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The adsorption of I-butene and butadiene on Bi&lo209 and on silica-supported 
Bi9PMo120j2 catalyst was measured. Both catalysts (in which the Erman phase is the 
major component) show weak single-site adsorptions of l-butene and butadiene and a 
slow but strong adsorption of butadiene. 

Thermal decomposition of the Erman phase into Bi203.3Mo03 and BiP03.Mo03 runs 
parallel with a change of the weak single-site type of adsorption into a dual-site type of 
adsorption, well known as belonging t,o the koechlinite phase. The silica-supported cat- 
alyst is thermally more stable than t,he BizMozOs compound. The supported catalyst is 
found to be partially unstable if exposed to reduction-reoxidation conditions at 470°C. 
Suggestions are given as t)o the role of P in silica-supported Bi-Mo catalyst. 

INTRODUCTION 

In our previous studies of the selective ox- 
idation of 1-butene over bismuth molyb- 
dates, most attention was given to the prop- 
erties of the Bi203.Mo03 compound, the 
koechlinite catalyst. Reduction-reoxidation 
reactions (1) were carried out under varying 
conditions, and activities and selectivities 
were connected with bhe layer st’ructure of 
this compound (2, 3) leading to diffusion 
models for oxygen in the solid. Adsorptions 
of various react,ants and products were 
st,udied (4) in which it was proposed that 
the surface contained two t’ypes of sites, viz, 
a site for the adsorpt,ion of 1-butcne (B-cen- 
ter) and a sit,c for the adsorption of butadiclne 
(A-center). A surface site model for selective 
olefine oxidations (5) was proposed t,hat ex- 
plains the rat’her peculiar kinetics observed 
with this catalyst. 

Less attent.ion was so far given to the 
BizMoz09 catalyst and to the silica-sup- 
ported BisPMo120jz catalyst (prepared ac- 
cording to USP 2.904.580). WC reported 
only [see (6)] that: (a) both catalysts con- 
tained considerable amount,s of the phase 

first discovered by Erman et al. (7); (b) they 
showed excellent, activities and selectivities 
for the butene oxidation reaction, (c) the 
kinetics were similar to the kinetics observed 
for the koechlinite catalyst; (d) Bi,Moz09 is 
t’hermally unstable (8) and decomposes into 
the congruent Bi203.3Mo03 and BizOa.MoOa 
compounds during prolonged heating be- 
tween 450 and 500°C. 

The present paper deals in the first in- 
stance with olefin adsorptions on Bi,MozO, 
and on the SiOz-BigPMolzOsz cat,alyst . There 
are, however, some other aspect’s which make 
further studies necessary. One interesting 
question is whether Si0z-Bi9PMo12052, 
known to contain Bi2M0209, is thermally 
stable or not. Another important quest.ion 
is the behavior of the Si02-BisPMo12052 cat- 
alyst if it is exposed to reduchion-reoxidation 
conditions: Bouwens in our laboratory has 
recently shown that BizMoz09 completely 
decomposes during extensive reduction with 
1-butene followed by a complete reoxidation. 

Finally, we have the problem of the role 
of phosphorus in the silica-supporthed Bj, 
PMo,~O~~ catalyst. The formula as written 
here for the composition creates the imprcs- 
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sion t,hat compound format,ion could be 
based on a combination of BiOf ions 
and phosphomolybdate ions, as present in 
the heteropolyacid P,O~.~~MOO~.~OH~O. We 
have therefore t)ried to synthesize a Bi- 
compound of phosphomolybdic acid. 

The present studies were greatly facili- 
tated by a cooperat)ion with t’he Physical 
Chemistry Department of the University of 
Eindhoven, n-here Van den Elzen and Rieck 
have started a study of the st’ructurcs of the 
different bismuth molybdates (9). In this 
paper we hope to show that a correlation 
exists between t,he result’s of olefin adsorp- 
tions and of X-ray studies. 

For t,hc sake of completeness some adsorp- 
tion properties of the pure Biz03.3M003 com- 
pound also will be given; preparation of this 
selective but moderately active catalyst is 
described in an earlier paper (6) (Expt 
No. 9). 

I~XPEKIJIENTAL PROCEDURE 

A. Olejn Adsorptions 

The technique of measuring these adsorp- 
tions 011 Bi-Mo catalysts in a classical ad- 
sorption apparat,us has been described by 
Matsuura and Schuit (4, 5). 

