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The minimum operating temperature for sustainable oxydehy-
drogenation of butene to butadiene over Fe, 03 can be reduced from
ca. 300° to <150°C by including Pd in the catalyst formulation.
This effect would not be predicted on the basis of the widely ac-
cepted redox mechanism for selective oxidation, in which transport
of the essential oxide ions can become limiting at low temperatures.
Temperature-programmed desorption and temporal analysis reveal
that the selective oxygen within the Pd—Fe-O catalyst is localised
near the surface, and can be replenished easily from the gas phase.
The ability of Pd to activate oxygen at low temperatures is critical
to the process of oxygen replenishment, but just as important, it
promotes the removal of site-blocking species from the surface of
the catalyst. We show that whereas unmodified «-Fe,03 is in fact
capable of converting 1-butene to 1,3-butadiene at temperatures as
low as 150°C, the activity is extremely short-lived because of the
buildup of site-blocking carbonaceous species at this temperature.
The addition of Pd enables the removal of these undesirable species
at low temperatures.  © 2001 Academic Press

Key Words: low temperature; oxydehydrogenation; palladium;
Pd-Fe-O.

INTRODUCTION

Work in this laboratory during the past 10 years has led
us to identify two classes of catalyst with activity at remark-
ably low temperatures (1-4). A common characteristic is
that all the catalysts are composed of a metallic phase in in-
timate contact with a reducible metal oxide, with the most
effective preparative route being one in which the phases
are coprecipitated. The essential distinction between the
two classes is that in one, the materials exhibit unexpected
catalytic performance (resulting from an effect that we call
normal-support activation (3)), whereas the other consists
of materials in which known catalytic activity has been de-
liberately induced at low temperatures by including Pd in
the formulation (2).

In the latter class, we have demonstrated that the pres-
ence of Pd enhances the catalytic activity of iron(111) oxide
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for CO oxidation, water—gas shift, and oxydehydrogenation
of butene (4)—this effect we call active-phase enhancement
(3). For example, a coprecipitated 4% Pd-Fe-O catalyst is
capable of achieving 70% butadiene selectivity at a butene
conversion of 50% at 120°C, whereas the parent Fe,O3
catalyst shows no sustainable activity at this temperature.
The same approach can be used to influence the oxydehy-
drogenation of butene over bismuth molybdate catalysts.
The operating temperature of the parent Bi-Mo-O catalyst
(Bi,MoOg) is around 350°C, while the novel Pd-Bi-Mo-O
catalyst can operate at 200°C. Although we have observed
that the operating temperature of metal oxides can some-
times be lowered by simple impregnation with Pd, the resul-
tant catalyst is not nearly as effective as the coprecipitated
analogue (2).

Itis generally perceived (see, e.g., (5)) that selective par-
tial oxidation processes (including oxydehydrogenation)
involve easily accessible oxide ions near the surface of the
catalyst, whereas reaction of adsorbed hydrocarbon with
chemisorbed oxygen usually leads to complete combustion.
Indeed, Fe, O3 reputedly belongs to the family of catalysts
that conforms to the Mars—van Krevelen redox cycle (6), in
which a high mobility of lattice oxygen is believed to be cru-
cial to achieving selective partial oxidation (7). For such re-
actions, both Fe,O3 and Bi;MoOg catalysts exhibit changes
in the rate-determining step as a function of operating tem-
perature. At high temperatures (>350°C), where the mobil-
ity of lattice oxide ions is high, the slow reaction step is the
initial H-abstraction from the hydrocarbon molecule (6-9).
However, as the temperature (and therefore the oxygen
mobility) is lowered, the slow reaction step often becomes
the reoxidation of the catalyst (8), and then the desorption
of products (6).

Since the Pd-Fe-O catalyst operates at temperatures as
low as 120°C, it seems unlikely that it functions by a conven-
tional Mars-van Krevelen mechanism. The aim of our study
was to establish the nature of the oxygen species respon-
sible for the low-temperature oxydehydrogenation activity
of Pd-Fe-0O, and hence to provide an understanding of why
the inclusion of Pd can lower the operating temperature of
a metal oxide catalyst.
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CATALYSTS

The Pd-Fe-O catalyst (nominal mass composition: 4%
Pd/Fe,O3) was prepared by adding aqueous precipitant
(Na,CO3) to a Pd/Fe solution made by mixing crystalline
Fe(NO3)s - 9H,0 and aqueous Pd(NOs3), in demineralised
water. A peristaltic pump was used to add the aqueous pre-
cipitant to the stirred Pd/Fe solution at a fixed rate (ini-
tially 2 cm® min~1). When the suspension became very
dark and viscous, the rate of addition of the precipitant
was halved, and was finally stopped when the pH reached
8.5. The precipitate was isolated by filtration and was then
washed and dried (110°C for 16 h in air). The dry material
was catalytically active at low temperatures, even without
further treatment. However, for the mechanistic studies,
the Pd-Fe-O was calcined at 500°C to ensure thermal sta-
bility; the BET surface area of the calcined catalyst was
49 m? g. Pure a-Fe,O3; (Johnson Matthey; maximum
total metallic impurities, 10 ppm) was calcined in air at
500°C; the calcined material had a BET surface area of
38m?gt.

