalizzato (CNR) on 
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2 To whom correspondence should be addressed. 

abstraction and ally1 intermediate forma- 
tion, and so on, but disagree upon the metal 
centers operating as the active sites in each 
stage. As an example, some authors (7, 8) 
attribute initial chemisorption and first hy- 
drogen abstraction to anion vacancies asso- 
ciated with molybdenum, while according 
to the mechanism proposed by Haber, the 
same reaction steps occur on bismuth as a 
result of its high dehydrogenating ability (9, 
IO). 

In the case of catalysts possessing the 
scheelite structure, other authors (2, II) 
attribute both these reaction steps to 
(MoO~)~- groups, emphasizing the impor- 
tant role of A cation vacancies which, ac- 
cepting and stabilizing the a-hydrogen 
abstracted from olefins during the ally1 
formation, are considered to be responsible 
for the rate-controlling step. 

However, Grasselli et al. (1, 5), by mech- 
anistic studies, have concluded that initial 
chemisorption occurs on coordinatively un- 
saturated molybdenum centers, while al- 
lylic abstraction takes place on oxygens 
bonded to bismuth. Brazdil et al. (12), reex- 
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amining the role of bismuth and of the A 
cation vacancies in doped scheelite-molyb- 
date catalyst systems for the selective am- 
moxidation of propene, confirm the pre- 
vious general mechanistic scheme (I, 5), 
and conclude that cation vacancies in a 
scheelite structure are not directly involved 
in this rate-determining hydrogen abstrac- 
tion step. 

In order to clarify some of the doubts and 
uncertainties which have arisen in the liter- 
ature, we have undertaken an investigation 
on iron-promoted bismuth molybdovana- 
dates with the aim of defining the structural 
properties (13, 14) and of clarifying the rela- 
tionship between these and the catalytic 
behavior. These catalysts with scheelite 
structure and of general formula Bilm.,j3 
q x/3~?MeY(VI-,Mo,-,Fe,)04, (Me = Fe 
or Bi, 0 5 y I x/3) offer a wide variety of 
chemistry and are ideal for studying the re- 
lationship between structure and catalytic 
properties. 

The present paper reports catalytic 
results on the oxidation of propene to acro- 
lein, as studied by a microcatalytic pulse 
technique. 

EXPERIMENTAL 

Catalysts. All specimens were prepared 
by a coprecipitation method and a final cal- 
cination at 873 K in air. Details of prepara- 
tive procedures adopted and of catalyst 
characterization have been described ear- 
lier (13, 14). 

With reference to the general formula, 
the catalytic results refer to four series of 
specimens obtained by taking samples with 
fixed x value (0.45 and 0.60) and y in the 
range from 0 to x/3. Both cases for which 
Me = Fe and Me = Bi were considered. 

Apparatus and procedure. The oxidation 
of propene was studied using a microcata- 
lytic pulse reactor at temperatures of 573, 
623, and 673 K. The system included a 
conventional Pyrex reactor, vertically po- 
sitioned in an electrical furnace and con- 
taining 1 g of powdered catalyst, a glass 
vacuum section with a dosing device of 0.5 

cm3 and a U-tube manometer, and an ATC/ 
F C.Erba gas chromatograph connected to 
a 3370A Hewlett-Packard integrator. At 
time intervals of 45 min, pulses (5-8 for 
each run) of reactant mixture (3.5 pmol of 
02 and 3.5 wmol of C3Hh) were carried over 
the catalyst by a helium gas stream of 20 
cm3 min’ flow rate. 

The analysis of the reaction products, 
performed with an estimated accuracy 
within +0.05 pmol, was carried out in two 
steps. In the first step O2 and CO were sep- 
arated in a l-m steel column of 4 mm i.d., 
filled with a 5A molecular sieve and ther- 
mostated at 353 K, while the other products 
were condensed in a trap at 77 K located at 
the exit of the reactor. In the second step 
the trap was rapidly warmed up and the 
analysis of COZ, C3H6, H20, and CjH40 
was performed in a 4-m steel column of 4 
mm i.d., filled with Porapak R and thermo- 
stated at 419 K. 

