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Bi8(FeOc) (MOO& is found to be a highly active and selective catalyst for the oxidation of 
1-butene to butadiene over the temperature range of 356450°C. Kinetic studies at 430°C in- 
dicate first-order dependence on butene partial pressure and zero-order dependence on oxygen 
partial pressure. These results are very similar to those obtained with BipMoO,, and Bis(MoO&. 
ESCA data indicate that the surface and bulk compositions are essentially the same for each 
catalyst studied. 

INTRODUCTION 

Bismuth molybdate phases are well known 
as highly active and selective olefin oxida- 
tion catalysts (1). Two recent studies (2, S) 
claim that a phase exists in the Bi/Fe/ 
MO/O system that is also an excellent olefin 
oxidation catalyst. However, this bismuth 
iron molybdate phase was not prepared 
pure for either study. In fact, the actual 
composition and structure of this phase 
were unknown. 

A bismuth iron molybdate with the for- 
mula BiBFeMozOlz was recently reported 
by Sleight and Jeitschko (4). Our studies 
indicate that this is the only ternary phase 
in the Biz03/Fez03/MoOa system. (See 
Note 1 added in proof.) This phase, how- 
ever, possesses a small range of stoichi- 
ometry (6). The structure of Bi3FeMo2012 
is related to that of scheelite (CaW04), 
and the formula may be written as 
Bi8(FeOl) (MoO*)~ to emphasize the dis- 
crete tetrahedra. A detailed structure de- 
termination of BiaFeMozOlt, including in- 
frared and Mijssbauer studies, is being 
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published elsewhere (6). Oxides with the 
scheelite structure generally show high ac- 
tivity and selectivity for olefin oxidation 
and ammoxidation only when they contain 
both bismuth and cation vacancies (6, 7). 

EXPERIMENTAL 

The preparation of Bia (FeOS (MOO,) 2 by 
mixing a solution of bismuth and ferric 
nitrates with an ammonium molybdate 
solution has been previously described (4). 
The dried sample was crushed and sieved to 
collect a 40-60 mesh fraction that was 
calcined in air at 500” for 6.5 hr. The BET 
surface area was 9.66 m2 g-l. 

A sample of Biz (MOO,) a was prepared by 
solid state reaction at 700” from Biz03 and 
MOOS. After final calcination the sample 
had a surface area of 1.28 m2 g-l. 

A sample of BizMoOs (Koechlinite modi- 
fication) was kindly provided by Professor 
G. C. A. Schuit and had been prepared by 
the technique of Batist et al. (8). It was 
calcined for 4 hr at 500”. The BET surface 
area was 3.00 m* g-l. 

Butene oxidation studies were carried out 
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in a continuous flow system under differ- 
ential conditions at 3 psig pressure. The 
catalyst was supported in a quartz U-tube 
reactor (5 mm i.d.) between plugs of quartz 
wool. 

Flows of 1-butene, oxygen, and helium 
were metered and combined in a mixing 
loop of 5’ X Q” S.S. tubing. The mixture 
then passed over a preheated section of 
quartz chips before contacting the catalyst. 
The reactor was heated by means of a 
fluidized sand bath controlled to f 1”. For 
comparison of rates at different tempera- 
tures the oxygen/olefin ratio in the feed was 
slightly greater than 1. Air Products 
helium (specified to be 99.995%) used for 
diluent was passed through a bed of char- 
coal cooled to -196”. Ultra high purity 
oxygen (99.95% min) and C. P. grade 
1-butene (99.0% min) from Matheson were 
used without further purification. The l- 
butcne was examined by mass spectrometry 
and analyzed at three pressures. It con- 
tained less than 0.02% air and 0.01% 
butane. No other impurities were detected. 

Reaction products were determined by 
gas chromatography using a 10’ X 0.25” 
column of 2Oyc ethyl N,N-dimethyloxa- 
mate on 60-80 mesh Gas Chrom RA at 0” 
with a helium flow of 50 ml/min. 

