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Low-temperature oxidation reactions of ethane over a Pt/Al2O3 catalyst
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Abstract

Oxidative dehydrogenation of ethane was performed under conventional microreactor and TAP reactor conditions over a Pt/Al2O3 catalyst
between 100 and 600◦C. During TAP studies, no ethene was produced whereas under flow conditions small but significant ethene f
was observed. This is consistent with a mechanism involving the gas-phase production of ethene rather than via a surface reaction
ison, both hydrogen and methane formation were found under TAP conditions and the trends with temperature and surface oxide c
are interpreted in terms of successive dehydrogenation steps on the catalyst surface. It is further observed that periodic introdu
reactants can minimize deactivation processes.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Light olefins such as ethene, propene, and butene
important reactants widely used in numerous indus
processes. The current method of production is via st
cracking of a hydrocarbon feedstock [1] and although
process is widely applied, it has numerous shortcom
such as the high endothermicity of the reaction, long r
dence times, and the production of coke on the reactor w
requiring periodic maintenance. In order to alleviate so
of these issues, several studies have been performed t
an alternative catalytic route to the production of alkenes
this regard, the partial oxidation of ethane has been inv
gated and shows considerable potential [2–18].

The products formed in this reaction are strongly dep
dent on the reaction conditions, such as the hydrocarbo2
ratio, the catalyst used, and the temperature, and include
idative dehydrogenation of ethane to ethene (ODH), pa
oxidation of ethane to syngas (CO/H2) and the total oxi-
dation of ethane to carbon dioxide and water. Despite
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number of studies performed on this reaction, the me
nism is still not fully understood.

A number of investigations have reported high yields
ethene and propene obtained by oxidative dehydrogen
over Pt catalysts using very short contact times [11–18].
example, Huff and Schmidt achieved selectivities to eth
up to 70% at conversions above 80% on Pt-coated f
monoliths, operating at contact times between 1 and 10
and high reaction temperatures (> 700◦C) [13,14]. In these
studies, Huff and Schmidt excluded homogeneous gas-p
reactions and a surface mechanism was suggested to e
the formation of ethene and propene. However, several o
studies have shown that the high-temperature productio
olefins could also be explained by the onset of homogen
gas phase reactions [15–18]. Lødeng et al. found that ox
tive dehydrogenation mainly proceeded in the gas phase
that the role of the Pt and Pt–Rh gauze catalysts used
to facilitate ignition of the reactants and therefore rapi
heat the reaction mixture [17,18]. This is in agreement w
recent studies over a Pt monolith catalyst also indica
the importance of homogeneous gas-phase reactions a
temperatures [19].

In order to investigate the role of the catalyst, we h
used a Temporal Analysis of Products (TAP) reactor [
to probe the surface catalytic reactions during the ox

http://www.elsevier.com/locate/jcat
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tive dehydrogenation of ethane. The TAP system uses
pulses on the millisecond timescale in such a way a
exclude gas-phase reactions and thus can reveal deta
surface reaction mechanisms. For example, it is possib
investigate whether both heterogeneous and homogen
processes contribute to the ODH reaction; i.e., is the cata
only used to provide energy through the oxidation of p
of the ethane to facilitate homogeneous reaction or is
catalyst involved in the generation of surface radicals
further desorb and react in the gas phase, as has bee
served for partial oxidation of propane [21,22]? Recent T
studies of methane oxidation reactions over noble me
based catalysts [23–28] as well as oxidative dehydrog
tion of ethane over a Ni catalyst [29] were found succes
in revealing useful information about reaction mechanis
taking place over these catalysts. In methane oxidation
actions, Mallens et al. [26] showed that oxygen was pre
in three different forms: platinum oxide, dissolved oxyg
and chemisorbed oxygen, each of them being involved
specific step of the reaction network. Carbon monoxide
hydrogen were produced directly from the reaction of
methane with the oxygen present as platinum oxide follow
by subsequent platinum reoxidation. A Mars–van Kreve
redox-type reaction scheme was postulated. Similar re
were obtained by Fathi et al. [28] with a Pt gauze catal
They showed that carbon monoxide and hydrogen coul
produced with high yields directly from methane and b
oxidized platinum. At low surface oxygen concentratio
the bulk oxygen diffused back to the platinum surface to
act with surface carbon. In this case, the surface lifetime
carbon monoxide and hydrogen were much shorter than
oxygen diffusion time and no consecutive oxidation reac
occurred.

Schuurman et al. studied the oxidative dehydrogena
of ethane over unsupported Ni catalysts [29] under T
conditions and revealed that the oxygen involved in the
action was a species irreversibly held by the catalys
300◦C, possibly as O−. Detailed analysis of their data re
vealed that ethane was irreversibly adsorbed and tha
ethene formed through instantaneous reaction of the et
surface intermediate. The CO2 observed was proposed
originate from a parallel-consecutive scheme involving d
orption/readsorption of ethene and consecutive surface
tion of the adsorbed ethene to adsorbed CO2 precursor in
equilibrium with CO2.

Here, we report a comparison of the partial oxidat
reactions of ethane over a Pt/Al2O3 catalyst under steady
state conditions in a conventional microreactor and un
transient conditions using a TAP reactor. The steady-s
experiments were performed over a wide range of t
peratures 100–700◦C while the TAP experiments were fo
cused in a temperature range (350–550◦C) corresponding
to the ignition region observed in the steady-state exp
ment.
f
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2. Experimental

2.1. Catalyst preparation and characterization

2.1.1. Pt/monolith
A cordierite ceramic monolith (2MgO· 2Al2O3 · 5SiO2;

Corning) was used as a support. It consisted of sq
straight channels with cell density of 62.2 cells cm−2. Cylin-
drical pieces of the monolith (10 mm long and 15 m
outer diameter) were washcoated by dipping them into a
persion of Disperal P2 (specific surface area: 286 m2 g−1)
(Condea) composite of Al2O3. The dispersion was pre
pared by stirring the powder in deionized water at 60◦C for
30 min. The washcoated monoliths were dried in an ove
120◦C for 4 h. The monolith was calcined in a flow of a
(42 cm3 min−1) at 550◦C for 4.5 h. The specific surface ar
of the washcoated cordierite monolith was 23.2 m2 g−1.