The propene conversion and acrolein 
molar selectivity were calculated according 
to 

% Conversion 
C& (in) - C3H6 (out) z 

C3Hh (in) 
x 100 

% Molar Selectivity 
C3H40 

= C3& (in) - C3H6 (out) ’ *O”’ 
Catalyst pretreatment. Before each se- 

ries of experiments, a standard pretreat- 
ment in oxygen flow was carried out at 723 
K overnight, followed by a conditioning 
with He flow at the same temperature for 30 
min. The catalysts could be repeatedly used 
and a very good reproducibility was found. 

RESULTS 

The catalytic behavior of Bil-,nCl,n~y 
Me,(V,m.XMoX-,Fe,)04 solid solutions in 
the pulse oxidation of propene generally fell 
to fairly constant values after the first 
couple of pulses; an example is shown in 
Fig. 1. 

Data corresponding to these lined-out 
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FIG. 1. Catalytic activity and selectivity at 623 K 

for propene oxidation for Bi,~d301i3~rMC~(Vl~rMo~~, 

Fe,)O, system (with x = 0.60, y = 0. IO and Me = Bi) 

as a function of the pulse number. 

values for propene conversion and selectiv- 
ity to acrolein at 573, 623, and 673 K are 
summarized in Figs. 2 and 3, for x = 0.45 
and 0.60, respectively, as a function of the 
structural composition parameter y. 

From inspection of Figs. 2 and 3 and 
referring to the general formula of the solid 
solutions, it appears that a different activity 
and selectivity trend occurs for catalyst se- 
ries with same x (0.45 or 0.60) and different 

00 a05 010 an 00 a05 a10 015 

y (Fe f+Fe? y(Fe?Bi? 

FIG. 2. Catalytic activity and selectivity for propene 

oxidation for Bi,~,~O,,,~,Me,(V,~,Mo, ,.Fe,.)O, sys- 

tem (with x = 0.45 and Me = Fe or Bi) as a function of 

y; (0.0) 573 K; (Cl,m) 623 K; (&A) 673 K. 
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FIG. 3. Catalytic activity and selectivity for propene 

oxidation for Bi,-,,,O,,,~,,Me,(V,_,Mo, ,Fe,.)04 sys- 

tem (with x = 0.60 and Me = Fe or Bi) as a function of 

y; CO,.) 573 K; (0.m) 623 K; (A,& 673 K. 

Me (Fe and Bi). On the other hand, a simi- 
lar activity and selectivity tendency exists 
for catalyst series with different x (0.45 and 
0.60) and the same Me (Fe or Bi). 

At a given temperature the propene con- 
version per gram of catalyst generally in- 
creases with y for both (X = 0.45 and 0.60) 
specimens, with Me = Fe, while for speci- 
mens with Me = Bi it achieves a maximum 
at an intermediate value of y and then de- 
creases. 

The selectivity to acrolein at first gener- 
ally increases with y, then decreases for y 
tending to the limit values of 0.15 (Fig. 2) or 
0.20 (Fig. 3). This behavior is particularly 
marked for the series with Me = Bi. 

It should be noted that when y = 0.15 and 
y = 0.20 for the series x = 0.45 and x = 0.60, 
respectively, there are no cation vacancies 
in the structure. 

Thus the complete filling of the eight-co- 
ordinated cation vacancies produces a drop 
in selectivity, while for the catalytic activ- 
ity the decrease is evident only for the cata- 
lyst series with Me = Bi. 
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However, to compare correctly with cat- 
alytic results and structural parameters, it 
is vital to calculate the kinetic rate constant 
per unit of surface area of the catalyst (ksp). 
This can be done on the basis of a first- 
order kinetic equation with respect to pro- 
pene (2, 12, 15, 16) and by taking into ac- 
count that, under conditions of low reactant 
partial pressure, the kinetic rate constant 
and the fractional conversion X of a pulse 
of reactant passed through a catalyst 
column are related by the equation (I 7) 

ln[l/( 1 - X)] = (RTW/F)kK (1) 

where F is the flow rate of the carrier gas in 
the reactor, k the kinetic constant for a first- 
order reaction, K the adsorption equilib- 
rium constant of reactant, and W the cata- 
lyst weight. 

However, the use of Eq. (1) for propene 
oxidation (which is formally bimolecular) 
implies the assumption of zero-order kinet- 
ics with respect to oxygen, and in fact this 
is commonly found for systems such as 
those investigated in this work where lat- 
tice oxygen is the major or sole oxidant (2, 
12, 15, 26). 