B. Preparation of Bi9PMo12052 

A 4.35 sample of phosphomolybdic acid 
cryst’als P205.24MoOa.30Hz0 (containing, by 
analysis, 16.4 wt% HzO) was dissolved in 
50 cm3 water and a yellowcolored sol&on 
was obtained. A 9.19 g sample of Bi(nT03)3. 
5Hz0 crystals, mixed with 4.,i cm3 concrn- 
trated nitric acid, were dissolved in warm 
water to a final volume of the solution of 
30 cm”. This solution was added dropwise to 
t,hc phosphomolybdic acid solution. Aft,er 
adding 10 cm3 of the Bi-nitrate solution a 
deposit w-as formed; the mother liquor, how- 
ever, was still yellow, indicating t,hat pre- 
cipit,ation was not complete. By adding fur- 
ther Bi-nitrate solution to t,he mixture it 
turned out that’ 30 cm3 was necessary to ob- 
tain a complete prccipit,atc, the liquid now 
being colorless. This means that complete 
precipitation occurs at the atomic Bi/Mo 
ratio of 3/4. Aft)er filtrat’ion and drying, t’he 

powder so obtained was calcined at 500°C 
for 2 hr. 

C. X-Ray Measurements 

Dat’a were obtained wit,h a Philips X-ray 
diffract’omcter with argon filled proport,ional 
count)er and Ni-filt,ered Cu Ka radiation. 
The pattern of lines chosen as charact,eristic 
for the various compounds were obt,ained 
from Erman et al. (Y), Batist, Bouwens and 
Schuit (C), Aykan (IO), and Van den Elzcn 
(9). The following samples were analyzed : 

1. The nonsupported BisI’Mo,,O,z catalyst 
(prepared as shown above). 

2 The silica-supported BiJ’Mo,zO,, cata- 
lyst after further calcinations. For t,est,ing 
the thermal stability, samples of the fresh 
cat’alyst, (calcined at 560°C) were further 
heat’ed in air, one sample for 50 hr at’ 500°C 
and another for 20 hr at 600°C. 

3. The silica-supported BisPMolzOa2 cata- 
lyst after redox reactions. For testing the 
redox stability the following procedurr was 
applied. During a period of 50 hr we sub- 
jected 1500 mg of fresh catalyst’ at 470°C to 
redox condit)ions in a microreactor in which 
1-butene (20 cm3 min-‘) was oxidized to 
but,adienc with 100 cm3 nun-’ of air. Sam- 
ples after 26 hr and after 50 hr reaction were 
obt,ained, t,hcir activities being equal t,o that 
of the fresh cat,alyst. 

4. A sample of spent, catalyst after 1 yr of 
ammoxidation of propane in a fluid bed re- 
actor was available, the catalyst being less 
active than the fresh catalyst). 

T;:XPERIRIENTAL I~ESULTS 

Figure 1 shows the adsorption of 1-butene 
on BizMo209 and 011 the silica-supported 
Bi9PMo12062. For both catalysts we found a 
weak single-site type of adsorption, the heat, 
of adsorpt,ion being 12 kcal mole’. The 
total volume of adsorption is 0.2 cm3 g-1. 
Because of the composition of the supported 
catalyst, (50 wt% SiO?) tho total amount of 
adsorption per gram on Bi,PMo1z05z is twice 
that on Bi2M0209. Figure 2 (left) shows a 
weak single-site adsorption of butadienc on 
bot,h catalysts, the heat. of adsorption being 
lo-11 kcal mole-l, t,hc total amount) of ad- 
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FIG. 1. Weak single-site type of adsorption of 
I-butene on BizMoz09 and on silica-supported 
Bi9PMoL2052 (USP 2, 904,580). 

sorpt,ion for BizMoz09 again being 0.2 cm3 g-l 
and for Bi9PMo12052 two times higher. Fig- 
ure 2 (right) shows a strong adsorption of 
butadiene on both catalysts. Desorption of 
butadiene was found to be accompanied by 
oxidation; as a consequence, it proved im- 
possible to ascertain its characteristics ex- 
cept for the maximum volume adsorbable. 
The impression is gained that the heat of ad- 
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FIG. 2. (left) Weak single-site adsorptions of 
butadiene on Bi2M0209 and on Si02-Bi9PMolp062. 
(right) Strong adsorption of butadiene on these 
catalysts. 

sorption is larger than for BizMoOh, which 
agrees with some details in the butene oxida- 
tion kinetics [see (G)]. This behavior, i.e., 
desorption accompanied by oxidation, is fur- 
ther denoted as “irreversible.” 

