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Propylene reacts directly with bismuth oxide to give Cs olefinic products. A kinetic 
study was undertaken to elucidate the role of the bismuth oxide in this reaction. 
Experiments were carried out in a flow, microbalance reactor at atmospheric pressure, 
temperatures from 450 to 550°C and propylene partial pressures of 0.1-1.0 atm, with 
N, as diluent. 

Bismuth oxide reduces to bismuth metal in propylene. After extensive reduction, 
the oxide cannot be completely regenerated due to the melting of the bismuth and 
consequent collapse of the structure. However, BLOs supported on a-ALOa is re- 
generable. The rate of reduction increases with temperature and partial pressure of 
propylene. 

Analysis of the results strongly suggests that chemical reaction and bulk diffusion 
through the product layer are both important in defining the kinetics of the reaction. 
A model taking into account both processes is used to correlate the data. Since the 
diffusion rate diminishes with conversion faster than the chemical rate, the initial 
reduction of the catalyst is mainly limited by surface reaction whereas the con- 
tinuing reduction is mostly diffusion controlled. 

INTFL~DUCTI~N the same as that observed during the cata- 
lytic reaction in the presence of oxygen. 

Oxidative dehydrogenation of olefins is The previous paper (3) has documented 
currently an active area of catalytic in- the use of bismuth oxide as oxidant for the 
vestigation. Most work to date has been oxydehydrodimerieation of propylene in 
carried out with oxygen added to the feed the absence of gaseous oxygen. Since oxy- 
for practical reasons. Catalysis in these gen from the catalyst is consumed by this 
systems has been generally explained in reaction, it is necessary to reoxidise the 
terms of a redox-type cycle in which the catalyst intermittently. The operation takes 
olefin reacts with the lattice oxygen, fol- on the nature of a batch process with alter- 
lowed by immediate reoxidation of the nate reaction and regeneration cycles. These 
partially depleted catalyst with oxygen studies were not able to delineate with cer- 
from the gas phase (I). Such a mechanism tainty the rate-controlling step in the re- 
is supported, for example, by oxygen-18 action. The object of the present study was 
exchange studies, which show catalyst lat- to determine the kinetics of the depletive 
tice oxygen actively participates in the re- deoxidation of the bismuth oxide with 
action. Catalytic activity ,is believed to be propylene in the absence of oxygen. 
related to the ease of reduction of the metal Although a myriad of hydrocarbon 
cation to a lower valence state. Recently, products are obtained in fixed-bed oper- 
Batist et al. (2) have reported extensive ation, the primary product using bismuth 
studies of the catalytic oxidation of butene oxide as oxidant is 1,5-hexadiene. Other 
over bismuth-molybdate catalysts in the products arise from secondary reactions, 
absence of gaseous oxygen. They showed e.g., isomerization, cyclization, and deep 
that, the nature of the reaction was much oxidation, of the hexadiene further down 
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the catalyst bed. By virtue of the flow 
microbalance technique employed, the ki- 
netic study reported here was confined to 
the primary step only, i.e., the conversion 
of propylene to hexadiene. 

THEORY 

For gas-solid reactions of the type, 

A(gas) + B(solid) + C(gas) + D(solid), 

after sufficient product has been built up, 
continuing reaction involves the following 
consecutive steps: 

(1) diffusion of reactant gas A to solid 
surface D; 

(2) adsorption of gas A at exterior 
surface of solid D ; 

(3) diffusion of gas A through product 
layer to solid B-solid D reaction interface; 

(4) reaction between A and solid re- 
actant B at reaction interface; 

(5) diffusion of product gas C through 
product layer D to exterior surface; 

(6) desorption of product gas C from 
exterior of solid surface D to gas phase; 

(7) diffusion of product gas C to main 
gas stream. 

Although in principle any of these steps 
could be rate controlling, the domain of 
gas-solid reaction studies usually encom- 

passes steps (3) and (4). Generally, the 
complementary steps (1) and (7), (2) and 
(6)) and (3j and (5) are difficult to dis- 
tinguish experimentally; hence, one only 
considers steps (1) through (4) as distinct 
mechanistic processes. Except for engi- 
neering situations, where step (1) may 
represent a real diffusional restriction in 
large systems, this step is normally not 
rate limiting. Furthermore, adsorption, step 
(2), is very rapid at reaction temperatures 
employed; it is often combined with step 
(1) and treated as a gas-film transfer re- 
sistance. Thus, the problem usually entails 
differentiation between step (3), bulk dif- 
fusion through the product layer, and step 
(4), chemical reaction at the interface, 
and characterizing the kinetic parameters 
of the rate-controlling step. For the reac- 
tion of bismuth oxide with propylene at 
elevated temperature, one of the products 
is liquid bismuth metal. The presence of 
a liquid product which adheres to the solid 
reactant in place of the solid product does 
not alter the arguments presented. 

