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A bismuth-tin oxide catalyst, which is active for the oxidative dehydrodimerization of
propylene, was studied with the objective of characterizing its redox properties. The redox
properties were investigated by kinetic methods and temperature-programmed reoxidation. The
initial rate of reduction of the catalyst exhibited a first-order dependence on propylene partial
pressure and an activation energy of 22 kcal/mol. The results of the temperature-programmed
reoxidation investigation suggested a low-temperature reoxidation region and a high-temperature
reoxidation region. The activation energy for the low-temperature reoxidation was 23 kcal/mol; the
activation energy for the high-temperature reoxidation was 45 kcal/mol. Additional information
regarding the physicochemical changes which occur in the catalyst in the two temperature regions
was obtained from an examination of the catalyst by Auger and ESCA. The results obtained from
these investigations suggested that the tin cations are more resistent to reduction than the bismuth
cations. In addition, the low-temperature reoxidation appears to be associated with the transforma-
tion of Sn° to Sn** and Bi’ to possibly an intermediate oxidation state. The high-temperature
reoxidation appears to be associated with the full reoxidation of Bi to Bi**. The redox properties
and the physicochemical changes also correlated with the mechanism suggested for the oxidative

dehydrodimerization of propylene in the earlier studies.

INTRODUCTION

Previous studies (/, 2) have established
the kinetics and suggested a mechanism for
the oxidative dehydrodimerization of pro-
pylene over bismuth—tin oxide catalyst. It
was shown that 1,5-hexadiene was formed
at comparable rates during the catalytic
reaction and when propylene interacts with
a catalyst which has reached steady state
(/). This fact shows that the reaction oc-
curs via a redox mechanism. The selectiv-
ity for the reaction is significantly deter-
mined by the degree of catalyst surface
coverage by oxygen, and by the bond en-
ergy of surface oxygen (3). Similar results
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have been reported for the oxidative dehy-
droaromatization of propylene to benzene
(4).

The kinetics of the reaction can be ade-
quately described by a scheme which in-
volves the interaction of adsorbed propyl-
ene with gaseous propylene (2). However,
this mechanism does not exclude the possi-
bility of two adsorbed allyl radicals inter-
acting on the surface as described by other
workers (5, 6). It is conceivable that both
of these mechanisms occur simultaneously
with the relative importance of each one
being determined by specific catalytic prop-
erties and the reaction conditions.

Under the experimental conditions re-
ported (/) complete oxidation of propylene
was found to occur partly via an associative
(concerted) mechanism. It appears that
30% of the CO, formed via this route. The
main pathway for CO, was a redox mecha-
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nism which occurred on sites other than
those on which the oxidative dehydrodi-
merization reaction occurred. The main dif-
ference between the sites on which the
oxidative dehydrodimerization reaction oc-
curs and the sites which produce combus-
tion is the bond energy of surface oxygen.
This conclusion was reached as a result of
studies utilizing pulse techniques (/), ki-
netic measurements (2), and calorimetric
measurements (3).

The main purpose of the current work is
to characterize the properties of surface
oxygen on bismuth—tin oxide catalysts. We
have utilized traditional reduction experi-
ments coupled with reoxidation experi-
ments to investigate the redox properties of
the catalysts. In addition, we have utilized
the technique of temperature-programmed
reoxidation (TPR) (7, 8) to determine the
various forms of oxygen on the catalysts.

EXPERIMENTAL

Bismuth-tin oxide catalysts of composi-
tion Bi/Sn = 1 were prepared by first pre-
cipitating bismuth hydroxide from an
acidified solution of bismuth nitrate by add-
ing ammonium hydroxide. Tin metal was
dissolved in nitric acid. To this solution was
added the bismuth hydroxide solution. The
aqueous phase was evaporated and the
solid precipitate was dried at 120°C. The
final step involved calcining the material at
600°C for 6 h under ambient conditions.
This preparation yielded predominantly
Bi,Sn,O; with small amounts of bismuth
oxide and tin dioxide (9). The surface area
of the catalyst was 2.5 m?/g.

The reduction of the catalyst by propyl-
ene and reoxidation of the catalyst by oxy-
gen were conducted under flow conditions
in a RG Cahn electrobalance. Ultrapure
nitrogen (99.999%) was used to prepare the
desired mixtures for the reduction and
reoxidation experiments.

The typical experimental conditions were
as follows. Before reduction, the catalyst
was treated in a flowing mixture (20% oxy-
gen, 80% nitrogen) for 10 to 12 h at 450°C
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until a constant weight was obtained. This
state is taken as the completely oxidized
state of the catalyst. Reduction was then
accomplished by flowing a reducing mix-
ture (propylene, nitrogen) over the catalyst
until a certain predetermined weight was
obtained. The degree of reduction was cal-
culated on the basis of the catalyst’s stoi-
chiometry.

