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The model reaction, 1-butene to 1,3-butadiene, was studied over various compositions of unsup- 
ported bismuth molybdates to rank the catalysts' reactivities. Following Matsuura et al. we con- 
firmed that y-Bi2MoO 6 doped with bismuth to yield a surface Bi/Mo > 2.0 is unselective; selective 
catalyst species need a few mole% excess MoO 3 . All catalysts with a surface Bi/Mo -< 1.5 show 
selectivities to butadiene greater than 95%. As the amount of MoO 3 increases, reducing the surface 
Bi/Mo ratio, the activity increases down to Bi/Mo = 1.5, then remains constant down to Bi/Mo = 
1, and then decreases steadily down to Bi/Mo = ~. Characteristics of the partial oxidation catalysis 
change drastically going from y-Bi2MoO6 to a-Bi2MoOl2 catalysts. For the model reaction, BiaMoO6 
+ 4% MoO3 exhibits an Ea = 40 kJ/mol (9.5 kcal/mol) at temperatures above 673 K. This catalyst 
is completely poisoned by its product butadiene below 673 K, while the inhibition is lifted above 
this temperature. We suggest that the pores of this catalyst, estimated to be 24 nm in diameter, 
become filled with "polybutadiene"; the heat of butadiene adsorption was estimated to be 375 kJ/ 
mol. In contrast, a-Bi2Mo3Or2 is not inhibited by butadiene, and has a lower activity (even calculated 
per unit surface) with an activation energy of 93 kJ/mol over the entire temperature range 660-713 
K, studied. We propose models which describe two distinct ensemble effects operative in determin- 
ing the kinetics over selective y-Bi2MoO6 and a-Bi2Mo3Oj2 catalysts. © 1990 Academic Press, Inc. 

INTRODUCTION 

Over the past 20 years, numerous papers 
have been published about the selective oxi- 
dation of olefins over bismuth molybdate 
catalysts (1--4). The main features of the 
proposed catalytic cycles are recapitulated 
here to set the stage for findings reported in 
this paper. By about 1970, several hypothe- 
ses were generally accepted for the mecha- 
nism of selective oxidation of olefins over 
bismuth molybdates. For the two reactions, 
propylene to acrolein and 1-butene to 1,3- 
butadiene, the first elementary step, as- 
sumed rate determining, consisted of the 
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dissociation of a H atom from the a carbon 
atom next to the double bond, thereby form- 
ing an allylic intermediate on the catalysts' 
surface (5). The oxygen atoms responsible 
for partial oxidation were delivered from the 
catalyst according to the Mars-Van Kreve- 
len catalytic cycle (6). The reduced catalyst 
was rapidly reoxidized by dissociative ad- 
sorption of gas phase oxygen on the same 
adsorption site used by the olefin. The reac- 
tion was therefore claimed (7, 8) to be inde- 
pendent of oxygen partial pressure in the 
temperature range 600 to 773 K and to be 
inhibited by the products below 650 K. 

Partial oxidation of propene and butene 
over bismuth molybdates is very selective 
provided the Bi/Mo bulk ratios remain in 
the range ~ < Bi/Mo < {. Bi203 and M o O  3 

are catalytically active only above 725 K, 
with the former being unselective and the 
latter moderately selective. In the active 
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range, three compounds are known to exist: 
y-Bi2MoO 6 (Koechlinite), ct-Bi2Mo3012, and 
fl-Bi2Mo209 (thermodynamically stable only 
between 823 and 1023 K) (9-11). BiEMoO 6 
is converted to another structure (y') above 
873 K. Maximum activity is usually reported 
at a bulk Bi/Mo about one; the pure ot phase 
is reported to be only weakly active and 
opinions differ considerably as to the activ- 
ity of the y phase. According to Batist et al. 
(12), the pure y phase is very active while 
Matsuura et al. (13) maintained that it is 
inactive but becomes very active when 
doped with 2-4% MoO 3. 

In the course of time, it became apparent 
that the reaction mechanisms were more 
complicated than originally presumed. Mat- 
suura et al. (14-16) reported measurements 
on the adsorption of 1-butene and propene 
which they found, in both cases, to be dis- 
sociative but already fast and weak below 
350 K with an enthalpy of adsorption of 50 
kJ/mol. Butadiene showed two types of ad- 
sorption, one weak and fast with similar ad- 
sorption enthalpy to the olefins but also an- 
other that was activated, associative, and 
with an adsorption enthalpy of 84 kJ/mol. 
These observations indicated that the first 
reaction step, the dissociation of H, was not 
necessarily rate determining. 

Even more interesting were the tracer ox- 
ygen-18 experiments performed by Keulks 
and Krenzke (17, 18). Their results showed 
that the oxidation of the olefin could take 
place at a site different from that where re- 
oxidation of the reduced catalyst occurred. 
For some catalysts such as BizMoO 6, the 
site where protons are donated to the cata- 
lyst is situated at a different surface plane 
than that where oxygen enters the partially 
reduced catalyst. During the reaction the 
catalyst is a semiconductor, as shown by 
Van Oeffelen et al. (19), and oxygen migra- 
tion through the bulk may be rate deter- 
mining. 

There are than two major points of contro- 
versy. One concerns the question of which 
elementary reaction(s) is (are) actually rate 
determining. The other is whether there are 

two sites with different functions specifi- 
cally connected with different cations and, 
if so, on which site hydrocarbon oxidation 
and catalyst reoxidation occur, respec- 
tively? A most attractive theory is that of 
Burrington and Grasselli (21-23): the first 
reaction should be the dissociation of a pro- 
ton to a surface oxygen connected with Bi 3 + 
while the residual allylic species becomes 
bonded via tr-~- bonding to a neighboring 
Mo 6+ cation that subsequently becomes re- 
duced. Via electron transport through the 
solid, electrons are then transferred to Bi 
and from there to O 2. The rate determining 
reaction then might be electron or anion 
transport through the lattice. Bi has two 
functions and the first step occurs on a Bi/ 
Mo pair. Haber et al. (24) postulate that the 
first step takes place only on bismuth. 