A constant term which takes into account 
the zero-order dependence on oxygen 
should in principle appear in Eq. (1) (as well 
as in the following Eq. (2)), but it is omitted 
here since it will not affect the comparison 
of the activity among the different cata- 
lysts. 
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FIG. 4. Test of first-order rate law for propene oxida- 
tion at 623 K on I g of Bil-I130,~13-VMe~(VI-.,Mo,~, 
Fe,)04 sample (with x = 0.45 and y = 0.00). 

Equation (1) is analogous to that which 
holds in a conventional steady-state flow 
reactor 

In[l/(l - X)] = (V/F)k (2) 

where V is the volume of the catalyst. 
As an example, Fig. 4 shows that, over 

the studied range, Eqs. (1) and (2) are 
obeyed and therefore the reaction is first- 
order. The apparent activation energy E, 
may then be obtained at a constant flow rate 
of the carrier gas from the slope of a plot of 
ln{ln[ l/( 1 - X)]} vs l/T. 

Since one of the aims of the present work 
is the comparison of the specific activity 
among the various catalysts and its correla- 
tion with the compositional parameters, we 
used for the calculation of the kinetic con- 
stants the simpler Eq. (2). Table 1 summa- 
rizes the values of surface area, kinetic con- 
stant ksP and apparent activation energy E, 
for the specimens studied. 

It is immediately evident that the values 
of the specific constants of the catalysts 
with Me = Bi and no vacancies are compar- 
atively very low. This is not the case, ex- 
cept at the highest reaction temperature, 
for the catalysts with Me = Fe and no va- 
cancies, where the comparative decrease of 
k,, is nevertheless less pronounced. Hence, 
the presence of cation vacancies in our 
scheelite structures is a prerequisite for the 
propene selective oxidation at least in the 
case where eight-coordinated iron is ab- 
sent. 

Our results also show that the presence 
of iron, while having small effect on the 
specific rate constant, generally improves 
the selectivity to acrolein (see Figs. 2 and 3) 
and does decrease the apparent activation 
energy of the reaction in comparison with 
the bismuth molybdovanadate with the 
same value of x (0.45 or 0.60) (see Table 1). 

DISCUSSION 

The results of our study show how the 
catalytic activity and selectivity correlate 
with the variation of the structural compo- 
sitional parameter, y, along each series of 
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TABLE I 

Kinetic Parameters for Oxidation of Propene over Bi,~,,lU,,l-~MU,(V,~,Mo~~~Fe~)O~ Catalysts 

Compositional parameters Surface area Rate constant X-,, & 
of catalysts 

x Y Q/l-, 

0.45 0.00 0.15 
0.45 0.05 0.10 
0.45 0.10 0.05 
0.45 0.15 0.00 
0.45 0.05 0.10 
0.45 0.10 0.05 
0.45 0.15 0.00 
0.60 0.00 0.20 
0.60 0.05 0.15 
0.60 0.10 0.10 
0.60 0.15 0.05 
0.60 0.20 0.00 
0.60 0.10 0.10 
0.60 0.20 0.00 

Me 

Bi 
Bi 
Bi 
Fe 
Fe 
Fe 

Bi 
Bi 
Bi 
Bi 
Fe 
Fe 

(m’ g-l) 

0.7 
1.3 
0.8 
3.8 
I.3 
I.5 
2.0 
0.8 
I.0 
I.2 
1.7 
5.6 
1.4 
3.5 

catalysts with constant x value (x = 0.45 or 
x = 0.60). 

When the cation vacancy level, associ- 
ated with they parameter by the relation x/3 
- y, is decreased with a constant or in- 
creasing bismuth level (series with Me = Fe 
and Me = Bi, respectively), both catalytic 
activity (Table 1) and selectivity (Figs. 2 
and 3) significantly decrease. 

However, a significant difference in the 
catalytic behavior exists between the solid 
solution systems with Me = Fe and that 
with Me = Bi. In fact for the latter one, the 
catalytic activity and selectivity dramati- 
cally drop with the complete filling of the 
cation vacancies, namely for y = x/3, de- 
spite the fact that the bismuth concentra- 
tion is actually increased. 

