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The kinetics and mechanism of propylene oxidation over 8-Bi,Mo,0, from 300 to 470°C have
been investigated. By using oxygen-18 and deuterated propylenes under steady-state reaction
conditions and temperatures ranging from 350 to 450°C, it was determined that the selective
oxidation of propylene to acrolein over the 8-phase occurs via the redox mechanism through the
involvement of numerous sublayers of lattice oxygen. From the kinetic and isotopic data it was
learned that the Kinetics and energetics of propylene oxidation over the 8-phase can be completely
described in terms of the coupled kinetics of catalyst reduction and reoxidation. At the higher
temperatures in which the rate of acrolein formation is limited by catalyst reduction, the apparent
activation energy is approximately 20 kcal/mole and is indicative of allyl formation from adsorbed
propylene. At lower temperatures the rate of acrolein formation is limited by catalyst reoxidation
and the apparent activation energy is approximately 43 kcal/mole. The kinetic dependencies of
oxygen and propylene also refiect the changes in the rate-determining step of the reaction. Carbon
dioxide is produced from both the consecutive oxidation of acrolein and the oxidation of a
hydrocarbon residue which is present on the surface of the catalyst at steady-state conditions; the
former pathway predominates at low temperatures (below 400°C), while the latter pathway
contributes significantly at high temperatures to carbon dioxide formation. Both pathways utilize
only lattice oxygen; the extent of lattice oxygen participation is approximately the same as acrolein

formation.

INTRODUCTION

The kinetics and mechanism of propyl-
ene oxidation over bismuth molybdate cat-
alysts have been studied in considerable
detail and are the subject of several exten-
sive reviews (/—4). A number of phases
have been detected in the bismuth molyb-
date system, but only three phases are
generally accepted as exhibiting superior
catalytic activity and selectivity. These
phases are the a-phase, Bi,Mo,;0,,; the 3-
phase, Bi,Mo0,0,; and the +y-phase,
Bi,MoO;. While the o- and vy-phases of
bismuth molybdate have been thoroughly
investigated (5, 6), the pB-phase mod-
ification, B-Bi;Mo0,0,, has received
much less attention. This is in part due to

1 Present address: Kodak Research Laboratory,
Eastman Kodak Company, 1669 Lake Avenue, Roch-
ester, New York 14651.

the assumption by some researchers (7-9)
that the 8-phase is only a mixture of the «-
and y-phases and not a distinct phase, while
other investigators (10-12) believe the g-
phase is unstable at the elevated tempera-
tures required for propylene oxidation.
However, recent work by Monnier (13) has
verified that the 8-phase is a pure phase of
the bismuth molybdate system and is stable
at the temperatures required for an in-depth
study of the kinetics and mechanism of
propylene oxidation.

Therefore, we have investigated the ki-
netics and mechanism of propylene oxida-
tion over the g-phase to determine whether
the kinetics and mechanistic parameters are
similar to those for the a- and y-phases,
discussed by Krenzke and Keulks (3, 6).

It has been generally concluded that the
first and usually rate-determining step for
the selective oxidation of propylene over
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bismuth molybdate catalysts is the abstrac-
tion of a hydrogen from the allylic methyl
group of propylene (I, 2). A second hydro-
gen is abstracted from either equivalent end
of the adsorbed allylic species before the
incorporation of a lattice oxide ion to form
acrolein. This is called the redox mecha-
nism since the catalyst itself serves as the
oxidizing agent, while the gas phase oxygen
reoxidizes the reduced catalyst.

Another possible mechanism for the se-
lective oxidation of propylene is the hydro-
peroxide pathway, in which adsorbed mo-
lecular oxygen interacts with the adsorbed
allylic species to form a surface peroxide or
hydroperoxide that decomposes to form
acrolein. Although this mechanistic path-
way has been observed for propylene oxi-
dation over nonreducible metal oxides
(14, 15) and noble metals (16, 17), Daniel
et al. (18) observed that allyl hydroperox-
ide was formed at temperatures up to 450°C
on an unspecified phase of bismuth molyb-
date. This intermediate could either disso-
ciate on the surface to form acrolein or
desorb into the gas phase and initiate homo-
geneous gas phase oxidation reactions.
Only small amounts of acrolein were
formed from this pathway; the great major-
ity was formed from lattice oxygen via the
redox pathway.

The first order dependency on propylene
pressure for acrolein formation (at 7 >
400°C) has been generally viewed as a con-
sequence of the dissociative adsorption of
propylene to form the wr-allylic species as
the rate-determining step (6, /9). The zero-
order kinetics for oxygen dependency over
the same temperature range has been attrib-
uted to direct participation of lattice oxygen
in acrolein formation and the subsequent
rapid reoxidation of the catalyst by gas
phase oxygen (6, 19). The similar kinetic
dependencies for CO, formation have been
reasoned to be the result of the consecutive
pathway of CO, formation from adsorbed
acrolein (6, 19-22).

Variation of the observed kinetic depen-
dencies for product formation at lower tem-

peratures (partial order for O, dependency
and zero or partial order for propylene
dependency) has been reasoned to be the
result of either a change in the rate-deter-
mining step of the reaction to the desorp-
tion of acrolein (23, 24) or a change in the
mechanism of the reaction (25). The same
arguments have been used to describe the
changes of activation energies for acrolein
and carbon dioxide formation at lower tem-
peratures.

Krenzke and Keulks (6) recently stud-
ied the kinetics of propylene oxidation
over a-BisMo030;; and y-BizMoQg from
325 to 475°C. The apparent activation en-
ergies for acrolein formation varied from
15 to 18 kcal/mole at temperatures
greater than 400°C to 43 to 53 kcal/mole
at lower temperatures. The reaction or-
ders for propylene and oxygen changed
from first order in propylene and zero in
oxygen in the high-temperature region to
zero or partial orders in propylene and
partial order in oxygen pressure in the
low-temperature region. They explained
these changes in the kinetic parameters in
terms of the coupled kinetics of catalyst
reduction and reoxidation.