Figure 3 (left) shows the decrease of the 
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Fro. 3. (left) Adsorption properties of Bi2M0209 as a function of heating time. (right) Adsorption properties 
of Si02-BisPMo1205z as a function of heating time. 
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number of weak single&e adsorpbions of 
butene on BizMoz09 together with t’he de- 
crease of the number of st’rong adsorpt,ion 
sit#es of but,adiene during prolonged heating 
of catalyst. By analogy with the weak butene 
and the strong butadiene adsorption on 
koechlinite we shall call them B- and A-sites, 
respect,ively. It is also shown in Fig. 3 t,hat( 
during heating at 600°C t’he single-site ad- 
sorption of butenc changes int,o a dual-site 
adsorption. Together with t,he observation 
that the color of the sample changes from 
white Do yellow (the kocchlinite color), this 
indicates that t)hc Erman phase decomposes 
with formation of koechlinit)e and B&O,. 
3Mo03. However, the newly formed koech- 
linite phase must, be a sintered one [see 
Matsuura and Schuit (5)] in agreement with 
the strong decrease in reactivity also shown 
in Fig. 3 by the broken line. Figure 3 (right) 
shows a similar behavior for the silica-sup- 
port,ed Bi-Mo catalyst. Again the single-site 
t,ype of weak butcne adsorpt,ion decreases 
and changes into a dual-site adsorption char- 
acteristic for koechlinite. An interesting ef- 
feet, shown in Fig. 3 is the increase of the 
number of A-sites during the first 20 hr of 
heating of this catalyst at 600°C. Perhaps 

-2.G-Bi/Mo=l/l 25hrs 540% 

(BUTENE i' ------I-G-LJSP-2 9Ob580 
ADS. 

I 

after LO hrs at 6000c 

80. 

I 
0 1 2 3 

FIG. 4. Dual-site adsorptions of l-butene on 
decomposed and sintered Bi2M0209 and SiOz- 
BlgPMo12062. 

this effect is connected with further dehy- 
droxylation of OH-groups; however, so far 
this increase has been left unexplained. 

The decrease of the number of A-sites 
during prolonged heating is probably due 
to sintering of the koechlinite phase, t,hc 
reactivit,y cont8inuously going down. Com- 
parison, however, of the t’wo different, cata- 
lysts in Fig. 3 shows the supported catalyst’ 
to be more stable t’han t*he nonsupport’ed 
catalyst, the final reactivihy (&, = 0.036) 
being higher than t#hat’ of the decomposed 
l/l phase with k,,, = 0.005 which we calcu- 
lated from kaTj = 0.002. 

That’ the but’ene adsorptions on thcsc 
sintered catalysts are indeed dual-sit,e ad- 
sorpt,ions is shown in Fig. 4. Weak and 
single-sit,e types of adsorption of butene and 
butadiene on Biz03.3Mo03 are represent’ed in 
Fig. 5. It is shown here t>hat> the total volume 
of adsorption is low (0.02 cm3 g-l). Further- 
more, it turned out that it was impossible t*o 
detect a strong adsorption of but*adiene. 

, (WEDE,D!!EiE)ADs 

-b (PmmmHg) 

0 5 10 15 

FIG. 5. Weak single-site type of adsorptions of 
1-butene and butadiene on pure Biz03.3Mo03. 
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B. X-Ray Measurements the X-ray data of 

In Table 1 X-ray data are given for the Bi9PM012052 cata1yst 
BisPMon052 catalyst prepared from phos- ((<fresh catalyst”). It 

phomolybdic acid. Although we observed 
major component in 

appreciable line broadenings, the only corn- 
Erman phase, although some koechlinite 
1. 

the silica-supported 
calcined at 560°C 

is obvious that the 
the catalyst is t.he 

pound observed is Bi203.3Mo03; not even 
mes (d = 3.15) are also observed. The char- 

traces of a possible new compound such as 
acteristic 3.06 line of Biz0s.3Mo03 is not 

bismuth phosphomolybdate or BiPO, can be 
present, which is surprising since the chemi- 
cal composition of the catalyst is not far 

found. Further represented in Table 1 are from the Bi/Mo ratio of 2/3. 