Multiple samples were taken at each set 
of conditions. The rates given arc the 
averages of at least three determinations. 

RESULTS AND DISCUSSION 

Catalytic studies. Rates of oxidation and 
isomerization of I-butene over the single 
phase BiBFeMozOlz at 430” as a function of 
the partial pressures of olefin and oxygen 
are given in Table 1. As in the case of 
bismuth molybdates (9), the oxidation re- 
action over this catalyst is essentially first 
order in olefin and independent of the 
oxygen concentration. This was found also 
for the iron-promoted bismuth molybdate 
catalyst investigated by Batist et al. (2). 
The ratio of isomerization/oxidation de- 
creased very slightly with increasing l- 

TABLE 1 

OXIDATION AND kOMEltIZ.4TION OF 

I-BL‘TENE OVER Bi3FeRio2012 .k~ 430”” 

A. Partial pressure 02 = 0.17 at,rn* 

Partial pressure, Rate of lZat,e of 
1-buterie oxidation isomerizat,ion 

(at4 (moles (moles 
hr-’ g-1) hr-’ g-1) 

0.09 9.9 x 10-a 3.2 X 1OP 
0.11 1.2 x IO-’ 4.1 x 10-Z 
0.16 1.7 x IO-' 5.2 x 10-Z 
0.22 2.6 x IO-' 7.8 x 10-Z 
0.32 3.6 x 10-l 1.0 x 10-l 

B. Partial pressure 1-butene = 0.16 atm 

Partial pressure, Ilate of Rate of 
02 (ah) oxidation isomerization 

(moles (moles 
hr-’ g-1) hr-’ g-1) 

0.08 2.0 x 10-l 6.6 x 10-Z 
0.12 2.1 x 10-l 6.9 x 10-z 
0.17 2.2 x 10-l 7.0 x 10-Z 
0.23 2.2 x 10-I 7.0 x 10-Z 

LI 0.0200 g catalyst and 0.1068 g 60-80 mesh silica. 
Total gas flow: 250 ml/min. 

* 1 atm = 1.013 X lo5 Pa. 

butene partial pressure. The isomerization 
reaction is therefore slightly less than, but 
still close to, first order in butene. 

Similar kinetics over these catalysts 
makes possible a comparison of their ac- 
tivities by measurement of rates under the 
same set of conditions and normalization to 
unit surface area. The rates of oxidation of 
1-butene to butadiene over BirFeMozOlz 
from 350 to 450” are given in Table 2. An 
Arrhenius plot from these data (Fig. 1) can 
be roughly divided into two regions. From 
the 400450” plots an apparent activation 
energy of - 75 kJ mole1 is derived, whereas 
at lower temperature the measured ap- 
parent activation energy is much higher 
(- 209 kJ mole-l). This behavior of our 
single phase schcelite catalyst is similar to 
that found for BigMoOs (10) and for iron 
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TABLE 2 

RATES OF OXIDATION OF l-BUTENE 
OVEI~ Bi,FeMozOiz” 

Temp. Rate Isomeriea- Selectivity* 
(“C) (moles hr-1 tion/oxida- 

m-z X 103) tion 

350 0.65 0.65 0.95 
370 2.03 0.57 0.95 
390 7.84 0.5 0.97 
410 12.6 0.4 0.97 
430 16.7 0.33 0.97 
450 24.7 0.26 0.97 

0 Partial pressure of 02 = 0.163 atm, and of 
1-butene = 0.156 atm. Total flow = 250 ml/min: 
0.0203 g 4&60 mesh catalyst blended with 0.1005 g 
60-80 mesh silica. 

b The selectivity is expressed as the butadiene 
fraction of total oxidation product. 

modified bismuth molybdate (a). In the 
case of these two catalysts, this phenome- 
non has been shown to be due to inhibition 
by product butadiene below 400’. Although 
we have not demonstrated this for 
Bi3FeMo2012, it is probably the same for 
this catalyst. Batist et al. found only a slight 
inhibition for Biz(MoOl)3 and no marked 
change in the slope of the Arrhenius curve 
(8). For purposes of a comparison of the two 

1 I 1 
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FIQ. 1. Arrhenius plot for the oxidation of 1-butene 
over BiaFeMozOlz. 