The experiments to be represented in this 
paper were conducted because the authors 
had come to the opinion that the kinetics of 
the butene dehydrogenation over Bi-molyb- 
dates were not well understood. There were 
several effects that cased this lack of knowl- 
edge. One had to do with the exothermicity 
of the reaction that might have resulted in 
serious temperature gradients ("hotspots") 
in the microreactors so often applied. An- 
other cause of discrepancies found their ori- 
gin in analytical uncertainties as to the sur- 
face Bi/Mo ratios. Difficulties arising from 
both these error sources will form the sub- 
ject of the present paper. Still another prob- 
lem is given by the fact that active site densi- 
ties as determined by Matsuura et al. 
(14-16) for Bi molybdate catalysts were per- 
formed at much lower temperatures and 
hence their relevance is open to some doubt. 
The present paper is particularly concerned 
with the analytical problems and the high- 
temperature kinetics. 

EXPERIMENTAL 

Catalyst preparation, the laboratory fixed 
bed reactor system, and the on-line analysis 
of reaction products were discussed in the 
first paper (25), Part I, where it was shown 
that the laboratory fixed bed reactor was 
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operated in near gradientless fashion. De- 
tails of experimental methods can be found 
elsewhere (26). 

Several hundred grams of both Bi2MoO 6 
and Bi2Mo3O12 were prepared (see (25)) and 
random samples were found to have repro- 
ducible activities and selectivities at identi- 
cal feed conditions. Using this standard 
composition of catalyst, the compositions 
of these "base case" catalysts were altered 
by impregnation using the "incipient wet- 
ness" method. Approximately 0.15 to 0.45 
ml of impregnating solution was used per 
gram of catalyst, depending on the catalyst 
surface area and desired overall composi- 
tion. A standard gravimetric technique was 
used (26) to determine the molybdenum 
content in representative samples of all 
compositions of bismuth molybdates syn- 
thesized. A typical standard deviation of 
-+0.1% was obtained for all Bi2MoO 6 cata-  
lysts  containing an average of 22.3% molyb- 
denum. 

X-ray photoelectron spectroscopy (XPS) 
was used to quantify the relative surface 
compositions of the various catalysts. An 
ESCA/Auger system equipped with a Mg 
anode X-Ray source (Ka line of -1235.6 
eV) was operated using an ESCA Multiplex 
routine. A list of all catalysts prepared, their 
code numbers, particle sizes, surface areas, 
and bulk and surface Bi/Mo values are given 
in Table 1. Recapitulating from Part I (25), 
selectivity was defined as a percentage of 
the ratio of butene conversion to butadiene 
divided by the total butene conversion to 
diene plus carbon dioxide. In the next sec- 
tion, results are divided into two groups. 
The first group contains the results of pre- 
liminary experiments to facilitate a compari- 
son with findings of earlier workers. In the 
second group, results of exploratory experi- 
ments on the kinetics of butene are pre- 
sented. 

R E S U L T S  

Preliminary Studies 

All catalysts with a surface Bi/Mo -< 1.5 
showed selectivities to butadiene greater 

T A B L E  1 

Listing of All Bi Molybdate Catalysts' Compo- 
sitions, Surface Areas and Particle Sizes (from 
(26)) 

Catalyst Code no. S.A. dp Bi/Mo atomic ratio 
origin m2/g /zm 

Bulk Surface (XPS) 

Bi2MoO 6 Base Case; A 550 
Bi2MoO 6 Base Case; AI 3.4 550 
Bi2MoO 6 Base Case; A2 550 
Bi2MoO 6 Base Case; A3 320 
Bi2MoO s Base Case; A3 2.5 >45 
Bi2MoO s Base Case; A5 550 
A + 4.0% Mo A7 3.1 390 
A + 4.0% Mo A8 2.5 550 
A + 2.0% Mo A10 550 
A + 6.2% Bi Al l  2.8 390 
A + 9.4% Bi A12 2.7 550 
A12 + 5% Mo AN23 2.6 550 
A + 4.0% Mo A36 2.7 320 
A + 4.0% Mo A37 2.5 320 
Bi2Mo3OI2 Base Case; B 320 
Bi2Mo3O12 Base Case; B1 320 
Bi2Mo3Oi2 Base Case; B2 320 
Bi2Mo3Oi2 Base Case; B3 320 
BiEMo3O12 Base Case; B4 0.72 320 
B + 6.6% Bi B8 0.74 320 

1.87 

1.81 

1.90 
1.91 1.6, 
1.92 2.2, 
1.83 1.6 
1.81 1.3, 
1.81 1.5 
0.58 0.4 
0.61 
0.60 0.4 
0.61 0.6 
0.61 0.6 

0.3, 

1.7 
1.6 
1.8 
1.4, 1.4, 1.5 

1.4 
1.6, 1.6 
2.2, 2.1 

1.4 

0.3 

than 95%, with blank corrected selectivities 
typically approaching 100%. Since it was 
difficult to uncouple the background com- 
bustion blank reactions from CO2 formation 
over bismuth molybdates, no further quanti- 
tative analysis was done. One catalyst, Bi z 
M o O  6 + 9.4% Bi (surface Bi/Mo = 2.2), 
was an exception to the exclusively high 
selectivities: its selectivities were 73% at 
680 K and 83% at 713 K at activities half 
those found for base case Bi2MoO6 catalysts 
compared at identical conditions. Figure 1 
illustrates the change of surface Bi/Mo val- 
ues as a function of bulk Bi/Mo values, the 
latter in the range between 0.5 and 2.2. A 
similar plot was earlier published by Matsu- 
ura et al. (13) and the two data sets agree 
very well; it is seen that the surface Bi/Mo 
values of the stoichiometric compounds are 
near those of the bulk. However, in the bulk 
range between 1 and 1.8 the surface compo- 
sition remains equal to 1, as found by both 
groups, whereas the bulk phase X-ray dif- 
fraction patterns show a mixture of a and 

(26). Evidently, the metastable fl phase 
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FIG. 1. Surface (XPS) versus bulk (elemental analy- 
sis) Bi/Mo ratios for various Bi molybdate catalysts 
synthesized by precipitation and impregnation. 

dissociates into a and 3/but the surface re- 
tains the Bi/Mo = 1 composition. 