Characterisation of the unmodified «-Fe,O3 by either
conventional (i.e., starting from ambient temperature) or
subambient (starting close to the boiling point of nitrogen)
temperature-programmed reduction (TPR) in 10% H,/N,
showed the expected (10) three-step profile (Scheme 1),
with the second and third steps giving rise to a single broad-
shouldered peak. During conventional TPR, the Pd-Fe-O
catalyst began to reduce at room temperature. By starting
at subambient temperatures, however, it was possible to
discern that the reduction of PdO to Pd and Fe, O3 to Fe;O,4
(Scheme 2) was occurring at much lower temperatures than
expected for these phases.

TEMPORAL ANALYSIS OF PRODUCTS (TAP)

The TAP apparatus and technique have been described
in detail by the inventors (11), so only the most relevant fea-
tures are mentioned here. Basically, the system comprises
(i) a valve assembly which facilitates the introduction of ei-
ther a continuous stream of gas or discrete, very narrow gas
pulses, (ii) a small stainless steel catalytic reactor (length,
12.5 mm; internal diameter, 6.4 mm), which was filled with
0.25 g of sieved catalyst (particle size, 500-710 xm) held in
place by a stainless steel mesh, (iii) a high vacuum system,
and (iv) a quadrupole mass spectrometer detector.

Two fast-acting pulsing valves are incorporated into the
valve assembly. These deliver narrow gas pulses containing

200-300°C 340-500°C 450-650°C
Fe.0s — Fes04 - FeO - Fe
SCHEME 1. Steps in the reduction of Fe,O3 by hydrogen.
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SCHEME 2. Steps in the reduction of Pd—Fe-O by hydrogen.

between 103 and 10%° molecules with a FWHH (full width
at half height) of approximately 200 us. These two pulsing
valves enable the operator to carry out “pump/probe” ex-
periments, in which the catalyst is first exposed to a pulse
from the first valve, and is later “probed” by a pulse of a
different gas from the second valve. Within this study, the
pump/probe capability of the TAP reactor was used to in-
vestigate the nature of the selective oxygen species on the
Pd-Fe-O catalyst. This was done by loading the catalyst
with an oxygen pulse and then probing it dt seconds later
with a butene pulse; the butadiene yield was monitored as
the time interval, dt, was gradually increased from 0.01s
to 10 s. In this way, the lifetime of the selective oxygen
species was investigated, allowing us to determine whether
the selective species was a molecular oxygen species (i.e.,
short-lived on the catalyst surface), or whether it was
an atomic oxygen species (i.e., long-lived on the catalyst
surface).

Within the continuous flow mode of operation, a stream
of gas is passed over the catalyst, either isothermally or
as a function of temperature, and the corresponding prod-
uct distribution is monitored using the mass spectrome-
ter. The same mode was also used to pretreat the catalyst
prior to temperature-programmed desorption (TPD) and
temperature-programmed oxidation (TPO) experiments.
These experiments were performed by heating the catalyst,
either under vacuum—the TAP reactor needs no carrier
gas for TPD experiments—or under a flow of oxygen, at a
rate of 10°C min~!. The temperature ramp was perfectly
linear over the range 25-375°C but deviated at higher tem-
peratures. For this reason, our figures for TPD experiments
show a maximum temperature of 375°C, even though in
reality the samples were heated to 400°C and allowed to
dwell there until desorption was complete.

Within the experiments reported here, butene was mon-
itored on the mass spectrometer at 56 amu, and butadiene
at 54 amu. Control experiments revealed that the cracking
fragment of the butene molecule at 54 amu was approx-
imately 7% as intense as the parent fragment at 56 amu.
As will be seen, this did not interfere significantly with the
analysis of the butadiene at 54 amu within the continuous
flow experiments. However, for the pulsing experiments it
was necessary to subtract the contribution of the butene
fragment at 54 amu from the raw 54-amu trace, to enable
us to obtain the true profile of the butadiene response to
the butene pulse.