EXPERIMENTAL
A. Catalyst Preparation

The B-phase catalyst used in this study
was prepared according to the method of
Grzybowska et al. (26). Details regarding
the purity and stability of this particular
preparation have been discussed in detail
by Monnier (13).

B. Apparatus

The reactor system used for all experi-
ments has been discussed earlier by
Krenzke and Keulks (5).

The feed gases, oxygen (Airco, 99.6%),
propylene (Linde, C. P. grade), and helium
(Airco, 99.99%) were used with no further
purification. The individual gas flows were
controlled by Tylan FC-260 mass flow con-
trollers.
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The isotopically labeled gases used in
this study were oxygen-18 (99 at% 120)
from BOC Ltd. Prochem., L.ondon, En-
gland, 2,3,3,3-d,-C,D,H, (98.1 at% la-
beled), and 1,1,2-d;-C,D;H, (98.0 at% la-
beled), the latter two gases being purchased
from Merck, Sharp, and Dohme, Canada
Ltd., Montreal, Canada. These labeled
compounds were introduced to the feed
stream by a variable speed syringe pump
(Sage Instruments, model 341) equipped
with a 10 cm® Hamilton gas-tight syringe.

The feed gas composition and product
distribution were analyzed by a dual-
column Packard 417 Becker gas chromato-
graph using two 1/4” X 6’ columns packed
with 80-100 mesh Porapak R. Peak areas
were converted to micromoles using a
Spectra-Physics Autolab System I comput-
ing integrator.

A Bendix MA-1 time of flight mass spec-
trometer was used to analyze the isotopic
distribution of reaction products during the
tracer experiments. The mass spectrometer
was directly coupled to the reactor exit by a
Granville-Phillips Series 203 variable leak
valve.

The output of the mass spectrometer was
recorded using a Columbia Scientific Indus-
tries CSI-260 digital readout system which
digitally recorded the maximum peak
heights for all m/e values over the desired
scan range.

C. Experimental Technique

1. Kinetic data. Before any kinetic data
were obtained, all catalysts were allowed to
reach steady-state activity at 425°C in an
oxidizing atmosphere. In order to ensure
differential flow conditions, conversion was
kept at less than 7% and small catalyst
charges were used in the micro-reactor. A
0.250 g charge was commonly used at 325°C
with total flow of 20 SCCM. (SCCM will be
used throughout to denote flow rates in
c¢m?/min at standard temperature and pres-
sure.) At higher temperatures a smaller
portion of the original catalyst charge

and/ or higher flow rates were used to main-
tain conversion below 7%.

The reaction orders for C;H; and O, were
calculated over the approximate tempera-
ture range 300-475°C at 25°C intervals.
When calculating the pressure dependen-
cies of C;Hg at the various temperatures,
the O, partial pressure was held constant at
0.3 atm (unless otherwise stated) while de-
creasing the C,H; partial pressure from 0.3
atm; at most temperatures a minimum of
four different C;H; pressures were used.
For calculation of the oxygen pressure de-
pendencies, the C,H; pressure was held
constant at approximately 0.1 atm (unless
otherwise stated) while decreasing the O,
partial pressure from 0.3 atm to 0.1 atm.
Thus in all cases, the reaction was carried
out in an oxidizing atmosphere.

2. Oxygen-18 data. The feed gas compo-
sition was 0.1 atm O,, 0.1 atm C;H;, and 0.8
atm He at a total flow of 20 SCCM. The size
of the catalyst charge was varied to obtain a
conversion of 10-20%. This extent of reac-
tion was necessary for an accurate mass
spectrometric analysis.

Before an oxygen-18 experiment was
performed, the reaction was allowed to
reach steady-state conditions. To start the
addition of %0, to the feed stream, the
syringe pump was activated while simulta-
neously diverting the %0, from the feed
stream to vent by means of a three-way
valve. The flow rates of 0, and 20, were
matched so that oxygen flow remained con-
stant throughout the entire experiment. The
matched flow rates and rapid changeover of
feed oxygen maintained the previously es-
tablished steady-state conditions.

During the mass spectrometric analysis,
the oxygen-18 concentrations in the gas
phase O,, CO,, and C;H,O were deter-
mined by repetitively scanning the m/e
range 20-65 every 15 sec at 3.5 X 10~¢ Torr
pressure. A minimum of 15 scans were
made during each tracer experiment.

Near the end of the tracer experiment,
the product stream was diverted through
the Carle switching valves and a gc
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analysis was made of the reaction prod-
ucts.

3. Deuterated propylene data. The ex-
perimental technique was the same as for
the oxygen-18 experiments, except the
C;H; flow controller was externally con-
nected to the syringe pump assembly.

The rate constants and subsequent pri-
mary isotope effects for acrolein and car-
bon dioxide formation from the deuterated
propylene oxidation reactions were calcu-
lated from gas chromatographic data.

The deuterium content of acrolein was
used to calculate the secondary discrimina-
tion effect for acrolein formation. In the
case of both CD,=CD—CH; and
CD;—CD=CH,, the mass numbers of in-
terest were 59 (CD==CD—CHO) and 58
(CH;=CD—CDO).

4. Oxidation of the steady-state catalyst
surface. To prepare the steady-state cata-
lyst surface for oxidation by O,, a stream of
0.1 atm O,, 0.1 atm G;Hy, and 0.8 atm He
with a total flow of 20 SCCM was passed
over the catalyst at the desired tempera-
ture. When mass spectrometric analysis
showed a constant conversion and selectiv-
ity, the O, and C;H; gas flows were di-
verted to vent, leaving only He flowing
over the catalyst. After residual reactants
and products were swept from the product
flow stream, O, was introduced into the He
feed by means of the syringe pump. By
varying the pumping speed of the syringe
pump, the kinetic dependency of O, for
product formation was calculated. To ob-
serve the isotopic distribution of oxygen-18
in the reaction products, 80, was substi-
tuted for %0, in the feed stream.

5. Reduction of the steady-state catalyst
surface with propylene. The steady-state
surface preparation and apparatus were the
same as described for the oxidation experi-
ments. Propylene was introduced into the
He feed stream at 2.4 SCCM by means of
the syringe pump. The gas chromatograph,
rather than the mass spectrometer, was
used to analyze the reaction products.