After reduction, the catalyst was cooled
to room temperature under a flow of ultra-
pure nitrogen. No noticeable change in
weight occurred during the cooling process.
Temperature-programmed reoxidation was
accomplished by flowing a mixture of oxy-
gen and nitrogen over the catalyst while the
temperature was increased linearly. The
weight change was displayed in a derivative
form utilizing a Cahn time derivative com-
puter (Mark II).

Kinetics of reduction and reoxidation
were investigated in various temperature
regions under isothermal conditions. The
rate of reduction or reoxidation was deter-
mined by evaluating the initial part of the
weight versus time curve.

All experiments were conducted with a
catalyst particle size of 0.5-1.0 mm. The
amount of catalyst used was 0.3 g and the
flow rate was 60 cm®/min.

The phase composition of finely ground
samples was analyzed on a Norelco diffrac-
tometer equipped with a scintillation detec-
tor using CuKa radiation (A = 1.5405 A) at
a scan rate of 0.5° (20)/min. A minimum of
two scans per sample were taken, one at
higher sensitivity to enable the detection of
minor constituents.

The Auger electron spectroscopy (AES)
data were obtained using a commercial
(Varian) high-resolution cylindrical mirror
analyzer (CMA) which has incorporated a
normal-incidence electron gun as the exci-
tation source. With this gun, sample areas
of ~10 um diameter were analyzed. Beam
energies were typically 3-5 KeV.

The ESCA spectra were obtained with a
commercial (Physical Electronics) double-
pass CMA wusing a magnesium X-ray
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source. The analysis area for each sample
was ~3 mm.

The samples were prepared for AES and
ESCA analysis by partial grinding and sub-
sequent embedding of the resultant granu-
lar powder into indium foil. The samples,
mounted on the indium foil, were immedi-
ately placed inside the vacuum chamber
which was quickly pumped to =1 x 1073
Torr. Sample preparation in this fashion
produces samples which often do not pose
serious charging problems, while at the
same time minimizes extraneous contami-
nation of the catalyst surface being ana-
lyzed.

RESULTS
1. Reduction and Reoxidation of Catalyst

The kinetic curves obtained for the re-
duction of the catalyst with propylene at
various temperatures are shown in Fig. 1.
Each of the reduction curves has two por-
tions: an initial linear portion; and a nonlin-
ear portion. The transition point from linear
to nonlinear depends only on the tempera-
ture not on the propylene concentration.
The initial rate of reduction obeys the Ar-
rhenius equation and its plot is given in Fig.
2. The activation energy for the tempera-
ture region 380-455°C was determined to
be 22 = 2 kcal/mol.

The dependence of the rate on the pro-
pylene partial pressure was determined at
420°C at propylene partial pressures of 0. 1-
0.5 atm. The kinetic order was determined
to be first order in propylene pressure as is
shown in Fig. 3.
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FiG. 2. Activation energies for processes of reduc-
tion (1), low-temperature oxidation (2), and high-
temperature oxidation (3).

The typical temperature-programmed re-
oxidation curve for the bismuth-tin cata-
lyst is given in Fig. 4. Two peaks were
observed: the maximum of the low-temper-
ature peak was in the region 185-200°C;
and the maximum of the high-tempera-
ture peak was in the region 375-400°C. The
activation energy of each peak was deter-
mined by the shift of the temperature maxi-
mum according to the following equation
8y

2log Ty — log B
= E/2.303RT + log (E/RA),

where

T\ = temperature at peak maximum,
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FiG. 3. Concentration dependencies for processes of
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B = heating rate in degree Celsius per
minute,

E = activation energy in kilocalorie per
mole, and

A = the temperature-independent con-

stant.

The data plotted according to this equa-
tion are presented in Fig. 5. The activation
energy of the low-temperature peak (E;) is
23 = 2 kcal/mol, and the activation energy
for the high-temperature peak (Ey)is 45 = 1
kcal/mol. For each of these peaks observed
in the TPR experiments, we also conducted
isothermal kinetic experiments in the same
temperature region. The corresponding ac-
tivation energies for isothermal reoxidation
are given in Fig. 2 and the corresponding
orders of reoxidation are given in Fig. 3.
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FiG. 5. Activation energies for two TPR peaks of
reduced Bi-Sn oxide catalyst.