Figure 2 presents our differential butadi- 
ene production rates (for analysis, see (25)) 
in gmol/(m2sec) as a function of the Bi/Mo 
surface ratio at 659 and 704 K. Again, there 
is agreement with Matsuura's data but now 
agreement is only qualitative; our conver- 
sions at equal temperatures are consider- 
ably lower, as shown in Table 2, which is 
attributable to "hotspots" present in Matsu- 
ura et al. 's near adiabatic microreactor, es- 
pecially at 713 K (27). The semiquantitative 
agreement is, however, satisfactory in many 
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FIG. 2. Differential rate of butadiene formation over 
various bismuth molybdate catalysts with varying sur- 
face composition at constant feed conditions: 10.3 
C4H 8:14.7 02:75 He; F r = 995 sccm, and W = 0.4 g 
catalyst. 

TABLE 2 

Comparison of Catalyst Performance: (1) This Work, 
Sample Al l ;  (2) Sample " M " ,  from Matsuura et al. 
(13) 

Catalyst Bi/Mo atomic ratio S.A. Total 
m2/g S.A. 

Bulk Surface (XPS) m E 

Al l  
"M" 

Catalyst 

1.6 1.9 2.8 1.12 a 
1 . 5 3  1 . 9 2  3.2 1 . 0 0  

Conversion to Selectivity to 
butadiene (%) butadiene (%) 

673 K 713 K 673 K 713 K 

Al l  22 36 95 99 
"M"  40 62 "greater 

than 95%" 

a The catalyst bed contained 0.4 g of catalyst A11 
and 1.4 g SiC diluent. Sample " M "  was run in the 
catalyst bed undiluted. 

ways; we both find that Bi2MoO 6 doped with 
bismuth to yield a surface Bi/Mo > 2.0 is 
unselective and less active, contrary to Ba- 
tist's assumption. The discrepancy can be 
explained by the steep fall of rate when the 
bulk and surface Bi/Mo value approach 2 
and by past analytical uncertainties in deter- 
mining Mo concentrations in catalysts (27). 
The next point concerns the butadiene inhi- 
bition. Figure 3 shows the conversion of 
1-butene over Bi2MoO 6 + 5% MoO 3 as a 
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o o 4  . . . . .  . S . . i  . . . . . . . . . . . . . . . . .  . . . .  

6 2 0  6 4 0  6 6 0  6 8 0  7 0 0  7 2 0  

Reaction Temperature, K 

FIG. 3. Effect of butadiene inhibition over Bi2MoO 6 
at constant feed conditions: 10% C4H8, 10% 02, 80% 
He, F~ = 596 sccm, and W = 0.4 g catalyst. 
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FIG. 4. Effect of butadiene inhibition over Bi2Mo3O12 
at 659 K and constant feed conditions: 10.3% C4H8, 
24.7% 02, FT = 995 sccm, and W = 0.4 g catalyst. 

function of temperature for a side-by-side 
comparison: (i) a feed mixture with partial 
pressure ratios of 1 C4H8: I 02:8 He and 
(ii) an identical feed mixture, except that 
5 (vol)% of the original total He flow was 
replaced with butadiene. It is clear that the 
partial oxidation rate with the latter feed 
was considerably slower than in the original 
feed mixture free of butadiene. In contrast, 
for similar experiments for feed with and 
without butadiene, no inhibition occurred 
over base case BiEMO3012 catalysts, as 
shown in Fig. 4. 

Exploratory Kinetic Studies 

Figure 5 and Table 3 display results of 
experiments conducted to determine 
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FIG. 5. Effect of oxygen partial pressure on the differ- 
ential rate of butadiene formation over 0.4 g Bi2MoO 6 
at constant feed conditions: 10.3% C4H8, Fr  = 995 
s c c m .  

TABLE3 

Dependence of Oxygen Partial Pressure on the Dif- 
ferential Rate of Butadiene over Bi2MoO 6 and Bi2 
Mo3012 for a Fixed Total Pressure, Flowrate, F r, and 
Butene Composition (Oxygen Compositions 14.7, 3.3, 
and 1.0%) 

T (K) n 

Bi2MoO6 
A31-3 659 0.51 
A36 659 0.51 
A38 659 0.50 
A36 659 0.51 
A31-3 704 0.14 
A38 704 0.18 

Bi2MO3Ol2 
B4 659 0.52 
B4 704 0.24 
B8H 659 0.50 

a The rate of butadiene formation, v, was fit to v 
(Po2)n, where pO 2 is the oxygen partial pressure. 

whether the differential rates of butadiene 
formation over MoO 3 activated Bi2MoO 6 de- 
pend on oxygen partial pressure. Interest- 
ingly, there appears a half-order (½) in oxy- 
gen partial pressure dependency at 659 K 
which decreases to approximately ~ order 
at 704 K. Further investigation with Bi 2 
Mo3012 catalysts yielded similar results, as 
shown in Table 3. Since we could not find a 
butadiene inhibition for the a phase cata- 
lysts, there is some justification for accept- 
ing a half-order oxygen dependency below 
673 K at oxygen partial pressures far below 
1700 Nm -2 for all selective y phase cata- 
lysts. Experiments that will be discussed 
in the following were hence restricted to 
concentration ranges 1 C4H 8 : 1 0  2 : 4 He and 
105 Nm -2 (780 torr) total pressure. 