If the general mechanistic scheme for bis- 
muth and molybdenum oxide based cata- 
lysts requires the formation of the allylic 
intermediate by the abstraction of an a-hy- 
drogen from propene (3, 5, 1%20), then, 
regardless of whether the chemisorption of 
olefin takes place on Bi (9, 10) or on MO (I, 
2, 7,8) sites, our results support the conclu- 
sion of Sleight (2) that cation vacancies as- 

(s-l m-‘) (kJ mol-‘) 

573 K 623 K 673 K 

0.05 0.20 0.65 84 
0.11 0.32 0.65 54 
0.10 0.34 0.75 63 
0.01 0.03 0.08 67 
0.10 0.23 0.53 54 
0.11 0.25 0.45 46 
0.10 0.20 0.33 42 
0.07 0.24 0.51 67 
0.07 0.21 0.44 63 
0.08 0.22 0.51 59 
0.09 0.24 0.48 54 
0.01 0.04 0.08 59 
0.09 0.26 0.55 54 
0.08 0.17 0.27 38 

sociated with bismuth in a scheelite struc- 
ture are involved in the rate-determining 
hydrogen abstraction step, probably by fa- 
voring and stabilizing the formation of the 
hydroxyl group at the surface of the cata- 
lyst. 

However, this does not mean that bis- 
muth is not significantly and directly in- 
volved in the important step of a-hydrogen 
abstraction. In fact, on the one hand the 
high dehydrogenation ability of bismuth 
cannot be ignored (5, 10, 12) and on the 
other hand the presence of cation vacan- 
cies, causing a variation in the bulk trigonal 
coordination of oxygen (14), type a of Fig. 
6, can influence the formation of the hy- 
droxyl group on both Bi and MO. 

Indeed the unsaturation of the oxygen 
ions, enhancing their basic character, can 
favor the abstraction of the ally1 hydro- 
gen, irrespectively of where olefin adsorp- 
tion takes place. Moreover, the effects of 
cation vacancies on oxygen coordination 
and therefore on catalytic behavior will ap- 
pear amplified at the surface, since defects 
will tend to concentrate at the surface (II). 

A description of the changes which occur 
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FIG. 5. Schematic representation of the (100) plane of scheelite. The tetrahedral B cation sites can be 
vanadium, molybdenum, or iron; the eight-coordinated A cation sites can be bismuth, iron, or va- 
cancy; key to symbols of surface oxygen in Fig. 6. 

on creation of one surface Bi vacancy re- 
quires a knowledge of both the initial and 
final state of the system. For the present 
purposes we wish to examine in some de- 
tail, as an example, the (100) planes and 
extend the conclusion to other planes such 
as (101) or (111). 

The atomic occupancy on the (100) plane 
is schematically shown in Fig. 5, where 
three unit cells are represented. It is evi- 
dent that between two oxygen layers both 
eight-coordinated and tetrahedral cationic 
sites are present. The cation arrangement, 
perpendicular to the [OOI] direction and 
moving along the [OlO] direction in Fig. 5, is 
such that two rows of tetrahedral cations 
and two rows of eight-coordinated cations 
are alternatively encountered. 

It can be reasonably assumed that the 
crystal terminates with an anion layer of 
both 02- and (OH)- groups. If for simplic- 
ity the OH groups are neglected for a mo- 
ment , different types of capping oxygen an- 

ions on the (100) surface layer are present. 
The coordination types of these oxygen an- 
ions are schematically illustrated in Fig. 6: 
type b represents an oxygen bonded to two 
eight-coordinated A cation sites and having 
one vacant tetrahedral B cation site; types 
c and e depict an oxygen anion bonded only 
to one A cation site and to one B cation 
site, respectively; type d depicts an oxygen 
bonded to one A cation site and to one B 
cation site, and having one missing coordi- 
nation (A cation site). The four types of un- 
coordinated surface oxygen anions, 6, c, d, 
and e, exist in the ratio 2 : 2 : 2 : 2 for each 
unit cell and constitute groups of atoms and 
vacancies periodically repeated, namely 

4? P 7 ?/o 
Ox = MO - Ox - Bi - Ox - Bi - Ox . 