Oxygen (Air Products, 99.999%), 1-butene (BOC,
99.0%), and 1,3-butadiene (BOC, 99.0%) were all used
without additional purification.
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RESULTS AND DISCUSSION

A. Butene and Butadiene TPD Experiments:
4% Pd-Fe-O and Fe,O3

Apart from the ability to activate oxygen, a potential low-
temperature selective partial oxidation catalyst must be ca-
pable of adsorbing the reactant hydrocarbon and desorbing
both the desired product and water. We, therefore, investi-
gated the interaction of the reactant (butene) and product
(butadiene) with the Pd-Fe-O and «-Fe,O3 catalysts us-
ing TPD. Figure 1 shows the relevant TPD traces obtained
following the room-temperature adsorption of butene onto
oxidised 4% Pd-Fe-O. It is apparent that a small amount of
butene desorbs at ~100°C, while a small quantity of buta-
diene is generated and released at ~125°C. The dominant
reaction during this TPD run, however, is the total com-
bustion of the adsorbed hydrocarbon to generate CO, and
H,O. The H,0 trace looked very similar to the CO, trace
and is omitted from Fig. 1 for clarity.

After this experiment, the sample was cooled to room
temperature under vacuum, and butene was again ad-
sorbed. Figure 2 shows the TPD spectra obtained following
this procedure. It is clear that far more butadiene is gener-
ated and released during the second run. Significant levels
of butene are also desorbed at low temperatures. In addi-
tion, during the second run, the amount of CO, released is
65% less than in the first run, indicating that the surface is
now far less active towards total combustion. It isimportant
to note that butadiene starts to desorb from the Pd—-Fe-O
catalyst at temperatures of the order of 100°C, which is
consistent with activity tests (2) that show that sustainable
butadiene formation is possible at this temperature.

We rationalise these results by noting that initially, both
selective and nonselective oxygen species are present on the
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FIG. 1. Temperature-programmed desorption, after first room-
temperature adsorption of butene on Pd-Fe-O.
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FIG.2. Temperature-programmed desorption, after second room-
temperature adsorption of butene on Pd-Fe-O.

catalyst. The nonselective species are chemisorbed O atoms
and oxygen associated with the palladium, which is present
as Pd?* in the fresh catalyst. During the first TPD run, the
majority of the nonselective oxygen species are removed,
via combustion of the butene to generate CO, and H,O.
Therefore, following the first TPD run, the concentration
of the nonselective oxygen species has been reduced signif-
icantly, which means that during the second TPD run, the
selective oxygen species prevails, and significant quantities
of butadiene are generated.

Figure 3 shows the TPD traces obtained following the
room-temperature adsorption of butene onto oxidised
a-Fe,O3. In contrast to the Pd-Fe-O case, significant lev-
els of both butene and butadiene are desorbed during the
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temperature adsorption of butene on Fe,O3.



212

first TPD run over the oxidised Fe, O3 catalyst. Butene des-
orbs at ~110°C, while the butadiene is released in a broad
peak whose maximum is observed at ~180°C. It is clear,
however, that the generation and release of butadiene can
occur at low temperatures over the «a-Fe,O3 catalyst, re-
vealing that butene has access to a selective oxygen species
within Fe,O3 at low temperatures. One might, therefore,
expect that this material would exhibit at least transient
low-temperature activity for this reaction. This point is ex-
plored further below. Substantial deep oxidation of the ad-
sorbed hydrocarbon species to CO; occurs along with the
selective oxidation during this first TPD run.

Itisinteresting to note that the temperature at which CO,
is released is significantly lower over the Pd—Fe-O catalyst,
which is presumably a consequence of facile Pd-mediated
total oxidation over this material. This high reactivity of the
Pd-Fe-O catalyst to hydrocarbon species was also demon-
strated during butadiene TPD experiments. Over the
Pd-Fe-O material, no butadiene was observed to desorb
during the TPD run—all of the butadiene was combusted to
CO, and H,0. The CO, peak occurred at the same temper-
ature as was observed during the butene TPD experiments
on the Pd-Fe-O catalyst (Figs. 1 and 2). This lack of butadi-
ene desorption may be contrasted with the performance of
a-Fe, O3 during similar butadiene TPD experiments, where
butadiene was observed to desorb in a broad feature be-
tween about 75 and 235°C. CO, was again the major prod-
uct during the run, but the fact that butadiene desorption
was observed again indicates that the Fe,O3 surface is less
reactive towards the total combustion of hydrocarbons than
is the Pd-Fe-O surface. For each of the catalysts, the CO,
peak was observed at the same temperature, regardless of
whether the hydrocarbon was butene or butadiene. Note
that the CO; release is a reaction-rate-limited process over
both the Pd-Fe-O and «-Fe, O3 catalysts, since control ex-
periments revealed that CO, desorption following room
temperature CO, dosing occurred at much lower tempera-
tures (<200°C).

