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Structures, activities and selectivities were investigated of catalysts with the 
general formula: Me,“Me~‘l’Bi,MoaO~, in which MC” is Xi, Co, Mg or Mn and 
Me”’ is Fe, Cr, Al or Ce. 

The structural and catalytic properties lead to division into two categories, one 
when Me”’ is Fe, Cr or Al and the other when Me’” is Ce. 

In the first group catalytic activity and selectivity is connected with Bi,MoOo and 
Bi?Mo3012, present as an outer layer on a nucleus formed by Me”Mo0, (with 
,8-CoMoOl structure) and Me2’TT(MoOa)3. The formation of Bi,MoOe is promoted 
by Me”’ in the sequence Fe > Cr > Al. Moreover Bi,MoOs is activated by use of 
Fc. Me,“‘(MoOl), has been provrd to be a stabilizer of the ,8-CoMoOa structure. 

In the second group 1,he promoter cffcct seems to bc connected with an incor- 
poration of Ri”’ in the Ce-molybdak and there is no specific preference for the 
P-COMOO~ struct.ure. 

In this paper Iv-e report on the properties 
of a group of selective oxidation catalysts 
with the general formula Ni,*Cob.Fe,.Bid. 
P,*Kh*Mof*O, as mentioned in a Dutch 
patent application 7006454 (1970). The 
composition of these catalysts varies over 
a wide range: a and b between 0 to 15, 
a + b between 2 and 15, c from 0.5 to 7, 
d from 0.1 to 4, e from 0 to 4, f is 12, g 
from 35 to 85 and h from 0.01 to 0.5. 

This group is remarkable because it con- 
tains only small amounts of a cation (Bi3+) 
the molybdates of which are known t’o be 
active and selective for the conversion of 
propcne to acrolein, while the majority of 
cations present, if applied as single molyb- 
dates are known to be inferior for this re- 
action both as to their activities and their 
selcctivities. 

Questions that might be asked are: (1) 
is Bi-molybdate still the principal catalytic 
compound and if so what is t’hen the expla- 

nation of the synergetic action of the ot,her 
molybdates, or conversely (2) is now the 
combination of the other molybdates the 
main catalytic agent and how does Bi- 
molybdate then succeed in improving its 
activity and selectivity? 

In this investigation we approached 
these problems in the following manner: 
(a) by replacing the bivalent. (Co, Ni) and 
trivalent (Fe) cations by related species 
(Co2+ and Nia+ by Mn2+ and Mg”+, Fe3+ by 
Cr3+, Ce3+ and A13+) to obtain an insight 
into their actions; (b) by varying the 
amount of Fe to investigate the influence 
of this clement on stability of catalyst 
structure; (c) by replacing Bi”+ by La:‘+, 
Tl”+ to determine whether Bi is still the 
active agent. 

The possible influence of silica gel, P and 
K was not investigated since for Bi molyb- 
date these additives are intrinsically irrcle- 
vant and only import’ant because of the 
need of a catalyst that has to stand up to 
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technological demands (such as mechani- 
cal stability in fluid beds). 

Instead of the propene-acrolein oxida- 
tion we used the related butene-butadiene 
oxidation as the model reaction. For the 
special case of Bi molybdates as catalysts 
this was shown to be an adequate approxi- 
mation. 

EXPERIMENTAL PROCEDURE 

I. Preparation of Catalysts 

Powdered molybdic acid was added to a 
stirred hot solution of CO(NO,)~.~H,O in 
water; the atomic ratio of Co/M0 was 1. 
Diluted ammonia was then added until the 
pH was 5. A purple colored precipitate was 
formed. By further heating with stirring 
the water evaporated and a viscous slurry 
with pH of 3 to 4 was obtained which was 
subsequently dried at 110°C during 12 hr. 
After powdering in a mortar, precalcination 
at 320°C in air for 1.5 hr, the catalyst 
was further calcined in air at 520°C for 
2 hr after which it was quickly cooled to 
room temperature; the color of the catalyst 
then was slightly purple. 

This basic procedure of preparing 
CoMoO, was followed for preparing all the 
other catalysts. The elements Ni, Mg, Mn, 
Fe, Cr, Al, Ce, Bi, La, were incorporated 
during preparation by substitution of a 
proportional amount of cobalt nitrate by 
the nitrates of those elements. Used were, 
respectively: Ni(NO,),*6H,O, Mg(NO,),. 
6H,O, Mn(N03)2.4H,0, Fe(NO,),*9H,O, 
Cr(NOs)3*9H,0, Al(NO,),.SH,O, Ce- 
(NO,),*6H,O, Bi(NO,),*5H,O, La(NO,),* 
6H,O. Thallium was incorporated via a 
solution of T&O,, in concentrated nitric 
acid. 