TABLE 3 

OXIDATION OF l-BUTENE OVER Biz(MoO& 

Temp. Rate Isomeriza- Selectivity 
(“C) (mole hr-1 tion/oxida- 

m-* X 103) tion 

325” 0.17 N4b 0.95 
350 0.69 -2 0.98 
375 2.04 1.2 0.99 
390 2.97 0.9 0.99 
390 3.16 0.8 0.99 
410 4.25 0.7 0.99 
430 5.46 0.6 0.99 
450 7.53 0.5 0.99 

a Gas flow was 100 ml/min with partial pressure of 
02 = 0.100 atm and of I-butene = 0.098 atm. First 
set of runs at 325-390” used 0.2501 g catalyst; 
second set of runs at 390-450” used 0.1250 g of 
catalyst. 

b The amount of isomerization falls &s the catalyst 
is used. 

catalysts under the same conditions we 
measured the rate of oxidation of 1-butene 
over our sample of single phase Biz (MoO~)~ 
The results are given in Table 3. This 
catalyst did show a definite break in the 
plot of log rate versus reciprocal tempera- 
ture and Arrhenius apparent activation 
energies of -159 and -59 kJ mole-’ at 
325-390” and 390-450” respectively (Fig. 
2). A comparison of the rates of oxidation 
per unit surface area over the two catalysts 
Bi3FeMozOlz and Biz(Mo01)3 in the tem- 
perature range 400-450” shows the rates 
over the .iron-substituted scheelite to be 
around three times as great. 

Using the same conditions, the rates of 
oxidation of 1-butene over the BizMoOs 
catalyst furnished by Professor Schuit were 
measured over the range 370-430’ (Table 
4). Comparison of the data in Tables 2 and 
4 shows that the ratio of rates of oxidation 
over BisFeMozOlz to those over BizMoOs 
is in the range of 0.7-l., i.e. they are 
essentially the same. This is in spite of the 
fact that the bulk structures of the catalysts 
are decidedly different; e.g., the MO atoms 
are octahedrally coordinated in BizMaOs 
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and tetrahedral in both BilFeMozOlz and 
Bi, (Moo,) y. 

There is a marked difference in isomeriza- 
tion over the two types of catalysts. Over 
BizMoOs, as has been noted before, the 
amount of isomerization to 2-butenes is 
uniformly low. We found the ratio of isom- 
erization/oxidation to be slightly greater 
than 0.1 over the range 370430”. In con- 
trast, the Bin(Mo0J3 catalyst gives ap- 
preciable isomcrization. The isomerization/ 
oxidation ratio is smaller at higher tem- 
peratures, but is somewhat less in all cases 
over Bi$eMozOls. Although we have not 
made an exhaustive study of the change in 
this ratio with time of use, it appeared to be 
relatively constant at any given tempera- 
ture over Bi3FeMo2012 and BizMoOs. How- 
ever, with Biz(M00~)~ there is initially a 
rapid change of the catalyst insofar as 
isomerization is concerned. When the oxida- 
tion reaction was started at 325“, and the 
first, sample taken at 20 min. the amount of 
isomerization was 4.5 times that of oxida- 
tion. About 1 hr later the ratio had dropped 
to 3.8, with little change in the rate of oxida- 
tion. WC did not wait until the ratio was 
stabilized at the lower temperature, but in 
the higher temperature range the ratio was 
essentially unchanged with time. 