Cc) (2) CL) Cc) 

Each A cation site has four bulk oxygen 
anions of type a and four surface oxygens: 



Fe-CONTAINING BISMUTH MOLYBDOVANADATE CATALYSTS, II 101 

type 0 type b 

0 

A b 

type c type d type e 

FIG. 6. Types of oxygen anions in the scheelite 

structure (see Fig. 5). A = eight-coordinated cation 

site (bismuth or iron); B = tetrahedral cation site (va- 

nadium, molybdenum, or iron); 0 = missing coordina- 

tion of A or B cation type. 

two of type b, one of type c and one of type 
d. The removal of an A cation, such as oc- 
curs when a bismuth vacancy is present in 
the lattice, generates two oxygens of type c 
(2b + 2c), one of type e (d * E) and four of 
type d (4a + 4d). 

Again, on the (101) plane, as well as on 
the (111) or (001) planes, where surface ox- 
ygen anions of type b, c, d, and e exist, the 
removal of an A cation will produce five 
oxygens of type d (5~ -+ 5d), one of type P 
(d -+ P), and one of type c’ (b * c.). 

In conclusion the significant role of the 
A-type cation vacancies in the scheelite 
structure is confirmed (2). However, the 
presence of cation vacancies not only does 
not discount the bismuth role in ally1 forma- 
tion (5, 10, 12), but it enhances it by gener- 
ating higher bond order of Bi-Ox centers 
(type c) or anionic centers of type d. 

Another aspect to be considered is the 
surface dehydration process which causes 
elimination of water from surface hydrox- 
yls. The water desorption will favor the 
formation of a surface anionic vacancy on 
the less positively charged position (A cat- 
ion site), while an 02- ion will be left on the 
more positively charged position (B cation 
site). Indeed, in view of its more basic char- 
acter, it is reasonable to assume that (OH)) 
is preferentially cleaved from Bi’+ rather 

than from Mo6+. In summary, it results that 
A cations will be coordinatively more un- 
saturated with respect to B cations, and 
could be good sites for adsorption of olefin. 
These considerations (presence of A cation 
site vacancy and dehydration process) 
point to a predominant role of A cations in 
the first olefin activation step. 

The experimental evidence shows a sig- 
nificant difference in catalytic behavior 
between the series of solid solutions with 
Me = Bi, where the bismuth content in- 
creases with y, and that with Me = Fe, 
where bismuth remains constant with y. 
These differences, fundamentally related to 
the solid state structure and chemistry of 
the catalyst, clearly point to a remarkable 
role of eight-coordinated cations in ally1 
formation: these ions are Bi sites until cat- 
ion vacancies are present (Fig. 2), and Fe 
sites if there are no vacancies remaining 
(Fig. 3). Hence, eight-coordinated iron can 
account for the difference (especially in the 
absence of vacancies) in catalytic behavior 
between the two series of catalysts. 

The eight-coordinated iron may even af- 
fect the a-hydrogen abstraction step favor- 
ing electron transfer from the olefin to the 
catalyst which is clearly associated with the 
reduction process of the solid. An ESCA 
study performed in situ and concerning the 
redox process of the catalyst components 
(Bi, MO, V, and Fe) is in progress in our 
laboratory to support this hypothesis and to 
examine directly the reducibility of the dif- 
ferent catalysts. 

Moreover, some of the samples have 
been analyzed by thermogravimetry, reflec- 
tance spectroscopy, magnetic susceptibil- 
ity, and X-ray diffraction in order to study 
their reduction in a H2 atmosphere in the 
temperature range up to 600°C. The results 
have shown that the iron-containing cata- 
lysts are more easily reducible than the 
iron-free compounds (21). 

A good reducibility is indeed known (22) 
to be essential for activity and selectivity of 
bismuth-molybdenum-based catalysts. In 
fact among several Bi-Mo catalysts studied 
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(22) the rate of catalyst reduction was 
higher for the multicomponent system used 
commercially. 

Thus the presence of iron (3, 23, 24) in 
our catalysts clearly enhances the effi- 
ciency of the redox cycle; in fact, the redox 
couple Fe3+/Fe2+, operating in a scheelite 
matrix containing the essential elements 
bismuth and molybdenum as well as cation 
vacancies of eight-coordinated A type, de- 
creases the energy of the pathway (Table 1) 
for catalytic event, by prompting electron 
and oxygen transfer between the bulk and 
the surface. 
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