The preparation via evaporation of liquid 
was necessary since coprecipitation reac- 
tions with ammonium heptamolybdate did 
not lead to complete precipitation. A fil- 
tration procedure without loss of material 
was therefore impossible. One observation 
that might be important is that the Cr, 
Fe, Al molybdates formed in water were 
far more gelatinous than the other metal 
molybdates. 

TABLE 1 
LIST OF CATALYSTS 

Surface area 
Catalyst WfP ) 

CoMoO, 6.2 
C&Nia/sMoOa 17.8 
Co,,zNil/zMoOr 15.4 
NiMoOd 28.0 

Coa/llNislllFea/tlMoOl, 8.7 
Co5/9N13/9Bi&Vo0~+z 4.2 
CosllzNi3/12Feall2BililZMOOP+z 4.7 

Cos/lzNia/l*Mnl/lzFe2/lzBil/l2MoOl, 4.4 
Cos/lz~ii3/12Mnz/lzFel,l2Bil/lzMoOl+, 4.4 
Co3/12Ni3/,2Mn3/12Bi,/12M00~+z 4.3 

Cos/lzFe~/lzBil/l*MoO,+* 4.5 
CoslllFe*/llBil,llMoOl+l 4.2 

Ni*/12Cr3/1sBil/,2M00~+2 6.4 
Nib/12Fe3/12Bil/LPMoOI+~ 5.1 
Nisll2Al~/IzBil/lzMoOl, 4.4 

Nis/lzCer/llBiln2M00,+= 9.0 

MnsilzCr3,12Bill,zMoOr+, 3.1 
MnMoOc 0.7 

MgMoOa 4.7 

Mgs/wU/nMoOa+z 4.5 
Mg,/,,Ab/1gBil/lzMoO~+= 1.9 

Catalysts of the compositions and surface 
areas shown in Table 1 were prepared. 

II. X-Ray Measurements 

Results were obtained using a Philips 
X-ray diffractometer with a Geiger-Miiller 
counter and Ni-filtered Cu Ku radiation. 

Our sample of NiMoO, has the 01- 
CoMoO, structure, as described by Smith 
and Ibers (1). Attempts to prepare NiMoOc 
with the ,&CoMoO, structure by quenching 
pure NiMoO, from 52O’C to room tem- 
perature were not successful. Other investi- 
gators, for instance Sleight and Chamber- 
land (6), mentioned earlier that it is not 
possible to obtain ,&NiMoO, at normal 
temperature and pressure. 

According to the literature CoMoO,, 
MgMoO, and MnMoO, are isomorphous: 
they all possess the ,&CoMoO, structure 
(3, 4)) identical with a-MnMo04. The main 
difference between the /?-CoMoO, and the 
a-CoMoO, structure is the oxygen coor- 
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&nation of MO, which is tetrahedral in 
/3-CoMoO, an d essentially octahedral in 
wCOMOO,. 

A combination of Co-Ni leads in our ex- 
periments to a mixt.ure of two phases: 
cr-CoMoO, and ,R-CoMoO, (see Fig. 9), 
while in the absence of Ni one obtains 
mainly ,@-GoMoO,. 

The Co-Ni-Fe combination, on the other 
hand, does not lead to the wCOMOO, struc- 
ture, and the p-CoMoO, structure clearly 
dominates. Obviously the p-form is favored 
by the presence of iron. Iron in this cata- 
lyst was found to be present as Fe, (MOO,) 3 
in a structure similar t,o that reported by 
Plyasova and Kefeli (5) and by Fagher- 
azzi and Pernicone (6). 

The Co-Ni-Fe-Bi catalyst also shows 
a combination of ,/3-CoMoO, and Fe,- 
(Moo,):,. The crystal structure of the Bi 
compound, however, is not clear, which is 
not surprising since only small amounts of 
Bi were present in t.he catalyst. From the 
presence of lines with d-values 3.18, 3.15 
and 3.06 A one might conclude that a bis- 
muth molybdate, either the 2/3 or 2/l 
compound, is present. However, these lines 
also occur for &CoMoO, and Fe, (MOO,), 
although with low intensities. The larger 
intensities observed in the Co-Ni-Fe-Bi 
catalyst might be an indication that bis- 
muth molybdates are present in this system. 

Catalysts, prepared with constant Co, Ni 
and Bi concentrations but, partial replace- 
ment of Fe by Mn, show the j3-CoMoO, 
structure toget’her with some Fez (MOO,) 3, 
the p-form apparently being stabilized by 
the presence of mangancsc. All catalysts 
show d-values of 3.18, 3.15 and 3.06 W in- 
dicating the possible presence of bismuth 
molyhdates. There is some indication that 
iron tends to promote formation of Bi,O,* 
MOO, rather than of Bi,O,*3MoO,, since 
the signal at, d = 3.15 B becomes relatively 
stronger by increasing the iron concentra- 
tion (Fig. 10). 