B. Activity Measurements: 4% Pd-Fe-O and Fe,;O3

Previous activity tests (2) have revealed that the 4%
Pd-Fe-O catalyst can exhibit 70% selectivity to butadiene
at 50% butene conversion when the catalyst temperature is
only 120°C. Under the same conditions, «-Fe,O3 is not ac-
tive at all. One interesting feature of the 4% Pd-Fe-O cata-
lyst is that an induction period is always observed after in-
troduction of the butene/air feed before significant levels of
butadiene are generated. During this period, an exotherm
was observed and CO, was evolved. Activity tests, using a
1:1 mixture of butene/oxygen, have also been carried out
in the TAP reactor.

Figure 4 shows the relevant traces obtained when 4%
Pd-Fe-O is exposed to a 1:1 mixture of butene/oxygen at
150°C. It is clear that there is an induction period during
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FIG. 4. Profile of butene + O, reaction over Pd-Fe-O at 150°C, as
function of elapsed time from start of experiment.

which CO; is evolved, in agreement with the activity tests.
We suspect that, during this time, surface Pd** ions are be-
ing reduced to Pd°. Following this period, butadiene gen-
eration commences and the butadiene yield rises rapidly to
a steady level. Under these conditions, the butadiene gen-
eration level was stable for at least 5 h (the longest activity
run carried out over the catalyst in the TAP reactor). It is
important to note that the oxygen level remains constant
throughout the experiment (i.e., oxygen is constantly be-
ing activated by the catalyst). (If oxygen were not being
consumed from the gas phase by the catalyst, the oxygen
signal in the mass spectrometer trace would have risen to
~9,500-10,000 pA.)

Figure 5 shows the result of an identical experiment car-
ried out over the a-Fe, O3 sample. This time the butadiene
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FIG.5. Profile of butene + O, reaction over Fe, O3 at 150°C, as func-
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yield rises rapidly to a maximum, before falling away to
zero. (The baseline level of the butadiene (54 amu) peak
is well above zero because the gas-phase butene (56 amu)
cracks in the mass spectrometer to give a peak at 54 amu.)
Very little CO; is released during this experiment, in con-
trast to the observations made using the Pd—-Fe-O catalyst;
the H,O trace (not shown for clarity) looks very similar
to the CO, trace. There is good correlation between the
oxygen trace and the butadiene trace, in that during the
time in which butadiene is being produced, oxygen is be-
ing consumed from the gas phase. However, with time, the
amount of oxygen activated and consumed by the catalyst
drops rapidly—as does the yield of butadiene.

We believe that these results unambiguously reveal that
a-Fe; O3 will convert butene into butadiene at low temper-
atures (150°C), as was suggested by the TPD experiments
reported above. The activity, however, is only short-lived.
It is clear that butadiene generation and oxygen consump-
tion are linked—as the oxygen consumption of the cata-
lyst decreases, so does the butadiene yield. Figure 4 clearly
shows that over the Pd-Fe—O catalyst, oxygen is being ac-
tivated and consumed continuously. This means that the
steady state generation of butadiene can be sustained at
this low temperature, over the Pd—-Fe-O catalyst.

C. The Nature of the Selective Oxygen Species
in the Pd—Fe-O Catalyst

Conventional, high-temperature partial oxidation cata-
lysts are believed to operate selectively by using easily ac-
cessible oxygen species near the surface of the catalyst.
Highly mobile lattice oxygen species can then replenish
the selective oxygen, and the process of selective oxida-
tion can be sustained. It is believed that the presence of
chemisorbed, highly reactive oxygen leads instead to deep
oxidation, producing CO, and H,O. Most partial-oxidation
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processes operate at temperatures at which the mobility of
lattice oxygen species is high (350-550°C). It seems extre-
mely unlikely that such a mechanism for the replenishment
of selective oxygen species is operative for the Pd-Fe-O
catalyst, since selective partial oxidation can proceed at
temperatures as low as 100°C over this catalyst. The mobil-
ity of oxygen through iron oxide at this temperature is ex-
pected to be extremely low. However, it is perhaps conceiv-
able that the incorporation of highly dispersed Pd species
into the Fe—O matrix might dramatically alter the mobility
of oxygen species within the catalyst. Therefore, we do need
to consider this as a possible source of the selective oxygen.
Alternatively, the selective oxygen species could be a short-
lived (molecular) oxygen species. It could also be an oxygen
species in the surface layer of the catalyst, which can be re-
plenished from the gas phase at low temperatures, or finally
it could be a subsurface (lattice) oxygen species which can
be replenished from the gas phase at low temperature. We
have investigated each of these possibilities in turn.