Phenomenologically, simple diffusion and 
chemical reaction can be distinguished from 
the form of the rate equation the experi- 
mental data obey, provided data of suffi- 
cient accuracy are attainable. Figure I 
pictorially details conceptual difference- 
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Fro. 1. Reaction model: A(g) f M?(s) --) ZL(1) + gG(g). 



OXIDE REDUCTION WITH PROPYLENE 227 

between the two mechanisms. The model t/.fc = l/k + (l/kd(fd/fc), (4) 
envisions basic, nonporous particles, which 
are the centers of reaction. Larger ag- 
glomerates of these basic particles make 
up the powder or larger mesh sizes en- 
countered in actual practice. When reaction 
at the interface is limiting, the gas concen- 
tration remains constant throughout the 
product layer, whereas in diffusion control, 
the concentration of diffusing species di- 
minishes from the external surface of the 
basic particle to the interface. 

The integrated rate equation for chemical 
control takes the form (4) : 

where ( t/fc) is plotted against (fd/jc). 

Efject of Temperature and Pressure 
on Reaction Rates 

expected, viz., 

We have described the reduction of Bi,O, 
with propylene in terms of two rate con- 

k = A exp(-E,/R,T), 

stants, k,, 

(5) 

representing chemical reaction 
at the metal-metal oxide interface and Jcd, 
representing diffusion of a reactive species 
through the melted bismuth product layer 
covering the oxide, Since both are activated 
processes, an Arrhenius-type dependency 
of rate constant with temperature would be 

stant, t is time, a: is the fraction conversion 

Ic,t = 1 - (1 - cz)1’3 = f. 

to product, and fc represents the function 

(1) 

of LY shown. This is sometimes called the 

where Ic, is an apparent surface rate con- 

“contracting sphere model” since it depicts 
a continually shrinking inner core of re- 
actant material. The rate expression for 
diffusion through a spherical layer of solid 
product is given by (4) : 

where A is the preexponential factor, E, the 
apparent activation energy, R, the gas con- 
stant, and T the absolute temperature. Al- 
though the relationship is general in nature, 
the significance of the activation energy is 
dependent upon the assumed mechanism. 

The incorporation of pressure into the 
reaction rate constants for gas-solid re- 
actions is more complex-a generalized ex- 
pression cannot be written as with temper- 
ature. Thus, a mechanism must be assumed 
and compared to the experimental data. It 
is common to assume first order in reactant 
gas pressure for simplicity, although many 
cases of fractional order and even changing 
order of pressure dependence during reac- 
tion have been observed. 

k,t = 3 - 3(1 - (Y)~‘~ - 2ar = fd, (2) 

where kd is an apparent rate constant for 
diffusion and fd represents the function of 
(Y shown. This form is the spherical cognate 
of the “parabolic law” commonly en- 
countered in one-dimensional metal oxida- 
tions. A plot of fc or fd vs time should be 
linear if either mechanism is operative. 

It may occasionally happen that neither 
the surface reaction nor diffusion are rate 
limiting, i.e., their relative rates are not too 
different, or that a change in mechanism 
from one kinetic controlling regime to 
another occurs. In this case, which we will 
show later pertains to the reaction under 
consideration, both rate processes must be 
considered in the kinetic evaluation. This 
can be done by combining the individual 
rate Eqs. (1) and (2) [Ref. (5) J and (see 
Appendix for derivation), viz., 

Since the limiting reaction sequence en- 
visaged for the reduction of Bi,O, with 
propylene involves diffusion of a reactive 
species through a molten Bi layer followed 
by reaction at the oxide surface, an increase 
in propylene pressure should increase the 
diffusing species and availability of active 
material at the reaction interface. Since 
the solubility of propylene in molten bis- 
muth would be expected to be low, Henry’s 
law should be valid. Thus, 

C, = HP, (6) 
t = f&c -I- f&d. (31 where 6, is the concentration of propyIene 

Hence, a test for data fit in this case takes in the molten bismuth at the ext&& sur- 
on the form, face of the basic particle, p is the propylene 
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partial pressure in the gas phase, and H is 
the coefficient of solubility. Recalling the 
combined kinetic expression, Eq. (3), the 
rate constants are related to the basic 
parameters by (see Appendix) ; 

and 

k, = bMkiC,/Rp (7) 

Jcd = 6bMDC,/R2p, (8) 

where b is the number of moles of B&O, 
reacting per mole of propylene; M is the 
molecular weight of Bi203; ki is the chemi- 
cal rate constant. at the Bi-Bi,O, interface; 
p is the density of Bi,O, ; R is the basic 
particle radius; D is the diffusion coefficient. 
Inserting Eq. (6) into (7) and (8) yields, 

and 

k, = bMkiHp,‘Rp = B,p (9) 

/cd = GbMDHp/R2p = Bdp. (10) 

Thus, the experimentally derived rate con- 
stants k, and Jcd should be directly propor- 
tional to the propylene pressure. 