According to Plyasova and Kefeli (5), 
Cr, (MOO,) 3 and Al, (Mood) R are isomor- 
phous with Fe,(Mo04),. In some of our 
catalysts we replaced Co and Ni by Mg or 
Mn and Fe by Cr or Al. In all cases the 
bivalent metal molybdate had the /3- 

CoMoO, structure and the t,rivaIent metal 
molybdate the Fe, (Moo,) 3 structure. 

Plyasova and Kefeli (5) suggested that 
Ce,(MoO,), also should be isomorphous 
with Fe, (MOO,) 3. Our experiments, how- 
ever, showed that in catalysts containing 
Ce instead of Fe, the Ce, (Moo,), has the 
scheelite structure as described by Brixner, 
Sleight and Licis (7). In this structure 
Ce2 (Moo,) a is isomorphous with Laz- 
(MOO,) 3. 

If Ni was present in our cat,alysts, some 
NiMoO, was present as the cu-CoMoO, 
structure, even when these catalysts con- 
tained a trivalent metal ion such as Fe, Cr 
or Al. This confirms the assertion of 
Sleight and Chamber1 (2) t.hat, j?-NiMoO, 
has the greatest. tendency to change t,o the 
a-structure. 

III. Diffuse Reflectance 

To obt,ain more information about the 
surroundings of cations by oxygen, re- 
flectance measurements were carried out 
(from 11,500 to 52,000 cm’) with a Uni- 
cam SP 800 spectrophotometer. The spect,ra 
are given in Fig. lA,B,C. 

The spectra of molybdates, according to 
the literature, show uv peaks assigned to 
charge-transfer transitions 02- + Mo6+. For 
MOO, tetrahedra two transitions are pre- 
dicted. In the reflectance spectrum of, for 
instance, sodium molybdate Ashley and 
Mitchell (8) observed bands at 38,300 and 
44,350 cm-“. 1Vc found for MgMoO,, in 
which MO is tetrahedrally surrounded, 
bands at 39,000 and 45,000 cm-l. Molyb- 
dates with a sixfold oxygen surrounding of 
MO are reported to show an additional peak 
at 33,000 cm-’ (8). 

For t’he Mg-Al-Bi-Mo catalyst we 
found maxima at 38,500 and 46,500 cm-l 
(see Fig. IA) and for this system MO is 
apparently in tetrahedral coordination. The 
catalyst is unique because it does not show 
a band at 33,000 cm-l, u-hereas catalysts 
containing Co, Ni or Mn always show a 
very broad band in this region. 
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FIG. IA, B and C. Diffuse relectmcej for several 
catalysts. 

b. Bivalent Metals (Co, Ni, Mg, Mn) 

It was expected that the oxygen coor- 
dination of Co, Ni, Mn or Mg ions would 
be sixfold. Pure CoMoO, showed bands at 
14,100, 17,500, 19,050 cm-l, a shoulder at 
19,700 cm-’ and a broad band starting at 
25,000 cm-l [charge-transfer band, see (8) 1. 

The Co-Ni-Fe-Bi-Mo catalyst showed 
maxima at 14,100, 17,500 and 19,100 cm-l 
and further a broad band starting at about 
25,000 cm-l in good agreement with the 
values for Co2+ in MgO given by Pap- 
palardo, Wood and Linares (9) in which 
Co is octahedrally surrounded, so that we 
may conclude that in our catalysts Co is in 
an octahedral surrounding. 

For samples of Ni2+ in MgO (octahedral), 
Pappalardo, Wood and Linares (10) gives 
a band at 24,270 cm-l and a further five 
bands in the region of 13,700 to 15,400 cm-l. 
According to him tetrahedral Ni always 
give a strong band at about 15,650 cm-l. 
We found for NiMoOr a band at about 
24,006 cm-l and three maxima at 12,800, 
13,600 and 14,200 cm-l (see Fig. 1B). 

For the Ni-Cr-Bi-Mo catalyst we also 
found a band near 24,000 cm-‘, but the 
maxima at 12,800, 13,600 and 14,200 cm-’ 
were now covered by the stronger reflections 
of chromium molybdate. In none of the 
Ni-containing catalysts did reflections occur 
at 15,600 cm-l; we may therefore conclude 
that Ni is sixfold surrounded by oxygen 
ions. 