Gas-phase (molecular) oxygen. Pump/probe TAP ex-
periments have been used to demonstrate that the active
oxygen is unlikely to be a short-lived molecular oxygen
species. Figure 6 shows the butadiene yield obtained over
the Pd—Fe—-O catalyst at 200°C during experiments in which
oxygen was pulsed at time 0's, and butene was pulsed dt sec-
onds later. Itis clear that as the value of dt is increased from
0.01 s, through 1 s to 10 s, the butadiene yield does not de-
cline but rises. The half-life of molecular oxygen species
on the surface of the catalyst at 200°C will be a fraction
of a second, so if such species were indeed selective, then
the butadiene yield obtained within the butene pulse would
decrease rapidly as dt was increased.

Oxygen in the surface layer of the catalyst. Figure 7
shows the butadiene, CO,, and H,O traces obtained when
butene is flowed over the (preoxidised) Pd-Fe-O catalyst

ML<H—-4DCM=A
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FIG. 6.
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Butadiene formation over Pd-Fe-O at 200°C, as function of time lapse (dt) between O, and butene pulses.



214

Intensity {pa}
5000

45004 butadiene
ST oA
4000 r ~ e
/ ~
\.\
3500+
| H,0 (x 0.5) AN
30001 \
2500 ’ RN
2000- , N
S
|- T —
1500 | co, L
1000
A
5004f"
0 T T T T T T T T T
0 350 700 1050 1400 1750 2100 2450 2800 3150 3500
time [s]
FIG. 7. Product formation as function of time, during first exposure

of Pd-Fe-O to butene at 150°C.

at 150°C. From such experiments, the amount of butadiene
formed can be established, and hence the quantity of selec-
tive oxygen (within the catalyst) involved in its formation
can be determined. First, Fig. 7 reveals that the oxidised
Pd-Fe-O catalyst can generate butadiene from a flow of
butene in the absence of gas phase oxygen, reinforcing the
conclusion reached in the paragraph above, that the selec-
tive oxygen species is not a short-lived molecular oxygen
entity. Second, the data shown in Fig. 7, in conjunction with
the BET surface area of the catalyst, indicate that between
two and three monolayers of oxygen can be accessed by
butene at 150°C to generate butadiene. This is in remark-
ably good agreement with a study performed by Misono
et al. (12), whose butadiene yields within their butene puls-
ing study demonstrated that butene has access to two to
three monolayers of selective oxygen within an Fe, O3 cata-
lyst at 210°C. This was interpreted as indicating that subsur-
face oxygen participates in the formation of butadiene over
Fe,O3. Therefore, we can see that a lattice oxygen species
is strongly implicated in the reaction mechanism over the
Pd-Fe-O catalyst.

L attice oxygen replenished from the bulk. With notable
exceptions, such as cerium and uranium oxides, the mobility
of lattice oxygen species within the bulk of an oxide-based
catalyst is expected to be extremely low at temperatures
around 150°C. Therefore, it is unlikely that the selective
oxygen species is replenished from the bulk in the case of
the Pd-Fe-O catalyst, unless the incorporation of the Pd
leads to a dramatic modification of the oxygen mobility
characteristics of the Fe—-O phase. Nevertheless, this hy-
pothesis was tested using an extension of the experiment
depicted in Fig. 7. The preoxidised Pd-Fe-O catalyst was
exposed to a flow of butene at 150°C. The resulting bu-
tadiene, CO,, and H,O traces were virtually identical to
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those shown in Fig. 7, so they are not reproduced here.
When butadiene generation and release had stopped, the
butene flow was also stopped, and the catalyst was left at
150°C for 1 h under vacuum. No oxygen desorption was ob-
served during this period. If the bulk lattice oxygen species
within the catalyst were highly mobile at this temperature,
one would expect that the accessible near-surface oxygen
species would have been replenished by such a treatment.
After 1 h, the butene flow was restarted. No butadiene
was generated during this second experiment, indicating
that the selective oxygen species have not been replen-
ished by this treatment, and thereby implying that the lattice
oxygen species are not highly mobile at 150°C. Similar ex-
periments in which CO was used to titrate near-surface
oxygen species also revealed that this was the case. The
temperature at which the onset of significant lattice oxygen
mobility occurs in the Pd-Fe-O and Fe, O3 catalysts was in-
vestigated in additional experiments described in Section D
below.