A comparison of steady-state catalytic
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activity before and after the C,H; reduction
of B-Bi,Mo,0, was made to determine
whether the catalyst was irreversibly deac-
tivated by C;Hg reduction.

Reduction of the catalyst surface by
CD,—CH==CH, permitted the calculation
of the primary isotope effects for CO, and
acrolein formation.

RESULTS
A. Kinetic Data

The kinetic dependencies of propylene
and oxygen for acrolein and carbon dioxide
formation were calculated from the follow-
ing empirical rate equation,

rate = k[C,H;F[O, ], ¢))

where £ is the rate constant and x and y are
the reaction orders for C;H; and O,, respec-
tively. A plot of In (rate) versus In (concen-
tration of the reaction being varied) will
give a straight line with a slope equal to the
reaction order of that reactant and a y-
intercept equal to In k', where k' is the
product of k£ and the concentration term for
the reactant at constant concentration. The
propylene and oxygen dependencies for
acrolein formation are presented in Figs. 1
and 2, respectively; the analogous plots for
CO; formation are not shown but are some-
what similar to Figs. 1 and 2. The reaction
orders calculated from the above data are
summarized in Table 1. At 350, 375, and
400°C, it is necessary to subdivide the pro-
pylene dependencies for CO, and C,;H,O
formation into two different propylene par-
tial pressure ranges.

The specific rate constants for C;H,O
and CO, formation were calculated from
the empirical rate equation after the reac-
tion orders had been evaluated.

The apparent energies of activation for
C;H,0 and CO, formation were determined
from Arrhenius plots of the appropriate
rate constants. The Arrhenius plots for
C;H,0 and CO, formation are presented in
Figs. 3 and 4. For the data at 350, 375, 400,
and 425°C, the closed circles represent the
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TABLE 1
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Po,=0.3 atm 450

Reaction Orders for CgHg Oxidation

60}
425 Temperature (°C) C3H,O CO,

5o Formation Formation

400
CHy 0O CHs O

W\

®
£
E
&
2
g
3
£ 40}
€ 40
E 375 300 0 0.50 Not enough
‘: 10 product
g T 325 0 0.55 Not enough
Q
E 350 product
g 20r 350
g- (0.1-0.3 atm C3Hg) 0 0.40 0.40 0.45
J 0 —— 3 (0.06-0.1 atm C,Hy) 0.85 0 1.0 0
5 I 0.40 0.50
e .| e e300 375
e © (0.1-0.3 atm CgHg) 0.35 0.30 0.65 0.30
-
(0.04-0.1 atm C;Hg)  0.90 0.30 1.15 0.30
40 35 30 25 30 s o 400

(0.2-0.3 atm C3Hg) 0.60 020 1.0 0.30
(0.04-0.2 atm CzHg) 1.0 020 1.25 0.30

Ln P, (P, inatm)

FiG. 1. C3Hg dependency for acrolein formation as a 425 1.0 0 1.40 0.30
function of temperature. 450 1.0 0 1.50 0.30
470 1.0 0 1.50 0.30

rate constants calculated from the C,H; and

O, reaction orders at higher C,H; partial partial pressures. The dashed lines are used
pressures while the open circles are for the  to connect the open circles.

rate constants calculated at lower C;H, Each Arrhenius plot is composed of two
intersecting lines. For C;H,O formation,

E,=20.2Kcal/mole

80
o 6.0 Pc,n.'m atm
E
£ e e +-470% 7o}
£ sor 450
[ ] e
° 425 60 F
E c
4 401 400 S
£ / s
© g 50
® 375 5
£ 30} / o
Q L
g 350 240
3 20 ©
M - AY
£ 230
g . A
O 10} 5 x E,- 40.8 Kcal/mole
T 5 zo}»
-,
Q 300
-
[-]
°:'! °r / w0k
«
: L
-l 1 1 1 o 1 I S 1 1 i 1
30 25 20 -1.5 1.0 120 1.30 140 150 160 170 180
Ln P, (Po, in atm) 1000/7 (°K™)
FiG. 2. O, dependency for acrolein formation as a FiG. 3. Arrhenius plot for C;H,O formation over g3-

function of temperature. Biz;Mo0,0s.



56 MONNIER AND KEULKS

E,=176 Kcal/mole
60 |-
50
40
[}
2
T" \
E 30+ \
(+] \
w \
o E,=40.8 Kcal/mole
© 20}
8
2
* 1wl
c
ol
1 1 1 1 1
120 130 140 150 160 170
1000/T (°K™")

FiG. 4. Arrhenius plot for CO, formation over 8-
Bi,MOzOg.

the transition temperature is approximately
435°C and for CO, formation, approxi-
mately 425°C. For both Figs. 3 and 4, the
apparent energies of activation are listed
adjacent to their corresponding portions of
the Arrhenius plots. In each figure it can be
seen that the extension of the Arrhenius
plot from higher temperatures to lower tem-
peratures coincides with the dashed line.
Thus, by extending the kinetic analysis to
lower C;H; partial pressures, it is possible
to shift the transition temperature to lower
temperatures.

A closer examination of the kinetics for
CO, and C3H,O formation at 350°C is shown
in Fig. 5. The C;H; dependencies for
C,H,0 and CO, formation were calculated
by varying the C;H, partial pressures from
0.02 to 0.3 atm while maintaining the O,
concentration at 0.3 atm. Likewise, the O,
dependencies were determined by varying
the O, pressure from 0.03 to 0.3 atm while
holding the C;H; pressure at 0.05 atm. The
C,H; and O, dependencies are listed adja-
cent to their respective portions of the
curves.
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FiG. 5. Extended kinetic analysis of C3H,O and CO,
formation at 350°C.

B. Oxygen-18 Studies

The purpose of using 1®0, as a tracer in
the feed stream was to establish in a quanti-
tative manner the source and quantity of
oxygen during CO, and C,;H,O formation.
This quantity or dilution volume of oxygen
adsorbed on the surface or in the bulk of the
catalyst that equilibrates with the gas phase
18(), can be related to the oxygen-18 content
of the products and the oxygen flux through
the catalyst by assuming the reactive oxy-
gen reservoir is equivalent to an exponen-
tial dilution volume (5).