I 40 1 50 I 60 
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FIQ. 2. Arrhenius plot for the oxidation of l- 
butene over Bil(h!IoOl)s. 

TABLE 4 

Temp. Rate Isomeriza- Selertivity 
(“C) (mole hr-1 tion/oxida- 

rrP X 103) lion 
_ 

370 2.53 0.13 0.99 
390 7.83 0.13 0.99 
410 16.7 0.15 0.99 
430 24.8 0.15 0.99 

n 0.100 g catalyst with total gas flow of 180 
ml/min, where partial pressure of 02 = 0.169 atm 
and of 1 butene = 0.156 atm. 

Batist et al. have suggested that the 
promoter action of iron in bismuth molyb- 
date catalysts is to increase the concentra- 
tion of the BLMo06 phase (2). However, 
because of the great similarities of all the 
bismuth molybdate phases insofar as olefin 
oxidation activity is concerned, we believe 
that the active sites at the surface are much 
the same in all of the catalysts. The rate is 
primarily a function of the concentration of 
these sites at the surface. 

ESCA stuclies. We have made a brief 
study of t,he ESCA spectra of the catalyst 
samples used in this study to determine if 
the surface, or near-surface, layers have 
essentially the same composition as the 
bulk. Quantitative interpretation of ESCA 
data is fraught with difficulties. These have 
been discussed by Brundle (11). However 
Carter, Schweitzer and Carlson (12) have 
recently described a model for calculating 
relative intensities of photoelectron peaks 
for the elements of a homogeneous solid 
sample. They found satisfactory agreement 
between calculated and experimental values 
in solids. The met’hod should give some 
indicat’ion of the homogeneity of these 
catalyst preparations. This method makes 
use of photoelectron cross sections that have 
been calculated by Scofield for both mag- 
nesium (1254 eV) and aluminium (1457 eV) 
radiation (IS). If one makes the assump- 
Oion that the spectrometer factor is the 
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same for two different elements, then the 
atom ratio (n) for the two elements (i andj) 
in a sample would be 

nili = IiUjXj/IjU+,Xi, 

where X is the mean fret path for inelastic 
scattering, I is the integrated intensity of 
the peak for any given core level of the atom 
under consideration, and u is the photo- 
electron cross section for that same level. 
The mean free path can be approximately 
fitted to a square root dependence on the 
kinetic energy and therefore for the purpose 
of the ratio, 

catalysts used in this study. Two different 
samples of Bi,FeMozOlz were run, one of 
the catalyst directly from the preparation 
and the other after having been calcined in 
air at 500” for G.5 hr. Batist et al. (2) noted 
that their sample of Biz (Mood) 3 underwent 
change with time and suggested that this 
was due to phase change. We noted above 
that the isomerization activity changed 
initially in our preparation. Therefore, we 
exposed a sample of the catalyst to 200 mm 
of butene at 450” for 10 min and reexamined 
the spectrum of this catalyst. 

Vd(/j = liUj(hV - BEj)'/ljUi(hV - BEi)‘, 

where BE is the binding energy of the level 
under investigation and hv is 1487 or 1254 
depending on the X-ray source used. This 
model assumes no surface contamination, a 
condition that certainly does not hold in 
most ESCA determinations. In our present 
experiments we can only make a qualitative 
estimate of the effect of surface contamina- 
tion on our samples. 

Table 5 gives the results of the measure- 
ments of the ESCA spectra for the three 

Table 5 also gives atom ratios determined 
by the method described above. Within 
experimental error, the two samples of 
BiaFeMozOlz are the same. Likewise, we 
can see no significant difference in the 
spectra of Biz(Mo0J3 before and after the 
brief exposure to butene. For all three of the 
catalysts, the Bi/Mo ratio computed from 
the peak intensities of the Bi 4f7/2 and 
MO 3d5/2 photoelectrons using the method 
described above is low. A contamination 
layer should attenuate the less energetic 
MO 3d5/2 electrons to a great extent, which 
would have the effect of lowering the ratio 