EXPERIMENTAL 

Unsupported bismuth oxide was prepared 
by calcination of reagent grade Bi(N0,) 3* 
5H,O at 600°C. The sample was ground 
and screened to -325 mesh. Surface area 
of the oxide determined by krypton ad- 
sorption was 1.5 m2/g, corresponding to an 
average basic particle size of 0.45 p. Par- 
ticle sieve analysis showed the average size 
to be about 1 ,p. Photomicrographs taken 
at magnifications of 625 and 2500 clearly 
show clusters of aggregates made up of 
many smaller, approximately spherical 
particles of the order of 0.1-l ,p in size. This 
picture agrees well with surface area and 
sieve measurements. Therefore, the pow- 
,dered bismuth oxide catalyst consists of 
aggregates of loosely held, nonporous basic 
particles. The basic material, according to 
X-ray analysis, was mainly m-Bi,Oa, with 
a minor amount of y-Bi,O,. 

Supported bismuth oxide was prepared 
by impregnation of #a-alumina with a bis- 
.muth nitrate solution. The incipient-wetted 

material was evaporated to dryness, fol- 
lowed by calcination at 550°C for 16 hr. 
Analysis gave 25.9 wt% Bi,O,. 

In heating in air to reaction temperature 
(5OO”C), the sample lost 2.6% weight, the 
loss commencing at about 425°C. The ni- 
trogen content of the charge was less than 
0.003 wt% by analysis, precluding the 
source of the weight loss as due to residual 
nitrate. Thermal gravimetric analysis of 
Bi(NO,),*5H,O confirmed that complete 
decomposition to Bi,O, occurs above 560°C. 
We attribute the loss to water adsorbed on 
the oxide during exposure of the sample to 
the atmosphere at room temperature. 

A pretreatment period was established so 
that the thermal history of each sample was 
the same. This consisted of subjecting the 
BLO, to an air atmosphere treatment at 
500°C for either 2 hr or overnight (16 hr). 

The propylene used was technical grade 
of 97% purity. Nitrogen was used t.o dilute 
the hydrocarbon to the desired partial 
pressure. The nitrogen was purified by 
passing it over hot copper turnings to re- 
move oxygen followed by type 4A molecu- 
lar sieves for drying. Ultrahigh-purity hy- 
drogen was passed through a deoxo unit 
before drying with molecular sieves. Vari- 
ous partial pressures of mixtures were 
achieved by flow metering individual 
streams. 

A Cahn microbalance was used in a flow 
system at atmospheric pressure to provide 
a continuous record of weight change with 
time. A sample of approximately 300 mg 
was charged in a quartz bucket suspended 
by a series of quartz rods from the balance 
arm. Weight changes were read to the 
nearest 0.05 mg. The assembly was enclosed 
in a quartz-tube reactor which was heated 
by a conventional furnace. Temperature 
control was within +-2°C of the desired 
temperature. Gas rates employed were 400 
cm3/min total flow. Quartz chips were lo- 
cated at the bottom of the reactor tube 
(inlet) to preheat the incoming gas stream. 
Small buoyancy corrections were applied 
to the weight changes by reference to a 
standard nitrogen flow before and after 
reaction. 
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The isothermal character of the reduction 
was checked by using another reactor as- 
sembly of similar geometry and identical 
flow conditions to that employed in the 
kinetic studies. A microthermocouple was 
placed in the sample contained in the buc- 
ket and the temperature rise attending re- 
action was monitored. Reduction of the 
bismuth oxide in a hydrogen partial pres- 
sure of 0.1 atm at 500°C gave a temper- 
ature rise above ambient sample temper- 
ature of only 4”C, followed by a gradual 
decay to reactor temperature. Hydrogen 
was employed instead of propylene for con- 
venience. Since the rate of reduction in 
hydrogen was appreciably faster than in 
propylene, it can be safely concluded that 
the propylene runs were essentially 
isothermal. 