Table 2 summarizes the oxygen-18 incor-
poration data for C;H,O and CO, formation
at 450, 400, and 350°C from the oxidation of
propylene. Oxidation of propylene at 350
and 450°C using equal amounts of 1¥0, and
160, in the feed stream did not produce any
detectable 12080 in the reaction effluent,
indicating the isotopic exchange reaction
180, + 180, 2 2180160 did not occur at the
reaction conditions used in this study.

To obtain more information about the
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TABLE 2

Summary of Oxygen-18 Incorporation Data

Temperature (°C) Percentage of Number of
catalyst layers® of
oxygen oxygen in-

involved in volved
formation of in formation
of
CHO CO, CsH,O CO,
450 98 98 312 312
400 56 60 176 190
350 29 32 90 101

¢ Calculated from S.A. = 2.3 m?/g and assumption
of 1 x 10 atoms/cm?.

low-temperature regions of the Arrhenius
plots in Figs. 3 and 4, the oxidation of C;H;
was carried out using 20, at 350°C. The
rate constants for C;H,O and CO, forma-
tion using '*0Q, were calculated from gc
analyses (and the previously calculated re-
action orders from Table 1) and compared
to the analogous rate constants using '°0,.
If the rate-determining step at low tempera-
tures involves the breaking of the O-O
bond, one should expect a Kkinetic isotope
effect since the 20-120 bond is of lower
energy than the ¥0-'Q bond. The maxi-
mum observable isotope effect is, of
course, strongly dependent on the nature of
the O, species at the transition state. The
theoretical kinetic isotope effects were cal-
culated from Raman stretching data for 10,
using the method outlined by Melander
7).

The results in Table 3 summarize the
experimental results. Also included are the-
oretical isotope effects for several different
O, species from the literature.

A small isotope effect was observed as
expected if the rate-determining step in-
volves breaking an O-0O bond. It should be
noted, however, that the observed isotope
effects are the results of five 180, analyses
and five 10, analyses. Therefore, the
results in Table 3 are the averaged isotope
effects; however, for each 180,/1%0Q, pair,

TABLE 3

Oxygen Isotope Effects for C,H,0 and CO,
Formation at 350°C

Observed isotope effects®

Product ki/k,
C,H,0 1.03 to 1.04
CO, 1.02 to 1.03
Theoretical isotope effects
Refer- Oxygen species plem™)  k/k,
erence
28 Gas phase O, 1580 1.11
29 O, (in alkali halides) 1140 1.09
30 0, (from KQ,) 1145 1.09
31 0,2~ (from Na,0,) 766 1.07
Coordinated molecular
32 0, in K,Mo(0,),0F, 62 1.07

@ k, is for 8Q, and k, is for 120,.

there was an observable isotope effect and
this value was essentially the same for the
five pairs of analyses. Therefore, even
though the observed oxygen isotope effects
were small, they were reproducible.

C. Oxidation of 2,3,3,3,-dsand 1,1,2-d4
Propylenes

If the rate-determining step of propylene
oxidation is abstraction of an allylic hydro-
gen, then one should expect a full primary
kinetic isotope effect for C,H,O and CQO,
formation when the allylic position of pro-
pylene is completely deuterated. Further, if
the rate-determining step remains the same
for the entire temperature range investi-
gated, then the full Kinetic isotope effect
should be observed throughout. The results
in Table 4 summarize the observed primary
kinetic isotope effects for both 2,3,3,3,-d,
and 1,1,2-d, propylene oxidations at 350,
400, and 450°C. These results are compared
to the theoretical primary isotope effects
for C-D versus C-H bond breaking in the
allylic position. The theoretical values were
calculated from Melander’s (27) heavy
atom residue approximation.

The isotopic distribution of deuterium in
acrolein can be used to predict the se-
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TABLE 4

Primary Kinetic Isotope Effects® for 2,3,3,3-d, and 1,1,2-d; Propylene Oxidation over B-Biz;M0,0,

450°C 400°C 350°C
Acrolein CO, Acrolein CO, Acrolein CO,
2,3,3,3-d, Propylene
Theoretical 1.75 1.75 1.92 1.92 2.14 2.14
Observed 1.65 1.65 1.5 1.5 1.4 1.4
Observed/ 85% 85% 54% 54% 35% 35%
theoretical x 100
1,1,2-d Propylene

Theoretical 1.00 1.00 1.00 1.00 1.00 1.00
Observed 1.0 1.0 1.0 1.0 1.0 1.0

@ The data are presented as ky/kp.

quence of the second hydrogen abstraction
and oxygen addition to form acrolein. The
results in Table 5 give the theoretical and
experimental deuterium distributions of
acrolein produced from oxidation of
2,3,3,3-d, propylene and 1,1,2-d; propyl-
ene. The theoretical distribution is calcu-
lated from the equation used for the calcu-
lation of the primary kinetic isotope effect
and is based on the assumption that the
second hydrogen atom is abstracted from
the symmetrical allylic species before the
addition of an oxygen atom. The theoretical
deuterium distributions are the same for
both deuterated propylene tracers, since
the allylic intermediate common to both is
CD,==CD==CH,.

It should be noted that the only deuter-
ated acroleins formed were CD,==CDCHO
and CH,=CDCDO, indicating that no in-
termolecular deuterium exchange had oc-
curred.

D. Reduction of B-Bi;Mo,0, by Propylene

The oxidation of propylene at 350°C was
more closely examined by comparing the
initial rates of C;H,0 and CO, formation
over a steady-state catalyst surface in a
C,Hq, He-feed stream with the correspond-
ing rates in an O,, C;H;, He-feed stream.
Steady-state product analyses were made
before and after the reaction of propylene

with 8-Bi, Mo, O, in the absence of O,. The
latter steady-state analysis indicated the
catalyst was not irreversibly reduced (and
subsequently deactivated) during the re-
duction of the catalyst by C,;H;. The results
are shown in the upper portion of Table 6
and reveal comparable rates of formation of
C,H,0 in both the presence and absence of
gas phase Q,. The data for CO, formation
do not give such good agreement and are a
result of the very small amounts of CO,
formed under these reaction conditions.
The selectivity to acrolein formation in-
sured adequate amounts of acrolein for gc
analyses. Three C;H;, He flow analyses
were made (catalyst was reoxidized in the
0,, GH;, He-feed stream to steady-state
conditions between C,H;, He flow anal-
yses), and the rates of acrolein formation
were very reproducible.