TABLE 1 
X-RAY DATA OF Bi9PMo12062 AND OF SILICA-SUPPORTED B&PMo,O,, CATALYST 

Bi9PMo120b2n 

d(A) I 

7.84 
6.94 
6.25 
5.94 
5.39 
5.08 
4.88 
4.55 
3.59 
3.54 
3.51 
3.43 
3.33 
3.255 
3.185 
3.055 
2.884 
2.77 
2.489 
2.25 
2.125 
2.000 
1.995 
1.947 
1.939 
1.905 
1.882 
1.802 
1.763 
1.717 
1.694 
1.594 
1.558 

4 
11 

4 

? 
4 
3 

17 
7 
8 
6 
5 
6 
5 

10 
66 
42 
17 

9 
9 
6 
4 
8 
7 
5 
5 
7 
9 
4 
4 
5 
6 
5 
4 

Fresh cat,alyst, 56O”CW Spent catalyst, after 1 yr ammoxidation 

d& I Assignmentd d(h Z Assignment 
- - 

3.195 79 l/l 
3.15 90 2/l 
2.930 20 l/l 
2.81 25 l/l 
2.64 22 2/3 
1.954 32 l/l 
1.865 14 2/3 
1.730 15 2/l 
1.689 15 l/l 
1.64 10 l/l 
1.601 22 l/l 

Fresh catalyst, 20 hr 600°C 

4.90 15 z/3 
3.57 16 2/3 
3.54 16 l/l 
3.20 50 l/l + (WV 
3.15 150 2/l 
3.06 22 2/3 
2.93 25 l/l 
2.64 31 2/3 
1.955 35 l/l 
1.866 23 2/3 
1.730 18 2/l 
1.720 15 2/3 
1.604 31 l/l 

6.96 15 2/3 
4.90 21 213 
3.276 23 213 
3.19 95 l/l + 2/3? 
3.15 125 2/l 
3.06 53 2/3 
2.90 28 
2.77 20 2/l 
2.697 15 l/l 
2.642 25 213 
2.493 15 2/l 
1.954 33 l/l 
1.924 15 211 
1.866 15 2/3 
1.730 15 211 
1.720 20 213 
1.697 15 213 
1.657 12 211 
1.635 10 111 
1.604 20 l/l 

~1 Prepared from phosphomolybdic acid. 
b Prepared from ammonium heptamolybdate. 
c The pure Erman phase prepared by Van den Elzen (9) did not show d-values 3.06 and 3.15 characteristic 

of Biz0a.3Mo03 and BiZ03.Mo03, resp. 
d2/1 = Bi203.1Mo03; l/l = Bi203.2MoOs; 2/3 = Biz0,.3Mo03. 
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Not represented in Table 1 are the X-ray 
data of the fresh catalyst] subsequent’ly 
heated at 500°C in air for 50 hr, because the 
X-ray diagram remained unchanged. In con- 

trast with the nonsupported Erman com- 
pound, which is unstable at this heating 
temperature (li’, 8), the silica-supported cata- 
lyst is stable. Possibly &is is due to the 
heating temperature of 500°C which is 60°C 
lower than the calcinatjion temperat’ure 
560°C of the fresh catalyst. The behavior of 
the fresh cat,alyst on further heating at 
600°C for 20 hr is also shown in Table 1. 
The Erman phase for an important part is 
now found t’o be decomposed into the 
Bi/Mo = 2/3 and 2/l compounds, the char- 
acteristic d-value 3.06 of Biz03.3Mo03 being 
now present, while the intensit’y of the 3.15 
line belonging to koechlinitc has increased. 
Thus the silica-supported Bi9PMo120j2 cata- 
lyst, is not stable at 600°C. 