In these studies, a number of experiments 
("runs") at C4H8/O 2 ratio of about one were 
designed to evaluate the influence of contact 
time, to, at various temperatures. Contact 
time, to, was based on the reactor volume 
packed with catalyst divided by the total 
actual feed flowrate. The standard flowrate, 
Fr,  in sccm (standard cm3/min), was refer- 
enced to 298 K and 760 torr. The majority 
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T A B L E  4 

Cata lys ts  and Runs  for Various  Contact  Times  and 
Cata lys t  Charges  (Ratios C 4 / O  of  1-Butene and Oxygen 
are Given as Molecu les /Atoms)  

No. Run (26) Catalyst F r ,  sccm C4/O Catalyst/SiC* 

al 29-34 A7 143 14.9/30 0.41/1.69 
a2 29-34 A7 143 13.6/29 id. 
b 36-8 A l l  262 14.4/29 0.40/1.40 
c 63-5 A8 275 15.3/30.4 0.41/2.92 
d 47-56 A7 321 14/22.8 0.40/2.95 
e 47-56 id. 596 13.9/27 id. 
f 47-56 id. 611 13.2/27 id. 
g 47-56 id. 622 13.7/24 id. 
k 47-56 id. 837 12/24 id. 
m 70 A31 995 10.3/29 0.34/1.35 

o 

c 

c 

1 

0 .5  

0 

-0 .5  

-1 

-1 .5  

-2  

-2 .5  

1 .35  1.4 1.45 1.5 1.55 1.6 

1000IT , K" 1 

FIG. 7. Arrhenius  plot of  pseudo  first-order rate con- 
stants  versus  1/T for various Bi2MoO 6 catalyst  runs;  
feed conditions: 14% C4H 8 : 13.5% 02 : 72.5% He. 

of the runs were performed on our  base case 
y - B i 2 M o O  6 catalysts but a few took place on 
base case o~-BizMO3Ol2 catalysts. 

Ten runs were performed on the y cata- 
lysts; five were performed on the same cata- 
lyst charge, with F~r equal to 837,622, 611, 
596 and 321 sccm. Another  five runs were 
performed on different catalyst charges but 
of  similar consti tution at F r equal to 995, 
275, and 262 sccm, and two runs at 143 
sccm, I and II, as shown in Table 4. At a total 
feed flowrate of  143 sccm and a reaction 
temperature  of  713 K, the contact  time was 
one second. The contact  times varied by 
about a factor  of  10 for the flowrates and 
temperatures  used. Figure 6 offers a repre- 
sentative collection out of  the 10 runs: runs 
k, e, and d of  Table 4 with F r  equal to 837, 
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FIG. 6. Convers ion  to butadiene over  Bi2MoO 6 at 
various t empera tures  and total flowrates, F r ,  at con- 
stant  feed condit ions:  14% C4H 8 : 14% 02 : 72% He. 

596, and 321 sccm, respectively,  with con- 
versions to butadiene plotted as a function 
of temperature.  

The preliminary procedure  used to formu- 
late the kinetics assumed the rate of  butadi- 
ene formation to be first order  in butene 
partial pressure. The simplified expression 
for first order  kinetics used was kt c = - ln(1 

- x), where x is the fractional conversion 
to butadiene, and k is the first order  rate 
constant. To search for gross temperature  
dependence behavior,  In k was plotted ver- 
sus 1000/T (where temperature,  T, is in K). 
Since for first-order kinetics we might ex- 
pect k to be equal to k / (1  + KDX), where 
K D is an adsorption equilibrium reaction for 
butadiene, the plot would consist of two 
parts: at high T, KD is small (inhibition-free) 
and k = kl, whereas at low T, KD is large 
(strong inhibition) and k = kl/KD. Four  sets 
of data were selected and plotted in Fig. 7 
out of  ten as particularly illustrative; where 
the line drawn through the experimental  
data had a break (change of  slope), the point 
will be named the break point. As an argu- 
ment for the validity of the model,  we refer 
to Fig. 3 in which two runs were compared 
that are similar in all respects except  for  the 
presence of butadiene in the feed. The run 
with butadiene in the feed shows the conver-  
sion of  1-butene to be shifted toward higher 
temperatures,  thus showing that the break 
point position is determined by higher buta- 
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TABLE 5 

Arrhenius Parameters of  Catalytic Oxidation of  1-Butene to Butadiene over  Bi2MoO6 + 4% Mo as a 
Function of  Temperature and F r 

FT, sccm Rxn temperature > 673 K Rxn temperature < 673 K 

R2(n) a - b R2(n) a - b 

995 0.99(6) 7.3 4.9 not enough data 
837 0.98(4) 6.5 4.3 0.98(4) 19.9 13.7 
622 0.95(4) 8.6 6.0 0.94(4) 33.7 23.3 
611 0.99(3) 7.1 4.8 0.99(4) 30.7 21.1 
596 1.00(3) 7.4 5.0 0.99(6) 27.9 19.2 
321 0.91(4) 6.0 4.1 0.99(4) 22.5 15.4 
262 1.00(4) 13.3 9.7 1.00(3) 34.2 23.7 
143 0.98(4) 9.9 7.2 0.98(4) 23.5 16.6 