The primary kinetic isotope effects for
acrolein and CO, formation during catalyst
reduction by propylene were calculated by
substituting 2,3,3,3,-d, propylene for C,H;
in the C;Hg, He-feed stream. These results
are presented in the lower portion in
Table 6.

E. Oxidation of the Steady-State
B-Bi,Mo0,0, Surface

The reaction orders of C;H; and O, for
CO, formation in Table 1 are different from
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the analogous reaction orders for C;H,O
formation. Therefore, the oxidation by gas
phase O, of a previously established
steady-state surface was performed at 350
and 425°C to examine the source of the CO,
produced during the steady-state oxidation
of C;H; and to explain the unusual O, and
C,H; reaction orders. The reaction prod-
ucts were limited to CO, and H,0 with no
detectable amounts of acrolein. Significant
amounts of CO, were produced during oxi-
dation of the catalyst surface, indicating a
considerable hydrocarbon build-up on the
surface. The fractions of CQO, produced by
oxidation of the steady-state surface at 350
and 425°C were approximately 15 and 30%,
respectively, of the amounts of CO, pro-
duced during the steady-state oxidation of
C,H;. Space-velocity measurements of the
rates of formation of acrolein and CO, and
the conversion of propylene at 425°C indi-
cated that the hydrocarbon deposit on the
surface of the catalyst was not due to
diffusion limitations of oxidation products

CH,—CH=CH, (g)
‘L -H

from the catalyst. This is the expected
result for a catalyst such as B8-Bi,Mo,O,
with negligible pore volume and low sur-
face area.

The O, dependencies for CO, formation
during the oxidation of the steady-state
surface at 350 and 425°C are presented in
Table 7. The C,H; dependencies were not
determined since there was no direct way
to determine the rate of surface build-up.
The source of the oxygen in the CO, was
determined by replacing the 160, in the feed
stream with #0,. The isotopic distribution
of CQ, is also listed in Table 7.

DISCUSSION
A. The Mechanistic Model

The relationship of acrolein and CO, for-
mation as they are related to the kinetic and
tracer results will be discussed within the
framework of the mechanistic model which
has been proposed earlier (33).

CHy~=CH==CH, (ads)

Redox

mechanism (1) -H

(2) +0 (lattice)

Hydroperoxide

+0, (g or ads) mechanism

CH2=CH—CHO<%}'{:(°;lcﬂl CH;=CH—CH,00(H) (ads)

The expected kinetic and isotopic results
that one should expect for the above
scheme can be stated in the following man-
ner:

(1) The initial and rate-determining step
is the abstraction of an allylic hydrogen to
form a symmetrical allylic species on the
surface. Thus, one should expect a first-
order kinetic dependency on propylene par-
tial pressure and a full kinetic isotope effect
if CH,=CDCD, is substituted for non-
deuterated propylene.

(2) After formation of the allylic species,
the reaction may proceed via the redox
mechanism or hydroperoxide mechanism
to produce acrolein. If oxygen incorpora-
tion occurs immediately after the formation
of the allylic species (hydroperoxide path-
way) each end of the allylic intermediate
will react with equal probability, yielding
equal amounts of CDy=CDCHO and
CH,=CDCDO. If, however, abstraction of
a second hydrogen (or deuterium) occurs
before oxygen incorporation, the amounts
of acrolein formed by the loss of hydro-
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TABLE 5

Deuterium Distribution® in Acrolein from Oxidation of 2,3,3,3-d, Propylene and 1,1,2-d; Propylene

350°C

400°C

450°C

CD,=CDCHO CH,=CDCDO CD,—CDCHO CH,=CDCDO

CH,=CDCDO

CD,=—=CDCHO

68 32

34

36

Theoretical

Observed from

CH,—CDCD,

oxidation
Observed from

32

68

34

66

35

65
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CDCH,

CD,

32

68

35

65

34

66

oxidation

¢ Data are expressed as percentage of deuterated species.

TABLE 6

Summary of 8-Bi,M0,0, Reduction by Propylene at
350°C

Rates of formation of acrolein and CO,
during steady-state propylene oxidation and
initial stages of catalyst reduction by propylene

Rates of
formation

Reaction condition
(in order of experiments)

(wmole/min-m?)
Acrolein CO,

Steady-state oxidation of C;Hg 6.16 2.55
Reduction of catalyst by C;Hg 6.18 3.7
Steady-state oxidation of C;H; 6.46 2.52

Kinetic isotope effects for
acrolein and CO, formation
during 8-Bi,Mo, O, reduction
by 2,3,3,3-d, propylene

at 350°C
ky/kp ratios
Acrolein CO,
Theoretical 2.14 2.14
Observed® 2.30 3.0

¢ Based on four experiments.

gen (CD~—CDCHO) and deuterium
(CH,=CDCDO) will be governed by the
secondary discrimination effect.

(3) A more definitive means of distin-
guishing between the redox mechanism and
hydroperoxide mechanism is to determine
the source of oxygen in the products. The
redox pathway incorporates lattice O*>~ into
acrolein while an adsorbed oxygen species
is involved in the hydroperoxide route.
Thus, if propylene is oxidized in the pres-

TABLE 7

Summary of Results from the Oxidation of the
Steady-State Surface of 8-Bi,Ma,0O,

Temper- O, order Isotopic distribution (mole%)
ature (°C) for CO,
CO,(44) CO,(46) CO,(48)
350 0.30 75 13 12

425 0.25 >90 <5 <5
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ence of 180,, the rate of oxygen-18 incorpo-
ration into acrolein (as well as CO,) can be
used to determine the quantity of catalyst
oxygen involved in product formation. A
quantity of oxygen equivalent to a mono-
layer or less illustrates that adsorbed oxy-
gen (hydroperoxide pathway) is the active
species, while quantities equivalent to sev-
eral sublayers of oxygen are indicative of
the participation of lattice oxygen (redox
pathway).