Vaporization of liquid bismuth (mp = 
271°C) is negligible at reaction temper- 
atures employed (B), as is that of the oxide 
(mp = 820°C). Gas chromatographic anal- 
ysis of reaction products from the micro- 
balance reactor was achieved employing a 
50 ft X 1/4 in. column packed with Dow- 
Corning 200 silicone. Flame ionization de- 
tection was used because of the low concen- 
trations of C&-products (<500 ppm). 
Consequently, carbon oxides could not be 
measured in this analysis. 

RESULTS 

Preliminary Runs 

A thermogravimetric analysis of the re- 
duction of Bi,O, in H, showed that no ap- 
preciable reaction occurred up to a tem- 
perature of 260°C. Above this temperature, 
the reduction rate increased rapidly and 
reduction to elemental Bi was complete at 
500°C. The sample did not reoxidize at 
this temperature upon treatment with air. 
Examination revealed the presence of 
globules of metal fused to the quartz 
bucket. This is not unexpected, since the 
reaction temperature is well above the melt- 
ing point of bismuth metal. 

Propylene reduction of Bi,O, was studied 
at 500°C. Nitrogen was added to the 

propylene flow so that the partial pressure 
of propylene was 0.22 atm. The propyl- 
ene-Nz flow was continued overnight. A 
high degree of reduction to elemental bis- 
muth (93%) was obtained. On reoxidation 
for a weekend period, weight gain accounted 
for 63% of total conversion back to bismuth 
oxide. Visual inspection of the sample 
showed the presence of metallic Bi par- 
ticles interspersed among the oxide par- 
ticles. We conclude that propylene can 
reduce the Bi203 to Bi metal, but that com- 
plete regeneration of the Bi,O, is not pos- 
sible after a high degree of reduction. 

Several runs were made to test for re- 
producibility. Results are shown in Fig. 2, 
where conversion to Bi metal, a, is plotted 
against time. Duplicate runs on the same 
batch of Bi,O, checked within 10%. De- 
creasing the sample size by a factor of 
three had no effect on the rate of conver- 
sion, indicating that gas-diffusional effects 
are nil. The addition of 0.6 or 3.0 mole % 
H,O vapor had no effect on reduction rates, 
showing the absence of product H,O 
inhibition. 

It should be noted that the a-plot of 
Fig. 2 shows no break in curvature, signi- 
fying the absence of any appreciable inter- 
mediate oxides of bismuth, notably B&O,. 
X-Ray diffraction analysis confirmed the 
presence of only Bi and unreacted Bi,Oa. 

To evaluate the influence of bulk par- 
ticle diffusion on the reaction kinetics, 
another batch of relatively large particles, 
10-20 mesh, was secured, a portion of this 
being ground to a fine powder. Both the 
large particles and ground material had 
identical surface areas of 0.5 m”/g by 
krypton measurement. The fact that re- 
ducing the gross particle size had no effect 
on the surface area is in accord with the 
particle morphology pictured above; viz., 
the large particles are made of loosely held 
aggregates of basic pa,rticles, with complete 
internal accessibility of gas to the basic 
particles. Both the 10-20 mesh particles 
and the ground material reacted with 
propylene at an identical rate. Hence, the 
absence of gas-diffusional effects is veri- 
fied. It should also be mentioned that the 
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FIG. 2. Reduction of Bi& in propylene, where T = 500°C; P = 1 atm, and pCaHs = 0.22 atm. 

overall rate of reaction was slower than 
for the original -325 mesh powder under 
identical reaction conditions, which is 
qualitatively in accord with our reaction 
model. Thus, the 10-20 mesh batch, having 
a lower surface area, contains larger basic 
particles on the average than the -325 
mesh powder, and consequent,ly will have 
a lower rate of conversion. 

In order to establish the nature of the 
products formed during reaction in the 
microbalance, the reactor effluent was 
analyzed by gas chromatography for hy- 
drocarbons, the results of which are given 
in Fig. 3. The major product found was 
l,Lhexadiene, with lesser amounts of 1,3- 
hexadiene and benzene. Peak 3 is assigned 
to 1,4-hexadiene and peak 5 to 1,3-cyclo- 
hexadiene. The mole ratio of hexadienes to 
other C&-products is estimated to be 15 to 
1. In order to check the extent of thermal 
decomposition of propylene, a repeat run 
was made under the same conditions, using 
quartz chips in place of the bismuth oxide. 
The dotted line shows the resultant chro- 
matogram obtained. Evidently, the two 
shoulders on the 1,5-hexadiene peak are 
due to thermal cracking of propylene. Car- 

bon oxides could not be analyzed by the 
method used; however, their presence would 
be expected to be extremely small based on 
selectivity data from fixed-bed runs under 
similar conditions (3). Overall, we conclude 
t,hat the major reaction occurring between 
bismuth oxide and propylene in the micro- 
balance reactor is formation of hexadienes, 

1 

2 

4 5 

1 I I 

8 10 12 14 16 min 

FIG. 3. Analysis of hydrocarbon products from 
microbalance reactor, with pCsH6 = 0.5 atm; T = 
500°C; 01 = 0.035. 