X-Ray data of samples after 26 hr and 
after 50 hr of producing butadiene have 
shown that aft,cr 26 hr of olefin oxidat,ion at 
470°C the characteristic 3.06 value of Bi203. 
3Mo03 was present,, tog&her wit.11 some 
other cl-values of this phase. After 50 hr reac- 
tion the int,ensity of the 3.06 line became 
almost equal to that of the spent ammoxida- 
tion catalyst, the X-ray data of t)his sample 
being also represented in Table 1. The num- 
ber of lines observed with the spent catalyst 
was greater and t,hey wcrc also sharper than 
those of the 26 and 50 hr samples, indicating 
an improved crystallization of the Bi/Mo 
phases during 1 yr of ammoxidation. 

It is noteworthy that, a thermal treatment 
of the supported catalyst at 500°C did not 
lead to changes in the X-ray pat,tcrn; re- 
duction-reoxidation cycles at 470°C there- 
fore appear t’o increase the rate of st,ructural 
rearrangements. Comparison of the 26 and 
FiO hr samples with the fresh catalyst (Table 
1) have shown a partial decomposition of the 
Erman phase, because we observed forma- 
tion of the 3.06 reflection of the 2/3 phase 
and further an increase of the 3.15 reflection 
of the Z/3 phase. The 2/3- and 2/l-phases 
newly formed at 470°C are not sintered 
because reactivity remained unaltered. 

Somewhat surprisingly the 3.20 reflection 
of the l/l phase does not seem to diminish 

in intensity. This can probably be attributed 
to t#he silica effect) of line broadening which 
prevents ident,ification of t)he strongest line 
3.185 of the 2/3 phase which is very close 
to 3.20. 

Decomposition of the Erman phase should 
lead to a decrease in intensity of the 3.20 
line; simultaneous formation of tllc 2/3 
phase, however, should have had the effect of 
increasing t,he 3.185 line intensity, t)hc final 
result, of line broadening leading to hardly 
any change. I’or characterization of the 2/3 
phase, thcreforc, wc remain st’rongly dr- 
pendent, on the appearencc of the 3.06 lint 
(the second strong one). 

Both catalysts, Bi,Mos09 and supported 
Bi9PMolzOjz, show t,n-o types of adsorpt’ion, 
a slow and strong type for but,adicne and a 
fast, and weak type for butadiene and l-bu- 
tcne. Thev are, however, not completely 
identical with the adsorptions ascribed to A- 
and B-sites on the B&Moo6 catalyst (kocch- 
linite). The slow and strong adsorpt’ion on 
both catalysts certainly is stronger than on 
koechlinite, and the weak adsorptions are 
single-sit>e instead of dual-site. We believe, 
nevertheless, that, alt)hough not, identical, 
they are essentially similar. As for the 
weakly adsorbing sites (B-sites) we observed 
a transformation from single-site to dual- 
sit’e adsorption for botJh catalysts when 

heated at, 600°C for longer time, t,he X-ray 
data confirming the Erman phase t,o be un- 
stable at this temperature. The results of 
adsorption measurements and those of X-ray 
studies therefore appear in agreement. How- 
ever, there are differcnccs observed as to the 
heating time, decomposition of the Erman 
phase being dist,inguished sooner by X-ray 
measurementIs than by mcasuremcnts of ad- 
sorpt,ion properties. We therefore believe 
that t,he process of structural rearrangement 
starts in the bulk. Finally, it is obvious now 
that the supported cat,alyst is far more ther- 
mally stable than the BizMoZ09 cat,alyst. 

X-Ray results on supported Bi9PMo1205, 
which had been exposed to reaction condi- 
tions at 470°C during 1 day, shows partial 
decomposition of the Erman phase. After 
1 day of butadiene production the silica- 
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supported Bi-P-MO catalyst reacts in a 
state where all three bismuth molybdates 
are present. One might expect a similar re- 
sult after 1 day of acrylonitrile production. 
Contrary to the suggestion that, deeomposi- 
tion of the Erman phase always should lead 
to catalyst deactivation, we observed the 
decomposition at 470°C after 1 day of buta- 
diene production to have no influence on 
catalyst activity. Thus the newly formed 
and supported Bi/Mo = 2/3 and 2/l com- 
pounds, either as such or in combinat’ion, 
are active catalysts. Catalyst? deactivation 
after 1 yr of ammoxidation of propene at 
470°C might be caused by a very slow sin- 
tering process of all 3 types of bismuth 
molybdate crystals to bigger units. 