The reoxidation rate was found to also
depend on the initial degree of catalyst
reduction. This dependence is presented in
Table 1. The activation energies deter-
mined for the reoxidation process by both
the isothermal method and the tempera-
ture-programmed reoxidation method are
similar (Figs. 2 and 5).

2. Phase Composition of Reduced and
Reoxidized Catalysts

The results of X-ray diffraction analysis
of variously treated bismuth-tin oxide cata-
lysts are presented in Table 2. The ob-
served d values and intensity of detected
phases are in excellent agreement with the

TABLE 1

Dependence of Reoxidation Rate on Degree of Catalyst Reduction

Low-temperature region®

Reduction degree Reoxidation rate

High-temperature region®

Reduction degree Reoxidation rate

(%) r x 108 (ml O,/m? sec) (%) r x 10% (ml O,/m? sec)
3.35 11.83 0.94 3.02
3.02 5.68 0.87 1.18
2.69 2.49 0.80 0.72
2.36 1.32 0.73 0.58
2.02 0.76 0.67 0.32
0.60 0.17
0.53 0.07

¢ Temperature, 155°C; partial pressure of oxygen, (.2 atm.
® Temperature, 400°C; partial pressure of oxygen, 0.2 atm.



A Bi-Sn OXIDE CATALYST

TABLE 2

Phase Composition of Variously Treated
Bismuth-Tin Oxide Catalysts

Catalyst state Phases observed”

Fresh

Reduced

Low-temperature
reoxidized

High-temperature
reoxidized

Bi;Sn,0; > a-Bi,0, ~ SnO, » Bi,0,CO,
Bi - SnO, > «-Bi,0, » Bi;Sn,0;
a-Bi, Oy - SnO; > Bi,8n,0;

Bi,Sn,0; > a-Bi,0, ~ SnO,

“ Neither Sn nor SnO were observed in any of the samples.

following ASTM cards: «-Bi,O;, No. 14-
699; Sn0,, No. 5-0467; Bi,Sn,0;, No. 17-
457, Bi,0,CO,, No. 4-0666; and Bi, No. 5-
0519.

The freshly prepared catalyst consists
mainly of the Bi,Sn,O, phase and small
amounts of bismuth oxide and tin dioxide.
Traces of bismuthyl carbonate are also de-
tected. It should be noted that when
Bi,Sn,0O; is present its peaks are broader
than the peaks of the other components
indicating that this phase has a poorer crys-
tallinity and hence a higher surface area
than other constituents.

The reduced catalyst shows that the bis-
muthyl carbonate was no longer present in
the sample. It was also found that the main-
phase Bi,Sn,0; was reduced with a con-
comitant increase in the amount of SnO,
and appearance of bismuth metal.

When the reduced sample was reoxidized
at low temperatures (up to 300°C), X-ray
results indicated that the bismuth metal was
no longer present in the sample and there
was an increase in the amount of Bi,Sn,0;.

When the sample was reoxidized at high
temperatures (300-450°C), the main-phase
Bi,Sn,0; was found to increase further with
a resultant loss in the amount of a-Bi,O,
and SnO. However, the amount of the
main-phase Bi,Sn,O; was less than in the
freshly prepared sample. In order to restore
the amount equivalent to the fresh catalyst,
the sample needed to be recalcined in air at
600°C.
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3. ESCA and AES

The catalyst samples were analyzed us-
ing electron spectroscopy for chemical
analysis (ESCA) and Auger electron spec-
troscopy (AES) in order to ascertain sur-
face chemical composition.

For the ESCA data absolute binding en-
ergies were determined by using adventi-
tious carbon referencing; chemical shifts
were determined by comparison to stan-
dards run under the same conditions as well
as handbook values (/). This data is pre-
sented in Table 3.

Binding energies for bismuth and tin in
the fresh catalyst are close to the binding
energies observed for bismuth in bismuth
oxide and tin in SnO,. The small differences
observed (0.4-0.6 eV) are probably caused
by the differences in electronic config-
uration of the bismuth and tin cations
in Bi,Sn,0; as compared to the pure oxides
Bi,O; and SnO,, respectively. It is known
(/0) that the binding energies for bismuth in
the compounds (Bi0O),Cr,0;, and Bi,Ti,O,
are higher (0.3-0.5 eV) than the binding
energy for bismuth in Bi,O,. Thus, we can
conclude that bismuth and tin exist on the
surface as Bi** and Sn**, respectively.