Peak 1, 1,5-hexadiene; peak 2, 1,3-hexadiene; 
peak 3, 1,4-hexadiene; peak 4, benzene; and peak 5, 
l,&cyclohexadiene. 
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FIG. 4. Chemical vs diffusion control correlation, where 2’ = 500°C and pCaH6 = 0.22 atm. 
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with secondary reaction to further dehy- 
drogenated products of minor importance. 

Kinetic Runs 

An example of the data obtained for 
the kinetic analyses is shown in Fig. 2 
(open circles) ; values of conversion, ‘a, are 
calculated from the continuous microbal- 
ante recording of weight loss with time 
and weight of B&O, in the sample. Re- 
action rate continuously diminished with 
increasing conversion. In order to test 
whether the reaction is surface-controlled 
or diffusion-controlled, the data were re- 
plotted according to Eqs. (1) and (2)) 
respectively. The resultant fits are illus- 
trated in Fig. 4, where curvature from the 
predicted straight lines is observed. Neither 
mechanism alone appears to adequately fit 
all the data; the results suggest conformance 
to surface-reaction control in the early 
stages of reaction and to diffusion control 
in the later stages. The surface reaction 
appears to be limiting in the first third of 
the reduction. 

In order to test the hypothesis of 
changing reaction control with conversion, 
resort was made to Eq. (4) for combined 
rate-controlling steps. Figure 5 shows this 
fit. From the slope and intercept values, 
individual rate constants were calculated 

to be: Ic, = 1.25 x W3 min-l and kd = 
1.50 x lo-’ min-I. The proximity of the 
two constants attests to the fact that neither 
rate step is controlling. The integrated rate 
equation from the above combined rate 
analysis is : 

2 = 8.0 x 102[1 - (1 - (Y)1’3] 
+ 6.7 X 102[3 - 3(1 - LY)~‘~ - 2~~1, (14) 

where t is in min, and ,(Y is the fraction con- 
version of Bi,O, to Bi. The closeness of fit 
of this expression to the experimental data 
is shown by the solid line passing through 
the open circle points in Fig. 2. 

Figure 6 illustrates the influence of tem- 
perature and propylene partial pressure on 
the course of the reduction of Bi,O,.” In- 
creasing temperature and partial pressure 
caused an increase in the overall conver- 
sion to Bi, as expected. These data were 
treated using the combined kinetic expres- 
sion, Eq. (4)) to obtain values of the chemi- 
cal rate constants and the diffusion rate 
constants by least squares analysis. 

Variation of the derived rate constants 
with temperature is depicted in Fig. 7. The 
satisfactory straight lines obtained confirm 

*The two sets of data are not internally con- 
sistent since a different batch of oxide was em- 
ployed for each set, that for the pressure series 
having a slightly lower reactivity (see Fig. 2). 
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FIG. 5. Combined chemical and diffusion control, where T = 500°C and pCaHs = 0.22 atm. 
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that Arrhenius-type relationships are 
obeyed by both rate steps. The experi- 
mental activation energies derived from 
least square analyses of the plots are 27 
kcal/mole for the chemical reaction and 
20 kcal/mole for the diffusion process. The 
former value is in the range for chemical 
reactions, especially for metal oxide reduc- 
tions. The latter value is also reasonable if 
it is remembered that the diffusion process 
represents an activated, volume diffusion 

.5 

.4 

.3 

4 

.2 

.I 

0 

of a dissolved species t,hrough a molten 
metal layer and not gas diffusion through 
a porous layer, as is normally encountered 
in porous catalysts. 

The influence of propylene pressure on 
the rate constants is shown in Fig. 8. The 
first-order dependency predicted by the 
proposed model (see Theory) is obeyed for 
both rate constants. The partial pressure 
plots show more variance in the diffusion 
rate constants than the chemical rate con- 4 

.5 

0 40 80 120 160 0 40 80 120 160 

f, min f. min 

FIG. 6. Temperature effect: pGHs = 0.22 atm and the Nos. refer to temp., “C. Pressure effect: T = 500°C 
and the Nos. refer to pC,H, atm. 