(4) The participation of lattice oxygen for
product formation via the redox pathway
implies a zero-order oxygen dependency
for propylene oxidation, assuming that cat-
alyst reoxidation occurs at a rate greater
than the formation of the allylic species.
Further, one should not expect a kinetic
isotope effect for O—O bond breaking if 160,
is replaced by 180, in the gas phase.

B. Kinetics and Mechanism of Acrolein
Formation

The results in Figs. 1 and 2 and Table 1
reveal that the reaction kinetics are not first
order in propylene and zero order in oxy-
gen partial pressures throughout the com-
plete temperature range, indicating an ap-
parent deviation from the redox pathway.
However, at temperatures of approxi-
mately 425°C or greater, the 8-phase ex-
hibits the kinetics expected of the redox
pathway. Batist er al. (23, 24) have re-
ported first-order and zero-order kinetics
for 1-butene and oxygen pressures, respec-
tively, during the oxidation of 1-butene
from 308 to 425°C over the B-phase. In
addition, Haber (34) found that the reduc-
tion of the B-phase, presumably at 440°C,
exhibited first-order propylene Kinetics,
although the reduction Kkinetics may not
be equivalent to those for the steady-state
oxidation of propylene. The observed ki-
netics most closely resemble those re-
ported by Krenzke and Keulks (6) for the
oxidation of propylene over the a- and y-
phases. For these catalysts, they found
the reaction orders changed from first or-
der in propylene and zero order in oxy-

gen above 400°C to zero or partial order
in propylene and partial order in oxygen
pressures below 400°C. ‘

In addition to the temperature depen-
dency of the kinetics, Figs. 1 and S illus-
trate the kinetics are dependent upon the
partial pressure range of the reactant being
investigated. At 350°C, it is possible to
change the propylene dependency from
zero to approximately first order (0.85) by
decreasing the pressure of propylene from
0.3 t0 0.02 atm while maintaining a constant
oxygen pressure of 0.3 atm. A comparable
effect is observed for the oxygen depen-
dency by varying the oxygne pressure from
0.3 to 0.03 atm while holding the propylene
at 0.05 atm. Therefore, by proper selection
of the propylene and oxygen partial pres-
sures at 350°C, it is possible to obtain the
kinetics normally observed above 425°C
and usually linked with the redox mecha-
nism.

This complex isothermal kinetic depen-
dency most likely explains the discrepancy
between the lower temperature Kinetics
found in this study and those reported by
Batist (23, 24) for the B-phase at lower
temperatures. Likewise, because both the
propylene and oxygen pressures were var-
ied only between 0.1 and 0.3 atm, Krenzke
and Keulks (6) observed no isothermal
breaks in the reaction orders during the
investigation of the - and y-phases.

The Arrhenius curve for acrolein forma-
tion in Fig. 3 reflects the observed propyl-
ene dependencies of Table 1. Recalculation
of &, values using the reaction orders ob-
tained at lower propylene partial pressures
gives the data points connected by the
dashed line. The transition temperature has
been shifted to 350°C from the previous
values of approximately 435°C. The appar-
ent activation energy of 20.2 kcal/mole at
temperatures above 435°C (or 350°C, using
lower propylene pressures) is indicative of
the redox mechanism and is in general
agreement with the value of 15 kcal/mole
reported by Haber (34) during g-phase re-
duction by propylene. For temperatures



62 MONNIER AND KEULKS

greater than 400°C, Krenzke and Keulks (6)
obtained values of 15 and 18 kcal/mole for
the y- and a-phases, respectively.

The unusual propylene and oxygen de-
pendencies and the break in the Arrhenius
plot indicate an apparent change in the rate-
determining step and/or a change in the
mechanism of propylene oxidation. The use
of oxygen-18 and deuterated propylene iso-
tope tracers can be used to resolve the
observed kinetic parameters.

The oxygen-18 data- which are summa-
rized in Table 2 show that there is extensive
lattice O%~ participation for acrolein forma-
tion at all temperatures. However, only at
450°C with 98% lattice O~ participation
can it be conclusively stated that only lat-
tice 0%~ is involved in acrolein formation.
At 400 and 350°C, acrolein formation from
both the redox and hydroperoxide path-
ways cannot be excluded, since less than
100% of the lattice 02~ participates in acro-
lein formation. However, because of the
thermally activated nature of O?~ or V,
(oxide vacancy) mobility, one would expect
a smaller quantity of lattice O?>~ to be active
for acrolein formation via the redox path-
way. Nevertheless, the secondary discrimi-
nation effects at 350, 400, and 450°C for the
oxidation of both 1,1,2-d; and 2,3,3,3-d,
propylene resolve this uncertainty and offer
conclusive proof that only the redox path-
way is operative for propylene oxidation
over the B-phase.

The unusual kinetic dependencies and
the break in the Arrhenius plot must, there-
fore, be due to a change in the rate-deter-
mining step of the redox pathway. This
becomes apparent from the examination of
the kinetic isotope effects summarized in
Table 4. As expected for the redox path-
way, there is no isotope effect for the
oxidation of 1,1,2-d; propylene, since the
methyl group is nondeuterated. However,
only partial kinetic isotope effects are ob-
tained for the oxidation of 2,3,3,3-d, pro-
pylene; only 85, 54, and 35% of the theoret-
ical isotope effects were observed at 450,
400, and 350°C, respectively.

The kinetic isotope effects for the B-
phase illustrate that the formation of the
symmetric allylic species from propylene in
the high-temperature portion of the Arrhe-
nius plot in Fig. 3 is not the only activated
process -contributing to the value of the
reaction rate constant (kg); this is due to
the non-negligible contribution of the
process giving rise to the activation energy
observed in the low-temperature portion of
the Arrhenius curve. Likewise, the pres-
ence of 35% of the kinetic isotope effect at
350°C indicates that although some
process other than allyl formation is the
rate-determining step, the rate constant
for allyl formation is non-negligible at
350°C and contributed significantly to the
overall reaction rate constant.