When the catalyst is reduced, the binding
energies are shifted to lower building ener-
gies by 1.8-2.8 ¢V in comparison with the
fresh sample. The binding energies ob-

TABLE 3

Parameters for the XPS Spectra of Bismuth- and
Tin- Containing Samples

Catalyst Bi binding Sn binding
energy (eV) energy (eV)
A7 A5 3dsn 3dy
1 B0 161.6 1669
2 Biy04-28n0,, fresh 162.2  167.4  487.6  495.4
3 Bi,04-28n0,, reduced 159.5 1646 485.7 4936
4 Bi,0;-2Sn0,, LT reoxidized 161.8 166.9  488.2  496.0
N Bi,0;-28n0,, HT reoxidized 162.6 167.7 4882  496.0
6 Bimetal 159.0  164.1
7 SnO, 487.6 495.9
8 SnO 487.6 495.9
9  Sn metal 486.2  494.3
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served are very close to the binding ener-
gies observed for Bi metal and Sn metal.

Low-temperature reoxidation of the sam-
ple leads to a shift of the binding energies to
higher energies. The binding energy for the
bismuth line is between the binding ener-
gies observed for bismuth metal and Bi®*.
The binding energies for the tin line came
very close to the binding energies observed
for tin in the fresh sample.

Reoxidation of the catalyst at high tem-
peratures leads to a further shift of the
binding energies observed for the bismuth
line to higher energies but does not in-
fluence further the binding energy for the tin
line. After the high-temperature reoxida-
tion, both the bismuth and tin binding ener-
gies are close to the bismuth and tin binding
energies observed in the fresh sample.

The Auger spectra of the samples are
presented in Fig. 6. As one can see, the
ratio of the bismuth line intensity to the tin
line intensity depends on the catalyst state.
For the fresh and the reoxidized samples

sn
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FiG. 6. Auger electron spectra for each catalyst
treated: (1) fresh prepared; (2) 3% reduced; (3) oxi-
dized at low temperatures; (4) oxidized at high temper-
atures.
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(spectra 1, 3, and 4), the bismuth-to-tin
ratios are approximately equal, while for
the reduced catalyst (spectrum 2), the ratio
is significantly lower.

DISCUSSION

The bismuth-tin oxide catalyst is rela-
tively easily reduced by propylene. As
noted earlier, the reduction curves have
two portions: a linear portion and a nonlin-
ear portion. The linear portion corresponds
to easily removed oxygen. At 380°C, ap-
proximately 20 monolayers of oxygen are
removable in the linear portion. This
amount increases as the temperature in-
creases and does not depend on the concen-
tration of propylene in the reducing mix-
ture. The Kinetic parameters (activation
energy, order with respect to propylene)
determined for the linear portion are ap-
proximately equal to the kinetic parameters
reported earlier (2) for the catalytic oxida-
tion of propylene on the same catalyst.
Thus, it appears that the oxygen removed
in the early stages of reduction is also the
oxygen that takes part in the catalytic reac-
tion.

Information regarding the type of oxygen
removed by a slight reduction can be ob-
tained by temperature-programmed reox-
idation. The temperature-programmed re-
oxidation results with a 2-3% prereduced
sample indicate that there are two forms of
oxygen, a low-temperature form with the
activation energy of 23 + 2 kcal/mol, and a
high-temperature form with an activation
energy of 45 = 1 kcal/mol. Kinetic investi-
gations in the temperature regions corre-
sponding to these two forms of oxygen did
not reveal any differences in their kinetic
behavior. The order of the reoxidation, as
well as the activation energy, is determined
primarily by the degree of the catalyst
reduction. We observed that as the latter
decreases the activation energy increases,
and the reoxidation rate becomes more
critically dependent upon the degree of
reduction (see high-temperature reoxida-
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tion dependence in Table 1). In addition,
the decreasing order dependence of 0.4 in
the low-temperature region to 0.1 in the
high-temperature region reflects a decrease
in the number of available oxygen vacan-
cies in the catalyst.

Additional information regarding the na-
ture of the two forms of oxygen is gained
from the physicochemical changes which
occur in the catalyst in the two temperature
regions. Reduction of the catalyst by pro-
pylene to 3.2% indicates that the primary
phase is unstable with respect to transfor-
mation into bismuth metal and tin dioxide.
The formation of SnO as reported by Seiy-
ama and co-workers (//) was not detected
in our experiments. Surface analysis by
ESCA indicates that the surface contains
both bismuth and tin metal. The Auger
results (Fig. 6) indicate that the relative
concentration of tin to bismuth is greater in
the reduced catalyst than in the fresh cata-
lyst. This result may suggest diffusional
effects which take place during the reduc-
tion process which allow the surface com-
position to undergo change.