L attice oxygen replenished from the gas phase. By a pro-
cess of elimination we seem to have come to the conclusion
that the active oxygen species within the Pd-Fe-O cata-
lyst is a lattice oxygen species which can be replenished
from the gas phase at low temperatures. This hypothesis
was tested by investigating whether the catalyst could in-
deed replenish its selective oxygen species at 150°C. Follow-
ing the butene flow experiment shown in Fig. 7, the butene
flow was stopped and the gas-phase species were purged
out of the system. A flow of oxygen was then introduced
at 150°C. Following this reoxidation, a second butene flow
experiment was conducted, again at 150°C. The relevant
traces from this experiment are shown in Fig. 8, which re-
veals that all of the selective oxygen removed at 150°C can
indeed be replenished from the gas phase at 150°C.
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Therefore, it appears that the highly active and selec-
tive oxygen species responsible for the low-temperature
oxidative dehydrogenation of butene to butadiene over the
Pd-Fe-O catalyst is a near-surface lattice oxygen species,
which can be replenished from the gas phase at low temper-
atures. Itis now necessary to isolate the role of the Pd in the
Pd-Fe-O catalyst. In parallel with this, we need to inves-
tigate why the Fe,O3 catalyst is not capable of sustaining
its low-temperature (150°C) butene-to-butadiene activity

(Fig. 5).
D. The Role of Pd in the Pd-Fe-O Catalysts

So what is the role of the Pd in the low-temperature
Pd-Fe-O catalysts? It is clear that the Pd helps in the ac-
tivation of gas-phase oxygen. Within this framework, there
are two possible roles for the Pd. (i) Pure Fe,O3 may not be
able to activate gas-phase oxygen in selective oxygen sites at
low temperatures owing to a kinetic barrier. It may be that
the Pd enables the catalyst to overcome this Kinetic barrier.
(ii) Pure Fe,O3 may deactivate rapidly via site blocking at
low temperatures. (Recall that CO, and H,O are not re-
leased in significant quantities from the Fe, O3 surface dur-
ing operation at 150°C (Fig. 5).) It is possible that the Pd
activates the gas-phase oxygen and uses it to maintain the
Fe, O3 surface in a clean state over which the butene-to-
butadiene reaction can be sustained at low temperatures
(150°C).

These two hypotheses were tested in the experiments
below.

Butene flow over oxidised «-Fe,O3 at 150°C. Figure 9
shows the traces obtained when butene is passed over ox-
idised Fe,O3 at 150°C. Butadiene is formed, and released
as a clear peak, but there are no associated peaks for CO,
or H,O. Quantification of the butadiene peak revealed that
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FIG. 9. Product formation as function of time, during first exposure
of Fe, O3 to butene at 150°C.
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FIG. 10. Product formation as function of time, during exposure of
reoxidised Fe, O3 to butene at 150°C.

the amount of oxygen consumed would correspond to two
to three monolayers within the Fe, O3 catalyst—in excellent
agreement with the work of Misono et al. (12) and with the
Pd-Fe-O experiments reported above (Fig. 7).

Following the experiment shown in Fig. 9, the catalyst
was reoxidised at 150°C. During this reoxidation step, nei-
ther CO; nor H,O was evolved from the catalyst. The sam-
ple was then subjected to the butene flow once more. The
results clearly reveal that not all the accessible, selective
oxygen can be replenished by oxidation at 150°C (Fig. 10).
This result may be contrasted with that obtained over Pd-
Fe—O, where it is clear (Fig. 8) that all the selective oxygen
can be replenished from the gas phase at 150°C.

Reoxidising the Fe,O3 catalyst at successively higher
temperatures (200 and 250°C) resulted in some additional
replenishment of the selective oxygen species, but a treat-
ment at 300°C in oxygen was required to return the catalyst
to its original state. To investigate this phenomenon more
closely, an a-Fe, O3 catalyst which had been subjected to
a butene flow at 150°C was initially purged of gas phase
and weakly adsorbed species by holding it under vacuum
at 150°C until the relevant gas-phase signals returned to
their baseline levels. Next, a flow of oxygen was introduced
to the catalyst at 150°C, and the catalyst temperature was
ramped at 10°C/min to 300°C. The relevant traces recorded
during this experiment are shown in Fig. 11. It is clear that
CO; and H,0 are only evolved at high temperatures. Nei-
ther butene nor butadiene was observed to desorb during
this experiment.