The results summarized in Table 6 il-
lustrate the role of allyl formation from
propylene for the steady-state oxidation
of propylene at 350°C and is accom-
plished by separating the processes of
catalyst reduction and reoxidation. The
results of Table 6 show that the initial
rate of acrolein formation during the re-
duction of the B-phase by propylene is
essentially the same as the steady-state
rate of acrolein formation during the oxi-
dation of propylene. In addition, in the
absence of oxygen a full kinetic isotope
effect is observed for the initial stages of
reduction of B-Bi;Mo,0y by 2,3,3,3-dg
propylene. Besides offering further proof
for the exclusivity of the redox mecha-
nism at 350°C, the full kinetic isotope ef-
fect reveals that the low-temperature re-
gion of the Arrhenius plot in Fig. 3
includes process(es) related to catalyst
reoxidation and not the desorption of ad-
sorbed acrolein, as suggested by Batist et
al. (23, 24); a rate-limiting step of acro-
lein desorption would certainly diminish
the full kinetic isotope effect of Table 6.

Insight into the nature of the process(es)
giving rise to the activation energy of 40.8
kcal/mole for the low-temperature region is
gained from the results presented in Table
3. The existence of a small, but significant
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kinetic isotope effect for O—O bond break-
ing reveals that one of the activated pro-
cesses of reoxidation is dissociation of ad-
sorbed molecular oxygen. The uncertainty
of the nature of the molecular oxygen spe-
cies at the transition state makes it ex-
tremely difficult to calculate a theoretical
isotope effect, although one would expect a
species with negative charge on the oxygen
molecule due to the electronegativity of
oxygen and the excess electrons present in
the reduced catalyst.

The above interpretation is in agreement
with Peacock (35, 36) who noted that at
temperatures between 325 and 390°C, the
ESR signal of Mo** decreased with increas-
ing temperature (due to formation of Mof+)
during the oxidation of propylene over a
bismuth molybdate catalyst, illustrating
that catalyst reoxidation was the rate-limit-
ing step at lower temperatures.

For the temperature range between 300
and 350°C in Table 1, the reaction order of
oxygen for acrolein formation is approxi-
mately 0.5, which also suggests dissocia-
tion of adsorbed oxygen in the rate-deter-
mining step. This partial order is the same
as the value of 0.5 reported by Sancier
(37) for the oxidation of an unspecified bis-
muth molybdate catalyst. More recently,
Krenzke and Keulks (6) calculated reaction
orders for oxygen of 0.4 for acrolein forma-
tion at temperatures between 325 and 375°C
over the y-phase. For the o-phase, how-
ever, zero-order Kinetics for oxygen pres-
sure were observed and would appear to be
due to the failure to examine lower oxygen
partial pressures.

Based on the above kinetic and isotopic
data, it is apparent that the oxidation of
propylene to acrolein over the 8-phase pro-
ceeds via the redox mechanism. As shown
in the earlier paper (5), the following equa-
tions can be written:

d_(g ta He) = krP Cs’roox
_d(oz)
dt

@

= koxP02y (1 - oox)- 3

Equation (2) denotes the rate of catalyst
reduction (which is also equal to the rate of
acrolein formation for the redox pathway),
and Eq. (3) is the rate of catalyst reoxida-
tion. In addition, £, and k., are the rate
constants for catalyst reduction and reox-
idation, respectively; P.,- and P, are the
partial pressures of propylene and oxygen,
respectively, while x and y are their respec-
tive reaction orders. The fraction of sites
which is fully oxidized is given by 8,,, while
(1 — 6,,) represents the fraction of vacant,
or reduced, sites.

At steady-state reaction conditions, the
two processes must occur at the same rate.
After equating the two above equations and
rearranging, one obtains

v
Substitution of (4) into (2) gives
—d(CsHe) _ d(CsH,0)
dt dt
koPo (o

N kI'PC3= krPC3=I + kOXP()z”

which describes the rate of formation of
acrolein throughout the complete ranges of
temperature and partial pressures of pro-
pylene and oxygen.

As a result of the temperature depen-
dence of k, and k,,, at the highest tempera-
tures koxPo,” > k:Pc =" and (5) simplifies to
d(C3H,0)/dt = k. Pc~*, where x = 1.0 and
one obtains the kinetic expression generally
associated with propylene oxidation over
bismuth molybdate catalysts. Likewise, at
the lowest temperatures k. Pc,=* > ko, Po,?
and (5) becomes d(C;H,0)/dt = kyPo?,
which is observed for the g-phase at 300
and 325°C at an approximate value of y =
0.5.

However, at intermediate temperatures
the contributions of the partial pressures of
propylene and oxygen become significant
and it is essential to consider these terms as
well as the temperature-dependent k. and
kox terms when evaluating the kinetic pa-



64 MONNIER AND KEULKS

rameters. In this transition region the ob-
served Kkinetics are a composite of both
reduction and reoxidation kinetics. As a
result, intermediate activation energies and
partial reaction orders of propylene and
oxygen occur. This can be easily seen if Eq.
(5) is applied to Fig. 5. During the evalua-
tion of the kinetic dependency of propylene
for acrolein formation, the reaction order is
zero order in propylene for pressures of 0.1
atm or greater because the relationship
kP~ > kuPo’ simplifies (5) to
d(C;H,0)/dt = koPo*. However, as the
propylene pressure is decreased below 0.1
atm, the above relationship no longer
holds; rather the propylene dependency
approaches first order because kPc~" <
koxP Ozy-

Likewise, the oxygen dependency for
acrolein formation changes from zero to 0.4
order as the oxygen partial pressure de-
creases from 0.3 atm to 0.03 atm as the
relationship ko Po,Y > kPc® shifts to
koxPo,* < k.Pc,=". A comparison of Figs. 1
and 5 reveals that changing the propylene
pressure from a constant value of 0.05 atm
to 0.1 atm causes the transition from zero to
0.4 order in oxygen pressure to occur at
pressures greater than 0.3 atm oxygen and,
thus, explains why Krenzke and Keulks (6)
did not observe the changes in reaction
order for the - and y-phases.