Averages (F r > 500) ~ 7 -- 1 4.8 -- 0.5 Avg --~ 28 -+ 5 19.4 -+ 3.4 
Averages (F r < 500) --~ 10 -+ 4 7 -+ 4 Avg ~ 22 - 7 16.7 -+ 3.3 

diene partial pressure,  i.e., inhibition. It was 
also found that by increasing Fr, thereby 
decreasing butene conversion,  the break 
point was again moved towards lower tem- 
peratures.  For  instance, in run m (Table 4, 
Fr = 995 sccm) the break point was ob- 
served at 673 K, while in run d (Table 4, F r 
= 321) the break point was observed at 703 
K. The kinetics therefore appeared rela- 
tively simple: above the break point temper- 
ature, the noninhibited reaction dominates 
and below this the inhibited reaction does. 
Actually, the situation is more complicated 
since the oxygen partial pressure influences 
the rate of  butadiene formation, as shown in 
Table 3 and Figure 5. This complication is 
dealt with later in the discussion, where it is 
accounted for. The kinetic data calculated 
for butadiene formation and the averages 
over  the various runs are given in Table 5 
(linear least squares was used for all fits). 
Runs with short contact  times (typically Fr 
> 500 sccm) approaching differential condi- 
tions presented special opportunities for 
studying the reaction relatively free from 
inhibition at temperatures  above 673 K. The 
number  of  data points that were covered by 
the straight line over  a given temperature 
range were counted (e.g., 6 for  F r = 995 but 
only 4 for F r = 321) and defined as their 
weights and mentioned in brackets as R2(n), 

as shown in Fig. 5. For  the weighting proce- 
dure, rate constants were plotted as I n k  = 
a -  lO00b/T and the temperature range over 
which a straight line was fit, the weighted 
average of parameters a and b, given in Ta- 
ble 5, were calculated. Consider set of  five 
F r  values, 995-596, in Tables 4 and 5 at 
temperatures above 673 K. The five a and 
b values appeared sufficiently near to each 
other to justify averaging. The rate parame- 
ters obtained were a = 7.4 -+ 0.7 and b = 
- 4 . 8  -+ 0.5, while at 723 K the In k value 
was + 0.73, or k = 2.0 sec - ~. The Arrhenius 
parameters of  this catalytic reaction then 
became In A = 7.4 and Ea = 40 kJ/mol (9.5 
kcal/mol). The final rate parameters  for the 

TABLE 6 

Bi3+/MoO 6+ Ratios and Cation IS] ÷ and Anion D -  
Vacancy Densities 

Species Proposed structural Bi/Mo ratio 
arrangement 

BizO 3 Bi~s + [Z]; O22f ~c 
y-BiEMoO6 Bi~; M066+ O32~ - 2 

Bi~- [ ] (  MoT 6+ O2~ - 1.43 
Bi93+ [S]~., Mo6• O~- 1.20 

fl-Bi2Mo209 Bi~ + [~£ Mo~ + O~g 1.00 
a-Bi2Mo30~2 Bi63+ Wl£ Mo96÷ O]6- 0.67 
MoO3 D~" Mo~/ O2£ 0.00 
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FIG. 8. Arrhenius  pseudo  first-order plot for Bi 2 
Mo3Oi2 ve rsus  1/T for two catalyst  runs;  feed condi- 
tions: 14% C4H8 : 13.5% 02 : 72.5% He. 

inhibited reaction (T < 673 K) at the short 
contact  times were a = 28.0 -+ 4.8 and b = 
- 1 9 . 4  _-_ 3.4, and although helpful, need 
further  analysis before being acceptable as 
significant. 

Results of  experiments  over  Bi2Mo30~2 
were more difficult to analyze because we 
found the catalyst to be at least a factor  of 
12 less active on a mass basis; note that 
there was hardly any formation of  CO2 for 
these catalysts. Two runs at Fz equal to 995 
and 260 sccm were used and after normaliz- 
ing for contact  time were found to give 
nearly identical results; see Fig. 8. No break 
point could be observed in the In k vs 1000/ 
T plot, in good agreement  with the observa- 
tion repor ted above that no butadiene inhibi- 
tion could be found for this catalyst. The 
single line that represents  the two runs 
has the parameters  In k = 13.5 - 11.1 x 
1000/T. 

D I S C U S S I O N  

Let  us first summarize the various sets of  
Arrhenius pairs of  constants obtained so far 
under  the constraint  that they belong to runs 
performed at high throughputs (F r > 500 
sccm) and temperatures  above the break 
point; the runs are therefore free from inhi- 
bition by butadiene. They  are for BizMoO6 
+ 4%MOO 3 ,1nA = 7.4, a n d E  a = 4 0 k J /  
mol and for base case BizMo3Olz, In A = 
13.5, and Ea = 93 kJ/mol.  It is necessary to 

emphasize that the pure 3' phase is an infe- 
rior catalyst; its activity is low and its selec- 
tivity is poor,  in agreement with Matsuura 
et al. (13). If in the following the catalytic 
properties of  the y phase are discussed, we 
are referring to the "ac t iva ted"  species, Bi 2 

M o O  6 + 4 %  M o O  3 with a surface Bi/Mo 
ratio of  1.5 and a high activity; it shall be 
named 3'*. Let  Y(y) denote the nonselective 
mode and X the selective oxidation mode for 
y* catalysts; characteristic of  either mode is 
diffusion of O 2- from the so called " o x y g e n  
inlet s i te"  to the "react ion s i te"  and inhibi- 
tion by butadiene at temperatures  below 673 
K. Adding more MoO3 leaves the catalyst 
approximately constant in activity down to 
a surface ratio Bi/Mo = 1. From that point 
on the activity decreases and in parallel the 
diffusion of  O z- through the bulk, the buta- 
diene inhibition, and the Y(y) mode vanish 
gradually. For  the a phase there is no X 
mode, no inhibition by butadiene, and, if 
any, only small bulk diffusion of  02 -  ; only 
the selective Y(o0 mode remains observ- 
able. The activity is then decreased by a 
factor of 12; the surface area is a factor  of  3 
smaller, hence the activity per unit surface 
is four times lower. 