FIG. 7. Variation of rate constants with temperature, where pCaHs = 0.22 atm, T, “C. 

stants, which is also observed for the tern- enough time to obtain sufficient data in the 
perature plots, Fig. 7. The larger deviation diffusion regime. 
is probably due to 
the runs were not 

the fact that some of At low propylene pressures an induction 
continued for a long period was noted. Figure 9 shows the gen- 
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Fro. 8. Variation of rate constants with propylene partial pressure. 
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FIG. 9. Variation in induction time with propylene pressure. 

era1 trend of the measured induction times 
with partial pressure. No induction was ob- 
served for propylene pressures above 0.2 
atm; the 1-min base line is due to apparatus 
hold-up time. However, at low pressure an 
appreciable time is required before reaction 
commences. Induction periods are common 
in many oxide reductions, e.g., MnO, (7)) 
Co0 (8), and NiO (9, 10)) being generally 
ascribed to slow growth of surface nuclei. 
Long induction times are usually prevalent 
at low pressures and low temperatures. 

The reaction of propylene with supported 
B&O, was only briefly investigated. The 
course of the reduction was similar for this 
material as the bulk Bi,Oa, i.e., both chemi- 
cal and diffusion steps were important to 
the kinetic analysis. Rate constants derived 
from the combined analysis for reaction at 
.5OO”C and 0.22 atm partial pressure of 
propylene were: Ic, = 3.2 x 1tP min-l and 
kd = 13.7 x 1O-3 min-I. These are to be 
compared to average values of 1.25 X 10m3 
and 1.50 X 1w3, respectively, for the bulk 
material. Assuming the support has no ef- 
fect on reduction, we estimate the specific 
surface area of the B&O, on the support to 
be about three times the bulk.” 

* From Eq. (71, &,u~k/&upport = ~c.rupuort/~c.bulk 
= 2.6. Alternatively, from Eq. (8)> RbU~tJRsUpDort = 
l/kd,aup,,ort/kd,bulk = 2.9. The specific areas are 
reciprocally related to the radii. 

Regeneration 

Depending on the degree of reduction, 
reoxidation of the bulk oxide back to Bi,O, 
may or may not be complete. Figure 10 re- 
lates the degree of reoxidation in air at 
500°C with extent of prior reduction. When 
the sample was less than 60% reduced, 
complete reoxidation was achieved; if more 
than 60% reduced, reoxidation fell off with 
the degree of reduction. X-Ray examina- 
tion of a completely reoxidized sample re- 
vealed only cr-Bi,O,. The incompletely oxi- 
dized sample which had been completely 
reduced, showed in postvisual inspection, 
the pre.ence of bismuth metal particles 

100 _ 
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z 
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FIG. 10. Catalyst regeneration. 
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FIG. 11. Reoxidation effect on subsequent re duction - chemical step with T 500°C. 

interspersed among oxide particles. X-Ray 
analysis detected only phases attributable 
to Bi and cu-BiaOs. 

In order to assess whether completely re- 
oxidized samples are restored to their initial 
reactivity, repeat reduction-oxidation cycles 
were performed. Figure 11 shows that cata- 
lyst chemical reactivity towards reduction 
was lower for the second and third reduc- 
tion cycles. 

a l/R. Consequently, only the total bis- 
muth oxide area had been affected by 
regeneration. 

DISCUSSION 

Regeneration of the reduced supported 
bismuth oxide was appreciably better than 
for the bulk. For example, after 95% re- 
duct,ion of the supported bismuth oxide, 
92% reoxidation was achieved upon re- 
generation. Nevertheless, subsequent reduc- 
tion rates after regeneration were again 
lower than for the original catalyst, the ef- 
fect, however, being not as marked. After 
10 reaction-regeneration cycles, the value 
of Ic, had decreased from 3.2 to 1.3 X 1O-3 
min-I, and kd from 13.7 to 1.82 X 10d3 min-I. 
That the reaction mechanism had not es- 
sentially changed due to repeated regen- 
erations is evidenced by the k, and kd ratios 
fresh and after the ten regeneration cycles, 
viz., kcf/kca = 2.5 and (kd/kda)1/2 = 2.7, it 
being recalled that k, CC l/R while kal/$ 

The flow microbalance reactor is a con- 
venient technique for studying kinetics of 
gas-solid reactions involving single-step 
reactions since weight changes are directly 
monitored. The method suffers in complex 
cases when very fast secondary reactions 
occur between gas products and solid re- 
actant, owing to the ambiguity of ascribing 
weight changes to more than one reaction. 
In the latter case, one must supplement 
the balance results with gas product analy- 
ses. However, the geometric configuration 
of the microbalance reactor, which uses a 
small amount of solid and large relative 
gas flows, tends to minimize secondary 
reactions. 