TABLE 5 

ESCA SPECTRA OF BISMUTH MOLYBDATES AND BISMUTH IRON MOLYBDATE" 

cata1yvt Observed intensity ratios” 

Bi 4f7/2 Bi 4f7/2 Bi 4f7/2 MO 3d5/2 __- ~ ___ 
MO 3d5/2 Fe 2p3/2 0 1s 0 Is 

BipOa.MoOs 3.76 1.79 0.48 
Bi20a.3Mo03 1.24 0.74 0.60 
BizOa.BMoOa 

(after 
butene 
treatment) 1.32 0.82 0.62 

BiaFeMozOra 
(as 
prepared) 3.23 5.70 1.15 0.35 

Bi8FeMo20iP 
(calcined) 2.97 5.94 1.20 0.41 

0 Spectra taken on a Varian IEE 15 using Mg radiation. 
b Intensity = peak maximum X FWHM. 

Atom ratios as obtained by 
method of Carter et al. (12) 

Bi/Mo Bi/Fe Bi/O MO/O 

1.49 0.29 0.20 
0.49 0.12 0.25 

0.52 0.13 0.26 

1.28 3.0 0.19 0.15 

1.18 3.1 0.20 0.17 
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cwn mor(‘. Ho\vcv(hr, 1’11(are is a tlclitlilc 
difference between the three structures. 
Furthermore, if one develops a sensitivity 
factor for the Bi/Mo ratio based on an 
assumed homogeneity for Bi,Oo. MoOa and 
applies this to the two scheclitc-like struc- 
tures, values very close to the theoretical 
are obtained. The Fe 2p3/2 peak from the 
spectra of Bi3FeMo2012 is rather broad on 
a steeply assending baseline. Therefore it is 
difficult to get a very reliable estimate of 
the peak intensity. However, the corrected 
values of Bi/Fe from the two samples 
measured were 3.0 and 3.1. The absolute 
agreement is probably fortuitous. 

In view of the complications and as- 
sumptions involved one must be cautious 
in interpreting these data, but they suggest 
that the surface ratio of atoms is close to 
that of the bulk structure. (See Note 2 
added in proof.) 

Note 1 added in proof. After this paper had gone to 
press, a paper on the bismuth iron molybdate system 
by T. Notermann, G. W. Keulks, A. Skliarov, Yu. 
Maximov, L. Ya. Margolis, and 0. V. Krylov ap- 
peared in this journal [39, 286 (1975)]. In addition 
to Bi3FeMo2012, which we had previously reported 
(4-67, these authors claim a compound at the com- 
position BiZ03. Fez03.2MoOa. However, we find that 
this composition is not a compound but rather a 
mixture of known phases, e.g., Bi,FeMo201z, FezOz, 
Fe&h0~2, Bi,FehOg, etc. The M6ssbauer data 
given by Notermann et al. for the BizOs.FezOa. 
2Mo03 composition support our finding in that their 
data are best interpreted as arising primarily from 
a mixture of BiaFeMo2012 and a-Fe203 (probably in 
a finely divided form). Both the monoclinic and the 
tetragonal forms of bismuth iron molybdate have 
compositions very close to BiaFeRIozO,z (6). 

.~~ofe 2 utltlr~d iu prooj. After 011r nial~rtscript, was 
submitted for publication, a paper appeared de- 
scribing some ESCA data on bismuth molybdates 
[Mat,suura, I., and Wolfs, M. W. J., J. CafaZ. 37, 174 
(1975)]. The rat,ios of intensities for the phot,oelec- 
tron peaks reported by t,hose workers agree well with 
ours for BizOJ.Mo03 brat differ significant,ly for 
Bi203.3Mo03. This suggests that Bi203.3Mo03 
phases prepared by different techniques can have 
significantly different surface compositiorw. 
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