Let  us analyze the kinetics of  butadiene 
inhibition more closely. The method pro- 
posed was to calculate two reaction con- 
stants kl and K D, the former representing 
the absence of inhibition as found indepen- 
dently by extrapolation to temperatures  
above the break point. The rate expression,  
v, for butadiene formation, v = klCBo(1 -- 
x)/(1 + KDCBox), was integrated to give the 
expression [In(1 - x) + KD{X + ln(1 - x)}] 
= - k l t c ,  where CBo is the feed 1-butene 
concentration. The values for KD were cal- 
culated, using k] independently found, from 
x versus t c data and results plotted as In KD 
versus 1000/T to estimate Q, the heat of 
butadiene desorption enthalpy. This esti- 
mate gave a value of Q = - 3 7 5  kJ/mol,  
where Re, the square of  the correlation coef- 
ficient, was equal to 0.97. This result seems 
incompatible with the low-temperature ad- 
sorption results of  Matsuura et al. (14-16), 
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even for his strong adsorption of  butadiene 
where the heat of  adsorption was on the 
order  of  85 kJ/mol.  We speculate that our  
data belong to an adsorption of  butadiene 
with concomitant  oligomerization ("poly-  
merizat ion")  in the pores of  the catalyst. A 
consequence of  this hypothesis  is that part 
of  the oxidation occurs  in these pores once 
the polybutadiene has been desorbed above 
673 K. Provided the pore diameters are on 
the order  of  a few nm, the selective X reac- 
tion might hence occur  predominantly in the 
pores. Before proceeding with this idea, let 
us first specify two mechanisms; first for 
the selective reaction (a somewhat  modified 
Burrington-Grassel l i  model), and second 
for the gas phase unselective reaction initi- 
ated at the surface (in essence the Keulks 
model (3)). 

All Surface Model 

C4H 8 + MO 6+ + Bi3+O2- - o  

Bi3+OH - + Mo5+[C4H7] * (1) 

MoS+[C4H7] * + Bi3+O2- ---> 

BiS+OH - + Mo 4+ + C4H 6 (2) 

2Bi 3 + O H -  --~ Bi 3 + 02-  

+ .Bi3+[~] a + H 2 0  (3) 

M o  4+ + Bi 3+ ~ M o  6+ + Bi 1+ (4) 

02 + 2Bi 1+ + 211] a'-* 2Bi3+O 2- (5) 

symbol [B a means an empty oxygen The 
atom site; an underline means on the sur- 
face, no underline means in the gas phase, 
and * means radical. 

During reactions (1) and (2), two protons 
are donated from 1-butene to basic oxygen 
anions connected to two Bi 3+ cations while 
two electrons are donated to M o  6 + and buta- 
diene is released into the gas phase. In reac- 
tion (3), H20 is liberated and an anion va- 
cancy connected to Bi 3 ÷ is formed. 
Reaction (4) is an electron transport  through 
the solid f rom Mo 4÷ to Bi 3+ and in the final 
reaction, (5), two Bi ~ ÷ cations are oxidized 
by an oxygen molecule and the oxygen 
anions placed at the anion vacancies formed 

in reaction (3). Molecular species under- 
lined occur  on the surface. It should be 
noted that the redox reaction (4) could also 
be formulated with the help of  the Bi 3 ÷ 
Bi 5÷ electron exchange as is commonly ac- 
cepted for the FeSbO4 catalyst. The reaction 
sequence would then start at reaction (3). 

Surface Initiated Homogeneous Gas 
Phase Reactions 

These reactions are usually chain reac- 
tions, the chains being often branched.  The 
chain carriers are atoms or radicals and are 
denoted as R*. Knowledge of  the initiation 
and termination reactions of  carriers on 
solid surfaces is minimal. Let  us pattern the 
initiation reaction as similar to reaction (1): 

C4H 8 + Mo  6+ + Bi3+O2- ----~ 

Bi3+OH - + Mo 5+ + C4H ~ (6) 

Once the initiation reaction has been chosen 
the butadiene radical will react  along a cer- 
tain well-known pattern that finally leads to 
COz and H20. Also electron transfer f rom 
Mo 5+ to Bi s + and further electron transfer 
to 02 will take place as given in reactions 
(4) and (5). The only essential difference 
between the two mechanisms is that reac- 
tion (3), a second proton transfer, does not 
figure in the radical mechanism. We specu- 
late that radicals in pores have a good 
chance to collide with another  Bi3+O 2- sur- 

face  group while radicals at an outer  particle 
face may escape into the gas phase. In other  
words, reactions in narrow pores may be 
selective while reactions at outer  surfaces 
run a good chance of  developing into a com- 
bustion. 

If the reaction network proposed in the 
all surface model is correct ,  the Bi/Mo ratio 
for maximum operation would be 1; the next  
question should be then what would be the 
structural elements of  the best catalyst.  Ta- 
ble 6 gives a survey of  these elements for all 
structures between Bi203 and M o O  3. Note  
that Bi203 is represented as BizOsD- which 
stands for a defect cubic eightfold oxygen 
surrounding with one of every  four 02 -  
missing, and, hence, an oxygen vacancy 
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[ ] - .  Addition of  Mo 6+ leads to an idealized 
Bi2MoO 6 structure with neither anion nor 
cation vacancies.  According to the reaction 
network it should be inactive as indeed it is. 
If we start exchanging 2Bi 3+ with Mo 6+ + 
D +, that is, if we activate the y structure 
by adding MoO 3 , all elements for an active 
catalyst are present  although as yet not at 
maximum activity; this is only reached 
when Bi/Mo = I. Proceeding still further by 
replacing 2Bi 3+ by Mo 6+ + [7 +, the activity 
decreases again because it is dictated by 
the cation with the lowest concentration.  
Consistency demands that MoO3 be inactive 
which is almost correct .  