Let us now turn t)o the presence of phos- 
phorus in the supported catalyst’. We did 
not succeed in preparing bismuth phospho- 
molybdates of compositions such as: (Bi3+). 
(PMo~~O~~)~- and (Bi0)3+.(PMo12040)3-. The 
result of reaction of phosphomolybdic acid 
with bismuth nitrat,e is not formation of a 
stable ternary compound but formation of 
the binary compound Biz03.3Mo03, possibly 
contaminated with BiPO,. Because of our 
negative result’ to arrive at bismuth phos- 
phomolybdate as catalyst for olefin oxida- 
tion we have to look for other possibilities 
to explain the role of phosphorus. In our 
previous reports (6, S) concerned with Bi- 
molybdate preparations, we observed mass 
swelling in wat’er at the Bi/Mo ratios of 2/3 
and l/l, sticky slurries with gelatinous prop- 
erties being obtained. In another study (11) 
concerned with promoter actions, we ob- 
served &at mass swelling did not occur if 
POd3- ions were present during preparation 
of promoted cat’alyst. The POd3- ion is known 
from colloid chemistry as a strong floccula- 
t,ion and antipeptization agent. This might 
indicate that its function is to prevent for- 
mation of gelatinous slurries. 

Finally, we want to remark on some de- 
tails which are of significance during prepa- 
ration of active l/l catalysts. We do not 
recommend using phosphomolybdic acid in- 
stead of ammonium heptamolybdate, since 
we were never successful in obtaining an 
active catalyst on the basis of PzOh.24Mo03. 
30Hz0 as t,he reagent for coprecipitation. 

This is probably due to a stimulated forma- 
tion of the less active B&O,. 3Mo03 com- 
pound. Another difficulty is that with phos- 
phomolybdic acid one is not able any more 
to use ammonia to maintain coprecipitation 
at a suitable pH, because the insoluble 
ammonium phosphomolybdate will be 
formed. We suggest, that the fact that the 
Erman phase is predominantly formed when 
ammonium heptamolybdate is used [see also 
(G)] is connected with decomposition of the 
complex heptamolybdate ion. The explana- 
tion of such phenomena is obviously con- 
nected with the little st’udied problem of 
conversion of polymolybdate complexes to 
solid syst’ems. Lack of relevant data in the 
literature makes it difficult to formulate a 
reliable model of t’he inorganic reactions 
occurring. 

ACKNOWLEDGMENTS 

We express our gratitude to Professor G. C. A. 
Sehuit for his constant interest and aid. Thanks are 
due to L. Perey for helping with the redox experi- 
ments, and to E. I. Van der Linden for performing 
the X-ray measurements. 

1. 

2. 

S. 

4. 

5. 

6. 

7. 

s. 

9. 

10. 

BATIST, P. A., PRETTE, H. J., AND SCHUIT, G. C. 

A., J. Catal. 15, 267 (1969). 
ZEMANN, J., Heidelberg. Beitr. Mineral. 

Petrogr. 5, 139 (1956). 
BaTIST, P. A., DER KINDEREN, A. H. W, M., 

LEE~WENBURGH, L., METZ, F. A. M. G., AND 

SCHUIT, G. C. A., J. Catal. 12, 45 (1968). 
MATSUURA, I., AND SCHUIT, G. C. A., J. Catal. 

20, 19 (1971). 
MATSUURA, I., AND SCHUIT, G. C. A., J. Catal. 

25, 314 (1972). 
B~TIST, P. A., BOUWENS, J. F. H., AND SCHUIT, 

G. C. A., J. Catal. 25, 1 (1972). 
ERMAN, L. Y., GAL’PERIN, E. L., KOLCHIN, I. 

K., DOBRZH.4NSKI1, G. F., AND CH~ERNYSHEV, 

K. S., Zh. Neorg. Khim. 9, 2174 (1964). 
GRZYBOWSKA, B., HABER, J., AND KOMOREK, J., 

J. Catal. 25, 25 (1972). 
VAN DEN ELZEN, A. F., AND RIECK, G. D., Acta 

Crystallogr. Sect. B 29, 2433 (1973) ; Van den 
Elsen, thesis, Univ. of Eindhoven. 

AYKAN, K., J. Catal. 12, 281 (1968). 
11. BATIST, P. A., VAN DE MOESDIJK, C. G. M., 

MATSUUR.4, I., AND SCHUIT, G. C. A., J. 
cataz. 20, 40 (1971). 

REFERENCES 