These results again reveal that the “used” (i.e., butene-
reduced) Fe,O; catalyst has difficulty in activating oxygen
at low temperatures, but they do not reveal why this is the
case. Returning to the role of Pd, it is possible that the
high-temperature oxidation treatment overcomes the pro-
posed Kinetic barrier to oxygen activation. It could also be
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FIG. 11. Temperature-programmed oxidation of Fe, O3 (starting tem-
perature, 150°C, at t = 0 s; final temperature, 300°C, at t = 900 s) after
exposure to butene.

the case that the high-temperature oxidation treatment is
merely removing blocking species from the surface of the
catalyst (recall that CO, and H,O are evolved during the
high-temperature reoxidation).

Figure 12 shows the traces obtained during a TPD exper-
iment following an experiment identical to that presented
in Fig. 9. As with the TPO experiment (Fig. 11), CO, and
H,O are evolved at elevated temperatures. Following this
TPD run, the catalyst was cooled to 150°C under vacuum.
It was then reoxidised at 150°C. Figure 13 shows that fol-
lowing this sequence of treatments, the selective oxygen has
been completely replenished. The reoxidation step was es-
sential to the recovery of the butadiene activity, indicating
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FIG.12. Temperature-programmed desorption (starting tempera-
ture, 150°C, att = 0s; final temperature, 300°C, att = 900 ) after exposure
of Fe, O3 to butene at 150°C.
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FIG. 13. Product formation as function of time at 150°C, during expo-
sure of Fe, O3 to butene, after temperature-programmed desorption and
reoxidation.

that the replenishment of selective oxygen was not being
caused by the transport of oxide ions from the bulk to the
surface during TPD. This result strongly implies that there
is not a Kinetic barrier to oxygen activation on the Fe,O3
surface at 150°C; rather, it indicates that once the blocking
species on the catalyst surface are removed, the catalyst can
activate oxygen into a selective state. The blocking species
are likely to be carbon-containing, and not hydroxyl groups,
because desorption of water alone is not enough to restore
butadiene activity.

Replenishment of selective oxygen from the bulk of Fe,Os.
As it is often assumed that selective oxygen species are re-
plenished from the bulk of the catalyst at the high operat-
ing temperatures typical of most partial oxidation reactions
(T > 350°C), the mobility of oxygen within the «-Fe, O3z and
Pd-Fe-O catalysts was examined using the following pro-
cedure: (i) prepare an oxidised catalyst surface, (ii) reduce
it using butene at 150°C (see, e.g., Fig. 9), (iii) evacuate the
system, (iv) apply TPD to the catalyst to an elevated tem-
perature (300, 350, or 400°C) under vacuum and leave at
the chosen temperature for 15 min, (v) cool under vacuum
to 150°C, and (vi) retest using butene at 150°C (i.e., repeat
step (ii)). Clearly, the only way that the catalyst can replen-
ish selective oxygen species within such an experiment is
from its own bulk, since it is never exposed to gas-phase
oxygen following the initial reduction treatment (step (ii)).
The results of anumber of such experiments on the «¢-Fe, O3
catalyst are summarised in Fig. 14. As expected, the results
reveal that the mobility of lattice oxygen increases signifi-
cantly asafunction of temperature. At300°C, virtually none
of the selective oxygen can be replenished from the bulk
of Fe;O3. At 350 and 400°C, however, significant quanti-
ties of selective oxygen can be moved from the bulk of the
sample to selective sites near the catalyst surface.
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FIG. 14. Replenishment of selective oxygen from bulk of Fe,O3 at
(a) 300°C, (b) 350°C, and (c) 400°C, as monitored by butadiene formation
at 150°C.

The same trend was apparent over the Pd-Fe-O cata-
lyst, where there was certainly no transport of bulk lattice
oxygen toward the surface at temperatures <250°C. These
results demonstrate once again that the Pd—Fe-O catalysts
operate using oxygen replenished from the gas phase. They
also show that the mobility of bulk lattice oxygen within the
Fe—O phase is not significantly enhanced by the incorpora-
tion of Pd.

E. Discussion of the Role of Pd within
the Pd-Fe-O Catalysts

From the data collected on the «-Fe,O3; and Pd-Fe-O
catalysts, the following basic statements can be made:

e Butene can reduce the Pd-Fe-O catalyst to generate
butadiene at 150°C. The oxygen species used within this
process reside(s) close to the surface of the catalyst.

e The selective oxygen, once removed, can be rapidly
replenished from the gas phase at 150°C (i.e., the selective
oxygen is not replenished from the bulk of the catalyst at
these low temperatures).

e Butene can also reduce the «-Fe,Oj3 catalyst to gen-
erate butadiene at 150°C. Once again, an oxygen species
close to the catalyst surface is involved.

o In the case of «-Fe, O3 , however, the selective oxygen
species cannot be rapidly replenished from the gas phase at
150°C, so the activity rapidly drops to zero at this tempe-
rature.