MnMoO,, in which Mn is sixfold sur- 
rounded by oxygen, shows bands at 18,000 
and 23,500 cm-l which are characteristic 
for MnOs octahedra. Our catalyst, contain- 
ing Mn, Cr, Bi and MO, also shows bands 
at about 17,500 and 23,000 cm-l; these 
bands are weak. No other maxima were 
present in the spectra of this catalyst and 
therefore we may assume that here also 
manganese is surrounded by six oxygen 
ions. 

The spectra of catalysts containing Mg 
give no information as to the coordination 
of Mg. 

c. Trivalent Metals (Fe, Cr, Al, Ce) 
Iron-containing catalysts always showed 

a maximum at 21,750 cm-l and further a 
broad band starting at about 25,000 cm-l 
(see Fig. 1C). In the spectrum of pure 
Fe, (MoO,)~ we also found absorptions at 
21,750 and at 26,250 cm-l, these data being 
in good agreement with those found by 
other workers (11). We may conclude, 
therefore, that iron in our catalysts is octa- 
hedrally surrounded by oxygen ions, the 
same surrounding as in Fez(MoO,)a re- 
ported by Fagherazzi and Pernicone (6). 

In Fig. 1B the reflectance spectra of 
Cr, (MOO,), and of a Ni-Cr-Bi-Mo cata- 
lyst are given. The absorption bands of 
Cr, (Moo,), also appear in the Ni-Cr-Bi- 
MO catalyst, maxima occurring at 13,400, 
14,100 and at 14,600 cm-l with a broad 
band at 20,500 cm-l. It may be assumed 
that Cr in the catalyst is sixfold surrounded 
just as for Cr,(MoO,),. 

The spectra of Al-containing catalysts 
do not show peaks that can be ascribed to 
this metal ion (see Fig. 1A). 

The catalyst containing Ce instead of 
Fe, Cr or Al, did not show well defined 
bands. 
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d. Bismuth 

In all the catalysts prepared, absorptions 
which could be ascribed to Bi were c,overed 
by stronger reflections of other elements. 
Probably this effect is due to the extremely 
small amounts of Bi used in the catalysts. 
However, in the Mg-A-Bi-Mo catalyst 
there is a band at 27,000 cm-l which has 
to be assigned to Bi since neither Mg nor 
Al show absorptions in the visible region 
(see Fig. IA). It is not clear t.o which bis- 
mut’h molybdate t’he band at 27,000 cm-l 
is to be ascribed. 

IV. Thermal Analysis 

The apparatus applied was a J\lettler 
Thermoanalyser T2-ES with Pt, crucibles. 
a-Al,O, heated to 1250°C was used as ref- 
erence. With this instrument GTA and 
DTA analyses can bc made simultane- 
ously. Analysis was performed for a Co- 
Ni-Fe-Bi-Mo cat’alyst; the data are rep- 
resented in Fig. 2. Only small effects were 
observed, in particular exothermic effects 
at about 690, 725 and 825°C and endo- 
thermic effects at. 630, 792 and 865°C. The 
broad endot,hermic effect in the DTA curve 
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FIG. 2. (above) GTA analysis of Co-Ni-Fe-Bi 
molybdate catalyst; (below) DTA analysis of this 
catalyst. 

starting from 630°C can be explained as 
sublimation of MoOa. Indeed the TGA 
curve also showed a weight loss starting 
from this temperature. However, this loss 
is only small (of the order of 1%). The 
endothermic effect observed at 792°C cor- 
responds to a melting of traces of MOO,; 
its melting point is 795%. This is in agree- 
ment with t,he observation that the TGA 
curve at this temperature becomes more 
flat. Melting of MoOj will be accompanied 
by a decrease of the surface of the catalyst 
which can lead to a decline in the rate of 
sublimation of MOO:,. 

V. Continuous Flow 
Catalytic Experiments 

Apparatus, procedure, gas chromato- 
graphic analysis and the method of cal- 
culation have been reported earlier (12, 
13). In each experiment 300 mg of catalyst 
was used ; the constant flows were 20 cm” 
min-l of 1-butene and 100 cm” min-l of 
artificial air. 

The tot,al amount of carbon-containing 
compounds is taken as 100 and gas com- 
position is expressed in percent,. In our cal- 
culations oxygen and steam values are dis- 
regarded, which is allowable as long as the 
oxidation is reasonably selective. Selec- 
tivity is then simply defined as: 

[diene/(diene + 0.25C02)] X 100%. 

Since isomerization of butenes does not 
play an important role with respect to the 
activity (isomers also are oxidized to buta- 
diene), activity is defined as the difference 
in concentration of but.enes before and 
after reaction, which implies an overall 
conversion in percent. 