In the present study, our kinetic analysis 
pertains to the removal of lattice oxygen 
by reaction with propylene to form hexa- 
dienes. Gas product analysis confirmed that 
this was the major reaction occurring in 
the microbalance reactor. The low concen- 
tration of hcxadienes produced relative to 
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propylene reactant concentration assures 
that secondary reactions which consume 
oxygen are minimal. Obviously, if appre- 
ciable amounts of dehydrogenated products 
were obtained, e.g., cyclohexadiene, ben- 
zene, or carbon oxides, the kinetic analysis 
would have been complicated because of 
the removal of more than one oxide atom 
per mole of product. 

The results obtained in the present in- 
vestigation suggest that the reduction of 
bismuth oxide with propylene proceeds 
through two discernible mechanism steps, 
viz, chemical surface reaction and bulk 
diffusion through the product layer. That 
both steps are detectable by kinetic analy- 
sis is derived from the fact that both rates 
are of similar order of magnitude. The basic 
nature of the change in rate with degree 
of reduction then dictates that chemical 
reaction should prevail in the early stages 
of reaction while diffusion should dominate 
in the later stages. Examples of other re- 
actions in which both chemical reaction 
and diffusion were found to be kinetically 
important are: reaction of silver with sul- 
fur vapor (5) and reduction of iron sulfide 
with hydrogen (11). The dat’a fit our model 
up to at least 0.8 conversion, after which 
they deviate from prediction. The model 
kinetics apply strictly to material of uni- 
form particle size. When a distribution of 
particle sizes exists, as is normal for most 
samples, deviations from the kinetic ex- 
pressions will occur, being most pronounced 
near the end of the reaction. However, to 
determine the significant reaction steps 
and activation energy, it is only necessary 
that the sample be identical in all runs with 
respect to size distribution and particle 
shape (I,??). Our experimentally determined 
activation energies are reasonable, and first 
order dependence in propylene is generally 
obeyed, as predicted. 

Concerning reoxidation of the partially 
reduced catalyst, it is most reasonable to 
ascribe the lack of complete reoxidation 
when reduction has proceeded too far, to 
sintering of the basic catalyst particles. 
Earlier work had shown a fresh catalyst 
having a surface area of 1.5 m”/g had 

undergone a diminution in area to 0.2 m*/g 
after repeated reduction-oxidation cycles in 
fixed-bed operation (3). This is easy to 
understand when it is recalled that the 
bismuth layer formed around the remain- 
ing oxide core is liquid at reaction tem- 
peratures studied. Normal contact between 
the basic particles in an agglomerate will 
cause a certain amount of ‘necking’ between 
the particles, with eventual growth of the 
neck area and consequent fusing of the 
particles. This phenomenom will be all the 
more pronounced with the degree of re- 
duction since there is an overall molar 
volume contraction of about 20% in going 
from oxide to bismuth metal. The surface 
area demise due to reduction is undoubtedly 
the cause for the lower reduction rates ob- 
tained on second and third cycle reductions 
(Fig. ll), even though reoxidation was 
completely achieved after each partial re- 
ducGon step. A catalytic manifestation of 
this sintering process is a decrease in ac- 
tivity for propylene conversion observed 
with several reduction-oxidation cycles. 

On the other hand, the supported bismuth 
oxide catalyst shows excellent regeneration 
characteristics, complete reoxidation to the 
original oxide state being achieved even 
after a high degree of reduction. We be- 
lieve this is due to the influence of the sup- 
port structure; the bismuth oxide particles, 
being dispersed within the pores of the 
support, are physically prevented from ap- 
preciable contact with each other. Upon 
reduction, only those localized particles 
within the same pore have the opportunity 
of sintering, the support matrix preventing 
massive coalescence. Thus, only partial 
sintering will occur, which, however, is not 
of sufficient magnitude to prevent total re- 
oxidation. Nevertheless, this limited sinter- 
ing is manifested in lower reduction rates 
with recycle, although in this case, the ef- 
fect is much less marked than for the bulk 
bismuth oxide. 