C. Kinetics and Mechanism of Carbon
Dioxide Formation

Since it has been stated that CO, is
formed from the further oxidation of ad-
sorbed acrolein (6, 19-22), one would ex-
pect similar kinetic parameters for both
acrolein and CO,. This was generally found
to be the case in this study:

(1) Both acrolein and CO, exhibit the
same kinetic isotope effects (Table 4) for
the oxidation of 2,3,3,3-d, propylene and,
thus, a common rate-determining step.

(2) The oxygen-18 studies summarized in
Table 2 show virtually the same extent of
lattice O?>~ participation for acrolein and

CO, formation which indicates that CO, is
formed via the redox pathway.

(3) Both acrolein and CO, have similar
kinetic isotope effects at 350°C for molecu-
lar oxygen dissociation (Table 3) which
illustrate the reoxidation-limitations for the
formation of both products at low tempera-
tures.

Based on the above, one would expect
similar reaction orders for acrolein and
CO,; examination of Table 1 shows this is
not the case. At temperatures above 425°C,
there is a partial order dependency in oxy-
gen for CO, formation, but not acrolein.
Also, the propylene dependencies for CO,
formation are not noticeably greater than
those for acrolein formation at all tempera-
tures and are, in fact, higher than 1.0 at
temperatures of 425°C and above. Reaction
orders greater than 1.0 for olefins in hetero-
geneously catalyzed reactions are unusual.
Baryshevaskaya et al. (38, 39), however,
reported reaction orders of 1.5 for propyl-
ene and 0.5 for oxygen using a Co-Bi-Mo
oxide catalyst between 425 and 480°C and
stated the observed kinetics were due to the
presence of both consecutive and parallel
pathways of propylene oxidation to CO,.
This explanation is incomplete if both the
consecutive and parallel pathways are first
order in propylene pressure, since the sum
of both of these pathways is simply a cumu-
lative pathway of first-order propylene ki-
netics. Observation of a reaction order
greater than 1.0 implies the presence of
more than one molecule of propylene in the
transition state of the rate-determining step.

Krenzke and Keulks (6) also noted par-
tial oxygen reaction orders for CO, forma-
tion at temperatures in which the oxygen
dependency for acrolein .formation was
zero for the - and y-phases, although the
reaction orders of propylene for both prod-
ucts did not exceed 1.0.

A reasonable explanation for the CO,
kinetics can be developed from the results
in Table 7, which reveal the presence of a
significant hydrocarbon build-up on the
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steady-state surface of the 8-phase over the
temperature range investigated in this
study. Oxidation of this hydrocarbon de-
posit by oxygen formed only CO, and H,O,
an indication that the surface deposit was a
hydrocarbon and not solely carbonaceous.
The oxygen dependencies for CO, forma-
tion, which were found to be 0.3 and 0.25
at 350 and 425°C, respectively, explain
the partial oxygen dependency for CO,
formation at high temperatures. The pro-
pylene dependencies were not determined
since there was no direct way to deter-
mine the rate of hydrocarbon build-up.
However, the observed propylene depen-
dencies of 1.0-1.5 and the kinetic isotope
effects can be readily explained if the hy-
drocarbon deposit is formed by the inter-
action of two allyl-like species (or two
different hydrocarbon or oxidation prod-
ucts) in the transition state of the rate-
determining step of this build-up process.

This interpretation is consistent with
the work of Kobayaski and Futaya (40)
who found that the pathway to CO, in-
volves the formation of a stable surface
intermediate. The surface intermediate is
formed from propylene after the forma-
tion of the allylic species and also from
acrolein. No CO, is formed directly from
propylene.

This interpretation also is in excellent
agreement with the results reported by
Grzybowska et al. (41), who used XPS
to examine the surfaces of the a-, 8-, and y-
phases after the steady-state oxidation of
propylene at 440°C and found a sizable
oxygenated hydrocarbon build-up on the
surfaces of all three phases. Degassing at
430°C for 12 hr did not remove the strongly
bound surface deposit.

Replacement of the '®0Q, by *0, in the
feed stream (Table 7) demonstrates that the
oxygen incorporated into the CO, comes
from the lattice and not the gas phase.
Thus, the oxygen in the feed stream indi-
rectly oxidizes the surface build-up. This is
somewhat surprising, yet consistent with
earlier oxygen-18 results (Table 2) which

reveal that CO, is produced exclusively by
the redox pathway. Also, the existence of
similar kinetic isotope effects for acrolein
and CO, from the oxidation of 2,3,3,3-d,
propylene shows the hydrocarbon deposit
is produced after the formation of the allylic
species.

Based on the above data, the overall rate
of CO, formation can be stated as

d(COy,)/dt
= kC02 0C3H40 00)( + kéOzp()go-:;@ss (6)

where ko, and k', are the formation rate
constants, 0,y,0 is the surface coverage of
adsorbed acrolein and is directly propor-
tional to Pc,, ", 0, is the fraction of oxi-
dized surface sites, @, is the steady-state
coverage of strongly bound hydrocarbon,
and P, is the Kkinetic dependency for
oxidation of the surface.

At lower temperatures (below 400°C) the
first term (on the right-hand side) in Eq. (6)
is primarily responsible for CO, formation
by the further oxidation of adsorbed acro-
lein. At temperatures greater than 400°C,
the second term in Eq. (6) contributes
significantly to CO, formation, which
results in a complex rate equation and a
kinetic dependency of propylene greater
than 1.0.

In summary, the selective oxidation of
propylene to acrolein over the g-phase oc-
curs exclusively by the redox mechanism,
and the kinetics and energetics of acrolein
formation can be completely described in
terms of the coupled kinetics of catalyst
reduction and reoxidation. The formation
of CO, is a more complex process than the
oxidation of adsorbed acrolein. At higher
temperatures, where the desorption of
acrolein is not as critical, a significant frac-
tion of CO, is produced by the oxidation of
a strongly bound hydrocarbon deposit.
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