For less selective catalysts the total 
amount of carbon-containing products 
tended to decrease, in particular at higher 
reaction temperatures, presumably because 
of oxidation to liquid products such as 
furan and organic acids like maleic anhy- 
dride. In such cases we used a modified ex- 
pression for the selectivity, i.e., as: 

[diene/(diene + 0.25C02 
+ other products)] X 100%. 
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in which the total concentration of other 
(liquid) products was determined from the 
decrease of the carbon balance of gaseous 
components. 

Figure 3A and B shows the results for 
pure CoMoO,, pure NiMoO, and for cata- 
lyst samples in which parts of Co have been 
exchanged by Ni. It is shown that NiMoO, 
is more active but less selective than 
CoMoO, and that the Co-Ni molybdate 
catalyst with the ratio Co/Ni = 5/3 pos- 
sessed a reasonable selectivity and activity. 
Consequently in all following experiments 
this ratio was kept constant. During the 
activity test for /3-CoMoO, the purple 
color changed via grey to olive green (the 
a-phase) at about 250°C. However, at 
400°C the original purple color of the cata- 
lyst appeared again. The two catalysts 
containing Co and Ni were green before 
the activity tests. 

Figure 4A shows the influences of iron 
and bismuth. The Co-Ni-Bi molybdate 
catalyst shows a low activity but a very 
high selectivity over the whole tempera- 
ture range. The color of this catalyst was 
green and it is likely therefore that this 
catalyst possesses the (Y-CoMo04 structure. 
The Co-Ni-Fe molybdate catalyst, if com- 
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FIG. 3A and B. Activity and selectivity as a func- 
tion of temperature for the following catalysts: 
CoMoOa, NiMoOl, Col,xNi1/2M004, Coa/sNi.s/sMoO:. 

------SELECTIVITY 
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FIG. 4A and B. Activity and selectivity as a func- 
tion of temperature for the following catalysts: 
CosisNi3/9Bil/sMoOl+,, Cos/llNig,11Feg/llMoO(+z and 
CosllzNi3,,zFe3,,2Bil!l?MoO~+z. 

pared with catalysts without Fe in them, 
showed a relatively high activity especially 
below 420°C ; its selectivity, however, was 
low. Its red-brown color, presumably de- 
rived from purple /3-CoMoOc mixed with 
yellowish green Fe, (MOO,) a) did not change 
during the reaction and it seems therefore 
that iron stabilizes the metastable p-phase 
of CoMoO,. 

It is shown in Fig. 4B that activity and 
selectivity both increase very strongly by 
adding a small amount of Bi to a Co-Ni- 
Fe molybdate catalyst. Again the brown 
color of the catalyst remained unaltered 
during reaction (stabilization of the 
P-phase). 

Figure 5A shows activity and selectivity 
of some catalysts in which iron was partly 
or entirely replaced by manganese. The 
Co-Ni-Mn-Bi molybdate catalyst with a 
purple color (the /3-CoMoO, modification) 
was not very active but very selective. At 
about 150°C its color changed to green 
(ar-CoMoO,) ; we may therefore conclude 
that manganese only slightly stabilizes the 
p-modification. The selectivity of this cata- 
lyst is very similar to that of the Co-Ni-Bi 
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--------SELECTIVITY -ACiIVIiY 

molybdate catalyst (Fig. 4A), its activity 
however being lower. 

It can also be observed in Fig. 5A that 
the conversion of a catalyst in which 2 of 
the 3 parts of iron are replaced by man- 
ganese changes hardly from 360 to 420°C 
while in this temperake range the color 
of the catalyst became greenish brown, 
pointing to a partial t.ransformation of the 
p-CoMoO, modification to the cu-form. The 
color of the catalyst remained greenish 
brown at the higher reaction temperatures. 

The same ,/3 + (Y transformation was 
found during testing of a catalyst in which 
1 of t’he 3 parts of iron was replaced by 
manganese. Again the flattening in t’he con- 
version was observed to start at 36O”C, 
accompanied by a change in color of the 
catalyst from brown to greenish brown. 
However, for this sample the activitv in- 
creased strongly at 420°C and the original 
color of the catalyst appeared again. 

In Fig. 5B are represented t.he propcrtirs 
of catalysts of the following composit.ion: 
CoR,lzFen,,~Ri,,,,nloo,+,, and CO~,,,,F++~~- 

Bi,,,,MoO,, with the characteristics of the 
second being similar to those shown in 
Fig. 5A. From these experiments we may 
conclude that for good activity the ratio 
Co (or Ki)/Fe has to remain below 8/3, 
since if it becomes higher the structure of 
the catalyst will change from ,/3-CoMo04 to 
CU-CoMoO, with a consequent lowering of 
the activity. 

The next activity t,ests are concerned with 
catalysts where iron is replaced by chro- 
mium or aluminum (Fig. 6A). At. tempera- 
tures below 400°C the iron-cont.aining 
catalyst (Ni-Fe-Bi molybdat,e) is the most 
active but not particularly selective. ,4t 
higher temperatures the Cr-containing cata- 
lyst (Ni-Cr-Bi molybdate) becomes more 
active and remains more selective. 