Moreover ,  fl-BiaMo209 should have maxi- 
mal activity and y* and a about half that 
activity. Although this model is qualitatively 
attractive it needs some corrections before 
being quantitatively significant. The point to 
discuss in this connect ion is the differences 
between the selective butene oxidation over  
y*-BiEMOO 6 and over  a-Bi~M03Ol2 while the 
product  distributions are the same. For  in- 
stance, we believe that the selective X mode 
reaction over  y* occurs in pores,  the same 
pores that adsorb butadiene while no ad- 
sorption of  butadiene was observed over  the 
o~ phase. This checks with the works of Van 
Oeffelen et al. (19) and Graves and Buker 
(20), who found massive reduction of  the y 
phase by !-butene in the absence of  O 2 that 
ultimately led to the formation of  metallic 
Bi while a similar reduction localized at the 
surface gave no formation of Bi °. Factors 
other  than pore versus surface reaction must 
be important.  Before entering this discus- 
sion we shall take a second look at the pore 
structure of  y-phase BiEMoO 6. 

The macroscopic  texture of the catalyst 
indicates that the catalyst consists of a loose 
stapling of  particles with diameters on the 
order  of  microns; there should exist pores 
with similar dimensions. This pore structure 
is not relevant  for  our  purposes because its 
surface area is a factor  of l03 too low; there 
should be another  system with smaller 
pores. We assume that this system is present 
in the primary particles with diameter be- 

tween 0.3 and 0.5 mm. Bi2MoO 6 has a den- 
sity of  8 g/cm a (•3); the number of  particles 
per gram is then l03 with a total surface area 
of  1.5 × 10 -3 mE/g while the experimental  
surface area is 2.5 mE/g. Almost the entire 
surface is therefore located in the particles. 
It is noteworthy that the surface area does 
not change much by the activation with 
MOO3; the primary pores are therefore al- 
ready present in pure Bi2MoO 6, their con- 
centration dependent  on the calcination 
temperature.  To make this quantitative we 
shall assume that the primary pores all run 
in a vertical direction with length, l, while 
there are n square pores with side of  length 
d. The sum of  volumes of  all pores per parti- 
cle V and the sum of  their surfaces S will 
then be V = nld 2 and S = 4ndl. Here,  I = 
5 × 105 nm and there are l03 particles per 
gram. Hence,  S per g = 2dn × 109 nm 2 = 
2.5 m E. For  an estimate of V we use data of  
Matsuura et al. (13), where the density of  
bulk Bi/Mo = 1.85 catalyst was about  7 
g/cm 3, which means that -~ of the bulk vol- 
ume is empty; so nld z = 13/8. Consequent ly  
we find that d = 24 nm and n = 5 × 10 7. 
The total surface area of the pores per gram 
checks with 2.5 m:/g.  There is one per 5 x 
10 3 rim: and the distance between pores is 
70 nm. The model appears internally consis- 
tent; it exhibits a surface area that is of  the 
right order but still contains enough solid 
phase to be coherent.  We tried to apply the 
same calculation for the a phase. The neces- 
sary information on the density was derived 
from Matsuura 's  paper again (13). The den- 
sity per unit cell is 6.2 (g/cm3); because of  
uncertainties in extrapolating we chose two 
values for the real densities, viz., 6.0 and 
5.8. Our surface areas were 0.72 m2/g and 
the primary particle size was 0.32 mm. For  
the densities of  6 and 5.8 we find d to be 29 
and 58 nm, respectively,  with n values of 4 
and 2 x 10 6, respectively. Consequently,  
the pore sizes for both catalysts, o~-Bi2 
M03012 and y*, appear similar, the latter 
having fewer pores per mass. 

Hence,  according to theories for pore dif- 
fusion (see Weisz, for example,  (28)), the 
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corresponding diffusivities for pore sizes of 
the order 25 nm should not cause significant 
mass transport resistances (25), and the hy- 
pothesis of the inhibition effect from butadi- 
ene to account for the loss in activation en- 
ergy for y* catalysts seems plausible. This 
hypothesis is also supported by results given 
in Part I (see (25)): the diffusivities for bu- 
tene (and butadiene) were estimated to be 
on the order 0.1 cm2/sec and it was also 
shown by calculation and experiment that 
both external and internal mass transfer re- 
sistances were largely absent. In addition, 
coke formation by butadiene was also ruled 
out as a possible alternative explanation for 
the loss in activation energy for y* catalysts 
since it was experimentally observed that 
butadiene inhibition was entirely reversible: 
on the time scale of GC sampling time 
(10-30 min), it was possible to go back and 
forth from the two curves in Fig. 3. Oxida- 
tively burning off coke from the catalyst 
would be a slower, diffusion-limited process 
(compared to diene desorption) and would 
potentially display more significant time lags 
in butene conversion and catalyst tempera- 
tures (exotherms), neither of which were 
experimentally observed. 

The next question is why Y(a) is selective 
and not Y(y). The difference between the 
two cases should be caused by the differ- 
ence of their Bi/Mo ratios. For the selective 
catalyst the ratio Bi/Mo/[S] a = 2 : 3 : 1 and 
for the nonselective catalyst 10 : 7 : 1. Since 
butene enters the reaction via the Mo 6+ and 
Bi3+O 2- pair and 02 via Bi ° and excess Bi 3+ 
at the outer surface might lead to an in- 
creases tendency for oxidizing the nascent 
C4H~ radical. It might be speculated that 
the excess of Bi might lead to formation of 
Bi5+O~ -2 causing peroxy radical formation 
and combustion at the surface. Such an ef- 
fect would not be feasible for the Bi-poor 
centers of the a phase. This effect might 
hence be explainable as another example of 
the influence of the ensemble composition 
in heterogeneous oxidation (see Straguzzi 
(29)). 