CONCLUSIONS 

The present investigation supports the 
following conclusions: 



(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

OXIDE REDUCTION 

Bulk bismuth oxide consists of ag- 

gregates of loosely held, nonporous 
particles of micron size. 
BLO, reduces in propylene to Bi 
metal without going through any 
stable intermediate states. 
The kinetics of the reduction are 
satisfactorily described by a model 
invoking an initial chemical-con- 
trolled reaction followed by a 
later diffusion-limited regime. 
Reduction rates of oxide to bis- 
muth metal in propylene increase 
with temperature and pressure, 
but are unaffected by water vapor 
or gross particle size up to at 
least 16-20 mesh, provided the 
same basic particle size is present. 
Apparent activation energies for 
the chemical and diffusion steps 
are 27 and 20 kcal/mole, respec- 
tively. 
Chemical and diffusion rates are 
first-order in propylene partial 
pressure. 
An induction period is observed 
at low propylene pressure. 
Sintering of the bulk oxide occurs 
during reduction, and 
Complete reoxidation of the bulk 
oxide is not possible beyond 60% 
reduction ; the supported bismuth 
oxide is completely regenerable. 

APPENDIX 

In deriving a basic equation expressing 
the kinetics of the reduction of bismuth 
oxide with propylene the following assump- 
tions are made: 

(1) Only chemical reaction at the 
oxide-metal interface and diffusion through 
the liquid metal product layer are rate 
controlling ; 

(2) Complete and instantaneous ac- 
cessibility of propylene to all basic par- 
ticles of oxide; 

(3) The basic particles are spherical 
in shape and uniform in size. 

(4) At any given time, steady-state 
diffusion can be safely invoked. 
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(5) Overall particle size does not 
change during reaction. 

(6) The mean diffusivities of gaseous 
reactants and products through the liquid 
metal layer are equal. 

The state of a partially reacted particle 
is shown in the following diagram. The 

center core of unreacted oxide having a 
radius r, is surrounded by an outer layer 
of liquid metal, the overall particle radius 
being designated as R. The rate of diffusion 
of gas through a spherical shell is given by 
Barrer (IS) as, 

dN -= 
at 

RqD(c8 - Ci), (A-1) 

where N is the diffusion flux, t is time, D 
is the diffusivity of the diffusing species 
and C, and Ci are the reactant gas concen- 
trations at the outer surface and reaction 
interface, respectively. The chemical re- 
action at the interface is given by, 

dN 
dt = 4TT2kiCi, 

where lci is the intrinsic surface reaction 
rate constant. The rate of consumption of 
oxide is 

dN0, 1 dN -=--= 
at b dt 

- $$ $7 (A-3) 

where b is the stoichiometric number of 
moles of oxide reacting per mole of gas re- 
actant, and p and M are the density and 
molecular weight of the oxide, respectively. 
Finally, from the geometry of the reacting 
particle, 

cl = 1 - (r/R)3, (A-4) 
where (Y is the fraction of oxide converted 
to metal. Equations (A-l) to (A-4), to- 
gether with appropriate boundary condi- 
tions, are sufficient to derive an explicit ex- 
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pression for fraction converted in terms of 
reaction time and system parameters. 

We proceed by equating (A-l) and (A-2) 
and solving for Ci, which gives, 

C8 
ci = 1 + (1 - r/R)(r/R)k&/D (A-5) 

Inserting (A-5) into (A-2) and combining 
with (A-3) yields, 

4rlR) kibMC, -=-- 
dt PR 

x1+(1 
1 

- r/R)(r/R)kiR/D’ (A-6) 

This differential equation is to be solved 
subject to the following boundary 
conditions: 

t = 0, r/R = 1 
t = t, r/R 

The solution of (A-6) 

= r/R. (A-7) 

and (A-7) leads to, 

bMC,t - = 
PR 

;, (1 - r/R) + g 
‘1 

X (3 [l - (r/RY] - 2 

Now, let 

Cl - (r/WI\ (A-8) 

It-, = bMlci C,IpR 
kd = 6bMDC,/pR2 (A-9) 

Insertion of (A-9) into (A-8) and incor- 
poration of (A-4) leads to: 

t = ; [l - (1 - ,)l’q 
e 

+ k [3 - 3(1 - a)2’3 - 2,] (A-10) 

(A-l I) 

fc = 1 - (1 - 0)“3 

.fd = 3 - 3(1 - a)?‘3 - 2a 

which is our desired kinetic expression 
equivalent to equation (3) in the text. 

It should be noted that. k, and ktl contain 
the surface concentration, C,, which is gen- 
erally unknown. If C, can be expressed in 
terms of an adsorption isotherm (for solids) 
or a solubility relationship (for liquids), 
the respective rate constants can be related 
to the system pressure as is demonstrated 
in the Theory section. 
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