It is shown in Fig. 6B that the Ni-A-Bi 
molybtlate and the Xi-Ce-Bi molyhdate 
cat,alyPts arc very act,ive and selective. That 
not all nct,ive and selective catalysts are 
necessarily conncctcd wit.11 the /3-CohloO., 
st.ruct.ure follows from the fact that. our 
Ce-coutaining c.atalyst was about a 50-50 
mixture of cr- and /3-CoilloO,. 

The results of replacements of Co and Ni 

------ SELECilViiY -ACTIVITY 
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FIG. 6A and B. Activity and selectivity as a func- 
tiou of temperature for the following catalysts: 
Ni,/,2Cs/l*Bi,/,zMoOilt;r, Ni,,,,Fe3,12Bi,i,2MOOiljr, 
Ni8!,2A13,,YBi,,l~RIo0 

_. 4+z and rVlg,12Cea,12Bil,lYniTOoq+5. 
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by Mn or Mg are shown in Fig. 7A and B. 
Active and selective catalysts can be ob- 
tained by such replacements, although ac- 
tivity seems to be a little lower with Mn- 
or Mg-containing catalysts. 

We also tried to get some information 
about the function of Bi in the catalysts. 
Therefore we compared following catalysts: 
MgMoOa, Mg8~llA1~,,lMo4+, and Mg,,,,- 
A13&il~12M04+z. The results are given in 
Fig. 7A. It is seen that the presence of Bi 
leads to a strong increase in activity and 
selectivity. 

Finally we replaced Bi by La and Tl, one 
element almost nonreducible and the other 
easy to reduce. The results are given in 
Fig. 8A. The La-containing catalyst is less 
active and selective than the corresponding 
Co-Ni-Fe-Bi molybdate catalyst. In the 
Co-Ni-Cr-Tl molybdate catalyst Tl ap- 
pears to be an inhibitor for the oxidation: 
activity is very low, though selectivity is 
rather high. 

For two of the best catalysts rates were 
plotted as a function of temperature, as- 
suming the reaction to be first order in the 
butene concentration and zero order in the 
oxygen concentration. Log k vs l/T plots 

-------SELECTIVITY 

FIG. 7A and B. Activity and selectivity as func- 
tion of temperature for the following catalysts: 

MgMoOa, Mg~/&l3/nMoO4+z, Mgs/12Ab/&i1/12- 
MoO4+,; MnMoOd, Mns/l*Cr3/lzBil/lzMoO4+,. 
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FIG. 8A. Activity and selectivity as function of 
temperature for Cos,lzNi3,12Cr3/lrT11112M004+zl COW- 

Ni3,12Fe3,12La1,12M004+z. (B) Arrhenius plot for con- 
tinuous flow data on butene oxidation for Nk12Fe3/12- 
Bil/12MoOa+, and Ni8/12Cr3/12Bi1/12M004+2. 

show (see Fig. 8B) the now familiar picture 
of two intersecting straight lines with a high 
slope at the lower temperatures [see Batist, 
Prette and Schuit (14)]. Since no ac ,ual 
studies were made of the kinetics it re- 
mains hazardous to attach too much im- 
portance to this analogy but the simila tity 
is certainly striking and it might there ore 
be true that butadiene is also an inhil: tor 
for oxidation on these catalysts. 

DISCUSSION; 

The general composition of the catalysts 
studied here is: 

MesJ1 * Me311211 . B& . M004+~, 

in which MeII is Ni, Co, Mn, Mg and MelI1 
is Fe, Cr, Al and Ce. For reasons of stoichi- 
ometry x should be equal to l/S. 

It is convenient to separate the catalysts 
into two groups, one (a) with MelI’ = Fe, 
Cr or Al and the other (b) with MeIn = Ce. 

Catalysts of Group (a) 
X-ray data and reflectance spectra 

showed that in catalysts where MeI is Ni, 
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FIG. 9. X-Ray diagram with the following notation: 01 = OI-CoMoOd, p = p-CoMo04, F = Fe&UoO& 
Birr = Bi,(MoO,),, Bi’ = (BiO)&IoO+ 

Co, Mg or Mn and MeIn is Fe, Cr or Al, 
the Me”Mo0, structure is that of /3- 
CoMoOe and the Me,lll(MoO,) 3 structure 
that of Fe, (MOO,) a. Furthermore, B&Moos 
(2/l phase) or Bi,Mo,O,, (2/3 phase) or 
a combination of both is always observed. 
TGA and DTA analyses showed, moreover, 
that free MoO, or other free metal oxides 
are nearly absent. 