It is possible to explain in terms of the 

following proposed catalytic cycle, incorpo- 
rating the Keulks-Krenzke ideas for oxygen 
diffusion and consistent with the all surface 
model, how the oxygen partial pressure de- 
pendence figures into the kinetic expres- 
sion. Reactions (1) through (5) are restated 
as follows: 

Catalytic Cycle with Ensembles E l and E 2 

B + El ~ B"EIH (7) 

B"EIH ~ E1R + D + HzO (8) 

D + E I o D E 1  (9) 

E 2 + EIR ~ E2R + E l (10) 

02 + 2E2 R ~ 2 E  2 (11) 

where B means 1-butene (B" for adsorbed), 
D means butadiene, E1 represents the en- 
semble of one Mo and two Bi moieties re- 
sponsible in Eqs. (I) and (2) above for the 
abstraction of two protons, and E1R repre- 
sents the Bi 1 +[~ reduced moiety. Now, it is 
proposed that an equilibrium exists between 
the surface ensembles El and E2, Eqs. (10) 
and (11), in which oxygen dissociates onto 
reduced E2R. One rate expression found 
(26) for butadiene formation which fit the 
observed kinetic behavior over y*-Bi2MoO 6 
catalysts was derived assuming reaction (8) 
to be irreversible, with rate constant ks, and 
with all other steps at equilibrium, with re- 
spective equilibrium constants, K,-, for the 
ith equation. For this case, the rate expres- 
sion, v, is v = ka[B"EIH] = ksKy[B][EI]. The 
total ensemble balance, Ll,  for ensemble El 
is ILl] -- [El] + [DEll + [E1R] + [B"E1H]. 
The rate expression, after simplification, is 
given by v = ks[L1]K7[B][O2]I/2KS/{1 + 
KS[Oz]V2(1 + K9[D] + Kv[B]) }, where KS 
= Klo(Klj) 1/2. At high temperature and dif- 
ferential conditions (i.e. [D] = 0 and [02] = 
constant), [Ll] = [El] and v = ka[LI][B]; 
i.e. pseudo-first order kinetics. At low tem- 
perature and initial conditions ([D] = 0), 
[L l] = [EIR], and v = ks[LI][B]KS[Oz] 1/2, 
as observed for all y* type catalysts. At 
low temperature and high butadiene partial 
pressure, [L l] = [DE1], and v, in the limit 
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of  sufficiently high [D], tends to zero due 
to complete inhibition. Prior  to c o m p l e t e  

inhibi t ion,  we see that the denominator  in 
rate v is dominated by KS[O211/2(1 + Kg[D]), 
so that the half order  dependence  of  oxygen 
partial pressure mathematically cancels and 
would not be observed experimentally.  Fur- 
thermore,  the cancellation of  oxygen partial 
pressure dependence  gives support  to the 
calculation presented earlier for the heat of  
diene adsorption,  - Q, since, in this limit, v 
= ks[LI]Kv[B]/(1 + Kg[D]), and this was 
precisely the expression used in the Q calcu- 
lation. At high temperature,  the bulk solid 
phase equilibrium of  oxygen atoms is hy- 
pothesized to be fast, so that the term Klo 
gets large, tending to a zero order  oxygen 
dependence,  as semiquantitatively ob- 
served. Hence ,  it can be seen that rate v 
agrees with the observed kinetic behavior 
and moreover  supports the argument of  po- 
lybutadiene formation and large Q. 

For  the a type catalysts,  a similar rate 
expression was derived; however ,  the en- 
sembles for  this catalyst,  E3 and E4, are 
perhaps different, especially with respect  to 
butadiene adsorption characteristics.  The 
ensemble balance for ensemble E3 is [L3] = 
[E3] + [E3R] + [B"E3H]. The rate expres- 
sion, v' (note the primes, ('), used), after 
simplification, is 

V' = ks,[L3]Kv,[B][O211/2KS'/ 

{1 + KS'[O211/2(1 + K7,[B]) }. 

We see that expressions v and v' are iden- 
tical in form except  for the missing butadi- 
ene inhibition term in v' .  Intriguing is the 
unique 02 dependence  observed both exper- 
imentally and predicted by both rate expres- 
sions. The 02 partial pressure dependence 
decreases with increasing temperature.  This 
trend is opposite to what one expects  for 
typical catalysts wherein only surface spe- 
cies are involved in the catalytic cycle,  
Langmui r -Hinshe lwood  (LH) type kinet- 
ics. In L H  type kinetics, it would be ex- 
pected that the 0 2 partial pressure order  
should increase as the temperature  in- 
creases since the number  of  adsorbed sur- 

face oxygens decreases as the temperature  
increases (bare surface sites are filled with 
dissociated oxygen at lower temperatures) .  
However ,  the unique behavior  common for 
the bismuth molybdate catalysts is appar- 
ently due to the dynamic equilibrium be- 
tween active surface and lattice oxygen 
atoms, expressed in rates v and v' above 
as a dynamic surface ensemble 1 ~ bulk 
catalyst ~ surface ensemble 2 equilibrium 
established at steady state between the oxy- 
gen inlet and oxygen outlet locations of  this 
bifunctional catalyst. The terms KS and KS '  
apparently increase with temperature  
(faster equilibrium), in line with observed 
kinetics. 

When summarizing our results we con- 
clude that most of the new insights concern- 
ing the butadiene kinetics, especially the 
role of oxygen and butadiene inhibition, 
were only possible with isothermal continu- 
ous flow laboratory reactors and careful an- 
alytical studies. Selectivity and activity dif- 
ferences in Bi molybdates were explained in 
terms of  the catalysts '  surface composit ion,  
an example of the e n s e m b l e  e f f ec t  in hetero- 
geneous oxidation. 
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