Therefore, itis clear that the role of the palladium within
the Pd-Fe-O catalysts involves the activation of gas-phase
oxygen. This oxygen then spills over onto the Fe,O3; phase
and reoxidises it. The experiments described in this pa-
per indicate that one of the principal roles of the spilt-
over oxygen is to remove carbon-containing deposits, which
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would otherwise build up and block the catalyst surface
completely. The oxygen-activation sites are likely to be on
the metallic palladium that is formed during the induc-
tion period, which follows the exposure of the catalyst to a
butene/air mixture.

The role of oxygen spillover within partial oxidation reac-
tions at conventional temperatures has been studied in de-
tail by Delmon, who believes that these reactions function
by a “remote control” mechanism (13). He demonstrated
that physical mixtures of oxides often cooperate (act syn-
ergistically) during these reactions. He proposed a general
mechanism in which one phase, the donor, dissociates gas-
phase oxygen to form a surface mobile species which spills
over to the other phase, the acceptor. The acceptor is the
potentially active phase. For example, Weng and Delmon
(14) have shown that the selectivity of Fe,(MoQO,); for the
oxydehydrogenation of butene to butadiene can be dramat-
ically increased (from 9 to 44%) by mixing it with a-Sb,Oy4,
which is itself inactive for the reaction.

Clearly, the concept of synergy can be invoked to explain
the low-temperature partial oxidation performance of the
Pd-Fe-O catalysts. Within such a mechanism, the Pd com-
ponent acts as the donor phase, activating the gas-phase
oxygen and spilling it over onto the iron oxide compo-
nent, which acts as the acceptor phase; recall that we have
shown that «-Fe,;O3 is potentially active for the butene-
to-butadiene reaction at 150°C (it generates butadiene ini-
tially, but its activity is rapidly lost at 150°C).

Delmon and co-workers have investigated the exact na-
ture of the synergy using the selective oxidation of propene
to acrolein as the probe reaction (15). They investigated the
properties of a physical mixture of MoO3 (acceptor) and
a-Sbh,04 (donor) at 400°C. The experiments were all con-
ducted in the absence of gas-phase oxygen. The baseline
acrolein selectivity of the MoQOg is around 10%; a 50:50
mixture of MoO3; and «-Sb,O,4 has an acrolein selectiv-
ity exceeding 50%. They then studied the characteristics
of physical mixtures of Mo and ¥O-labelled «-Sb,0,
for the propene to acrolein reaction, again in the absence
of gas-phase oxygen. The purpose of these experiments
was to study the role of oxygen species spilt over from the
a-Sb,04 to the MoOj3; phase. Their main conclusion from
this study was that the spilt-over oxygen serves principally
to burn coke, rather than being used directly to react with
propene to generate acrolein.

In a further experiment, Delmon showed that the re-
moval of coke from precoked MoO3; was significantly en-
hanced by physically mixing the MoOj3; with «-Sb,O4. This
result demonstrates that spilt-over oxygen produced by
a-Sb,04 eliminates coke deposited on MoO3 in a more
efficient way than does gas-phase oxygen. A similar con-
clusion may also be reached in the case of the Pd-Fe-O
catalysts. It appears that a principal role of the oxygen spilt
over from the Pd phase is to maintain the “Fe-O” phase
in an active, selective state by preventing the buildup of
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site-blocking, carbon-containing deposits and so allowing
low-temperature activity to persist.

CONCLUSIONS

The incorporation of Pd into «-Fe, O3 increases the re-
ducibility of the metal oxide, as predicted by junction effect
theory (16). However, the low-temperature oxydehydro-
genation activity of Pd-Fe-O cannot simply be attributed
to the ease with which oxygen is removed and vacancies
(alkene adsorption sites) created. Instead, the key role of
Pd is in activating and supplying oxygen. In conventional
catalysts, this concerted process of activation and supply of
oxygen does not occur readily until much higher tempera-
tures are reached (17).

Pd-Fe-O and a-Fe, O3 are capable of converting butene
into butadiene at 150°C, with the accessible and selective
O species comprising the top two to three monolay-
ers of oxygen within both catalysts. However, the low-
temperature activity of the Pd—Fe-O catalyst is stable and
long-lived, whereas that of «a-Fe,O3 is extremely short-
lived. The Pd activates gas-phase oxygen and spills it over
onto the surface of the Fe—-O phase. By doing this, the Pd
induces sustainable, low-temperature oxydehydrogenation
activity. One of the principal functions of the spilt-over oxy-
gen species appears to be the prevention of site-blocking,
carbon-containing species accumulating on the Fe—O phase.

. Golunski,

GOLUNSKI AND WALKER
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