2 1315 
i,, 

10 

- Fe-content 

1 2 3 

FIG. 10. Ratio of the intensities of d-values 3.15 
and 3.18 .& as function of Fe content of the Co-Ni- 
Mn-Fe-Bi--Mo catalysts. 

In any combination MeI + MP with 
Bin1 the Bi-containing catalyst is consid- 
erable more active but moreover more selec- 
tive than the basis Me” + MenI. However, 
there is a general parallelism between ac- 
tivities of Bi-free and Bi-containing cata- 
lysts in that Ni > Co > Mg > Rln and 
Fe > Cr > Al. On the other hand, selec- 
tivities of the Bi-containing catalysts are 
invariably high and do not) seem to have 
any connection with the selectivities of the 
MeI1 + Me”’ combination. 

From the list of surface areas it can be 
concluded that if Bi is added to a system 
of &MeWoO, combined with MePI- 
(Moo,) 3 the surface strongly decreases. 
This suggests that Bi screens the higher 
surface of the earlier named combination; 
in other words Bi is located on the surface 
of the particles of the catalyst, the nucleus 
being formed by &MeWoO, and Mez”‘- 
(1~004) 3. 

The activity per surface area and the 
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FIG. 11. Particle of active material. 

selectivity of the Bi-containing catalysts 
are so high that nearly the whole surface 
of the particles has to be covered by a layer 
of Bi molybdate to account for these prop- 
erties. If other molybdates were also present 
on the surface in appreciable amounts, ac- 
tivity and especially selectivity of the cata- 
lysts could not be so high. 

It might be asked whether such low 
amounts of Bi molybdate are able to screen 
the surface of the particles of the catalyst 
completely and still succeed in forming 
layers of a thickness of dimensions to give 
visible reflections in X-ray measurements. 
From calculations on CoSj12Fe3,12Bi1,12- 
MoOA+c it appears that the particles (di- 
ameter about 2700 A) can be covered with 
a layer of Bi molybdate of 1OOli (density 
of catalyst = 5.0 g/cm3, density of CoMoO, 
+ Fe,(MoOl) 3 = 4.3 g/cm3, density of Bi 
molybdate = 6.0 g/cm”). This should per- 

mit the observation of X-ray lines though 
they would be considerably broadened. 

Table 2 shows that the activity per unit 
of surface area strongly depends on which 
cation (Fe3+, Cr3+ or A13+) is used: it de- 
creases in the sequence Fe, Cr, Al. The 
value of activity (expressed as a first order 
rate constant) per unit of surface area ap- 
pears to be proportional to the ratio of 
intensities of the X-ray reflections of the 
2/l and 2/3 phase of Bi molybdate. This 
means that Fe*(MoO,) 3 is stronger than 
Cr,(MoO,) 3 or Al,(MoO,) 3 in promoting 
the forming of the 2/l phase with regard to 
the 2/3 phase. 

This observation explains in part the 
relative efficiencies of the various MerlI 
promotors: the more they tend to the for- 
mation of the 2/l phase, the more effective 
they are. A possible explanation for this 
effect would be the relative preference of 
the trivalent cation for either 02- or 
(Moo,)“-. If it prefers O”-, (MoO~)~- is 
donated to Bim and vice versa, i.e., the 
equilibrium position: 

MeP(MoOa)F + (Bi0)2(Mo04) + 
Me2m022-(MoOa)2- + Bi23+(Mo04)?-. 

However, even taking into account this 
influence, it still remains unexplained why 
the activity per unit surface of Fe-contain- 
ing catalyst appears to be higher than that 
of the 2/l phase of bismuth molybdate. A 

TABLE 2 
CATALYTIC ACTIVITIES IN BUTENE OXIDATIONS 

Catalyst 
Surface area 

Wg-‘1 
k 

k = log l/l - tl (surface area)-l Z3 lj. (Z,,,)-l 

(Co, Ni) Fe Bi 4.70 
Co Fe Bi 4.50 
Ni Fe Bi 5.04 
Ni Cr Bi 6.35 
Mn Cr Bi 3.06 
Ni Al Bi 4.41 
Mg Al Bi 1.85 
Ni Ce Bi 8.97 
Bi/.Mo = 2/l” 4.1 
Bi/Mo = 2/3c 2.0 

a t/38o = activity at 380°C. 
* See Ref. (19). 
c See Ref. (15). 