Temperature-programmed reoxidation of
the catalyst over the temperature range 50—
300°C leads to the disappearance of bis-
muth in the bulk and tin metal on the
surface. At the same time the concentration
of Bi,Sn,O, in the bulk increases. Evi-
dently, the oxidation of both Bi and Sn
takes place in this temperature region. The
ESCA data suggest that bismuth may exist
on the surface in an intermediate state
between 0 and 3+ (Table 3). The absence of
stable oxides of bismuth having oxidation
states of 1+ and 2+ prevents us from
making a precise determination of the oxi-
dation state.

A similar uncertainty exists when we
consider the reoxidation of Sn® to Sn** on
the surface of the catalyst. The ESCA
binding energies of Sn*" and Sn** are iden-
tical (Table 3) and are consistent with those
reported in the literature (/0). Thus, it is
impossible to gain information regarding
the oxidation state of tin in the catalyst
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from ESCA measurements. However,
when the catalyst was reduced, tin metal
was detected on the surface while tin diox-
ide was present in the bulk. If tin oxide
(SnO) had been present in the catalyst, it is
conceivable that it should have been de-
tected by X-ray. However, our X-ray
results indicated that SnO was not present
in the bulk. Therefore, it appears that dur-
ing the low-temperature reoxidation, Sn° on
the surface reoxidizes to Sn**. In addition
to the changes noted above, we observed
an increase in the amount of Bi,Sn,O; in the
bulk apparently as a result of the interac-
tion of Bi;O; and SnQO,. However, this
interaction does not lead to an increase in
the catalyst weight.

High-temperature reoxidation (300-
450°C) leads to a further increase in the
concentration of Bi,Sn,O; in the bulk. In
the subsurface layers, the bismuth cations
undergo further oxidation to 3+ (Table 3).
In addition, the relative concentration of
bismuth to tin on the surface increases
during this reoxidation and becomes ap-
proximately equal to that observed in the
fresh catalyst (see spectra 1 and 4, Fig. 6).

From these results, we can conclude the
following:

1. Under the conditions reported herein,
the tin cations appear to be more resistant
to reduction than the bismuth cations;

2. the low-temperature reoxidation peak
is associated with the transformation of Sn°
to Sn** and Bi° to an intermediate oxidation
state;

3. the high-temperature reoxidation peak
is associated with the final reoxidation of
bismuth to Bi®*.

In order to relate the data obtained in
these experiments to catalytic activity and
selectivity we must note that the two forms
of oxygen observed in the bismuth—tin ox-
ide catalyst have different bond energies. It
is reasonable to assume that the high-tem-
perature form of oxygen is associated with
the lower bond energy and, therefore, is
weakly bound to the surface. By utilizing
the peak area under the temperature-pro-
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grammed reoxidation, as well as the weight
change during the reoxidation, we can cal-
culate that the loosely bound oxygen corre-
sponds to 17-20% of all of the oxygen
removed when the catalyst is reduced up to
3%. The remaining portion corresponds to
the tightly bound oxygen (low-temperature
reoxidation peak).

As we go from the bulk of the catalyst
to the surface, we can expect a certain
change in the ratio of the two forms of
bound oxygen but qualitatively the picture
must remain approximately the same. In
support of this suggestion are the pulse
results (/) and the kinetic results (2) which
also assume that the catalyst contains on
the surface sites associated with weakly
bound oxygen and sites associated with
strongly bound oxygen. According to these
results, the interaction of propylene with
weakly bound oxygen (bond energy 50-90
kcal/mol) leads to complete oxidation. This
oxygen is readily removed from the catalyst
surface, however, during the reaction, and
it is essentially absent on the catalyst under
steady-state behavior (3). Thus, it is rea-
sonable to relate this form of oxygen to the
high-temperature form of oxygen observed
in this work.

Oxidative dehydrodimerization of pro-
pylene occurs selectively on a reduced cat-
alyst on sites associated with tightly bound
oxygen (I, 3). Therefore, it is also reason-
able to relate the low-temperature form of
oxygen observed in this work with the
oxygen responsible for the selective oxida-
tive dehydrodimerization reported earlier.
In support of this conclusion, we can com-
pare the temperature-programmed reoxida-
tion spectrum for prereduced bismuth ox-
ide (Fig. 4). As one can see, bismuth oxide
contains much more (approximately 60%)
of weakly bound oxygen and, therefore, is
much less selective in the oxidative dehy-
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drodimerization of propylene to 1,5-hex-
adiene (4, 9). These results are in agree-
ment with the earlier suggestions (/2, /3)
that in order to obtain high selectivity cata-
lysts should not contain weakly bound sur-
face oxygen.

It is also interesting to note that the same
qualitative behavior of the selective oxida-
tion of propylene to acrolein was observed
with the various phases of bismuth molyb-
date (/4).
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