40.5 0.2255 0.0480 1.24 
35.0 0.1871 0.0416 1.10 
52.0 0.3188 0.0632 1.00 
26.0 0.1308 0.0206 0.45 
10.5 0 0482 0.0158 0.39 
10.5 0 0482 0.0109 0.40 
.5 0 0 0223 0.0120 0.39 

21.0 0.1024 0.0114 0 
27.4 0.1391 0.0339 m 

1.6 0.0070 0.0035 0 
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possible explanation for this phenomenon 
might be that Bi in catalysts with a com- 
position of Mes,121rMe3,12T’1Bil,~~~~oO~+~ can 
transfer elect.rons bot’h to MO”’ and to Fe”+ 
in the bulk of t,he catalyst, while in the 
Bi/Mo = 2/l catalyst only Moe+ can ac- 
cept electrons from Bi. Since elect,ron trans- 
fer from Bi to MO or some other cation 
seems to be a relevant feature of the oxi- 
dation catalysis, this additional possibility 
of transferring electrons from the actual 
catalytic site might be of considerable im- 
portancc. So FeR+ not only promotes the 
formation of the 2/l phase but moreover 
activates the bismuth molybdate, while Cr”+ 
and Al”+ do not appear able to activat.e the 
2/l phase, at least not at temperatures be- 
low 460°C for Cr”+ and 500°C for Al”+. 

The influence of Ni, Co, nlg or Mn on 
act,ivity and selectivity of t,hc cat.alysts call 

be explained in a similar manner since for 
these MeIT molybdates the sequence of re- 
ducibility is known to bc Xi > Co > Mg 
> Mn. 

The Co-Xi-Fe-La-MO catalyst (surface 
area 7.94 m2 g-l) showed that reducibility 
of Bi in t,hc other catalysts is cestntial. The 
La-cont.aining catalyst is nonselective and 
is comparable with a catalyst without La. 

While La”+ is difficult t,o reduce, T13+ is 
very easily reducible. Newrtheless, the Co- 
Ni-Cr-Tl-Mo catalyst (surface area 8.76 
m” gm’) is very inactive. Therefore it seems 
t,hnt reoxidation of this cat.alyst presents 
the main difficulty. 

WC still have to discuss why the p- 
CofiIoO, structure is important in compari- 
son with the (Y-Co?tloO, structure and how 
the metaetable P-CoRIoO, structure (at 
least, for Co and xi\ is stabilized by use 
of Fe, Cr or ,41 molybdate, provided that 
they are prtscnt in sufficient quantities. 
This effect is not easily explained at the 
present, t,ime but a possible explanation can 
bc proposed along the following lines. In 
a-CoMoO,, Co as well as RI0 arc octa- 
hedrally surrounded by oxygen ions, the 
&lo-O octahedra being strongly distorted. 
Four pllo-0 distances yary from 1.72 to 
1.98 A and two &lo-O distances from 2.31 
to 2.33 ;i (I), Octahrdra in CU-CoMoO,% are 
connected via edges and are forming chains 

parallel to the c-axis. Comparison with t.he 
structure of p-CoMoO, shows that the 
general arrangement of metal ions is the 
same as in the a-phase; however the posi- 
tions of the oxygen ions are different,. The 
oxygen coordination of MO in /3-CoMoO, 
is nearly tetrahedral while the oxygen co- 
ordination of Mo in cu-CoMoO, is approxi- 
mately octahedral. While in the PCOMOO, 
structure the octahedra are connected via 
edges, in the b-structure octahedra and 
tetrahedra are connected via corners. The 
result is a less compact structure with a 
tlifference in density of about 6% (2). 

In Fe,(MoO,), the Fe-0 octahedra and 
No-0 tetrahedra just as in /3-CoMoO, are 
connected via corners (6). The sequence of 
layers CoJJIo and that of Fe,110 along the 
c-axes is closely similar. The stabilization 
of ,8-CoMoO, by Fc,(MoO,), can therefore 
be explained by assuming that the ,& 
CoMoO, structure is better suited tElan the 
wCOMOO, structure to fit the Fe2(RI~04)3 
structure. This might be the reason why 
p-CoNoO, leads t’o a higher activity of 
the catalysts. 

catalyst of group (b) 

Consider now the Xi-Ce-Bi-JIo catalyst, 
which as opposed to the other catalysts did 
not show a pronounced ,8-CoilloO, prefer- 
ence. It, is moreover note\vorthy that none 
of the typical Bi molybdate lines were ever 
found in X-ray diagrams of samples of this 
combination. The function of Ce, (MOO,) 3 
therefore seems to be that, of distributing 
the Bi3+ sites on its surface and is therefore 
int8rinsically different from that of the other 
trivalent cations and presumably more 
similar to the situations observed by Aykan, 
Sleight and Rogers (16). 

W:c cspress OCR aratitllde to Profcwor G. C. A. 
S&r& for his con&nt inl rwst and helpful dis- 
cussions. IIanlis ark) due to Xrda Copprns for 
perfol,rning thr: x-ray expcl,iments. 
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