The deposition of the Pt was performed by impregn
ing the washcoated monolith with an aqueous solution
Pt(NH3)4(NO3)2 (Alfa products). The impregnated mon
liths were then dried at 80◦C in an oven for 4 h and calcine
at 550◦C in a flow of air for 4.5 h. The final loading of P
was found to be ca. 1 wt% by ICP.

2.1.2. Pt/γ -Al2O3

This catalyst was prepared by incipient wetness imp
nation of γ -Al2O3 (Alfa products) by a Pt(NH3)4(NO3)2
(Alfa products) aqueous solution (0.028 M). The pell
were crushed to a particle size between 300 and 710 µm
after impregnation, were dried for 12 h at 150◦C in an oven
and calcined at 600◦C for 10 h. The specific surface area
the γ -Al2O3 support was 198 m2 g−1. The Pt loading was
found to be 0.5 wt% by ICP and the Pt dispersion, meas
by H2 pulse chemisorption, was 59.8%.

2.2. Conventional flow apparatus

Oxidation reactions of ethane were carried out in a c
ventional flow apparatus at atmospheric pressure betw
100 and 700◦C. The experimental setup has been descri
in detail elsewhere [30].

The catalyst consisting of a 1% Pt-coated monolith w
sandwiched between two inert monolith pieces acting as
diation shields (each 10 mm long and 15 mm outer dia
ter). The reaction mixture contained 15.4% ethane, 7.7%2
(balance argon) with a total flow rate of 2000 N cm3 min−1.
The ratio ethane/oxygen of 2:1 corresponded to the s
chiometric ratio according to the oxidative dehydrogena
reaction.

During a typical experiment, the catalyst was first redu
in a flow of hydrogen at 250◦C, then the reactor was coole
down to 100◦C in a flow of argon, and the reaction mi
ture was introduced into the reactor. The reactor tempera
was then increased in steps of 25◦C from 100 to 600◦C.
At each temperature, a sample of the reaction mixture
analyzed by online GC. Two water-cooled condensers w
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installed at the reactor outlet for the removal of water fr
the product stream. Consequently, the reactant conver
and product selectivity were calculated from the “dry g
reactor effluent. The residence time in the reactor was
mated according to the method described by Fathi et al.
and was found to be 0.04 s through the monolith piece.
gases used were 99.99% purity and were supplied by A

2.3. TAP setup and experimental procedure

The TAP experiments were performed in a TAP-I reac
(Autoclave Engineers) using a stainless-steel microrea
(41 mm long and 5.5 mm inner diameter). A charge of 0
catalyst diluted with quartz particles was used. Quartz
ticles were also placed before and after the catalyst be
act as heat radiation shields. All particles had a size of 2
450 µm. The temperature of the reactor was measure
a thermocouple positioned in the center of the catalyst
Reactants and products were recorded at the reactor o
by a UTI100C quadrupole mass spectrometer.

Prior to each reaction, the catalyst was reduced at 25◦C
for 1 h in flowing hydrogen at 1 atmosphere and then he
up to the desired reaction temperature (350, 450, or 550◦C)
under vacuum. For studies on an oxidized catalyst, the
face was saturated with oxygen at the desired temper
(350, 450, or 550◦C) and then exposed to consecutive eth
pulses. For experiments over the reduced and oxidized
ples, the pulsing of oxygen and ethane was repeated unt
ethane pulses exiting the reactor were constant in shap
intensity. For experiments consisting of alternate oxygen
ethane pulses, the catalyst was exposed to sets of altern
pulses of oxygen/ethane with a delay between oxygen
ethane equal to 1.0 s. After 200 oxygen and ethane pu
sets of altering pulses with shorter delays were perform
The ratio between oxygen and ethane was 1:1 in all
periments. For experiments utilizing simultaneous puls
of oxygen and ethane, a ratio ethane:oxygen 2:1 was u
corresponding to the stoichiometry of the oxidative dehyd
genation reaction.

In all experiments, oxygen and ethane pulses were dil
by argon in a ratio of 1:1 and masses characteristic of al
actants and possible products (CO, CO2, C2H4, C2H6, CH4,
H2, H2O) were followed. All gases used were> 99% purity
and were supplied by BOC.

The variation in each reactant and product was extra
from the output from the mass spectrometer using stan
fragmentation patterns and sensitivity factors.

In the Knudsen diffusion flow regime, the product pu
shape is independent of the pulse intensity [20]. Con
quently, to ensure that the flow in the reactor was in
Knudsen diffusion regime for all experiments and in orde
set the parameters for the pulsing valves accordingly, a
liminary test was performed. It consisted of injecting succ
sive pulses of pure Ar with decreasing intensities. When
product pulse shapes were independent of the intensity
indicated that the Knudsen diffusion regime was reache
s

t

-

d

g

,

,

3. Results

3.1. Oxidative dehydrogenation of ethane in the
conventional flow apparatus

Fig. 1a shows the conversion of reactants and reactor
perature as a function of the furnace temperature. Figs
and 1c show the product distribution variation with respec
the reactor temperature following the introduction of eth
and oxygen over the monolith-supported catalyst. No c
version of ethane and oxygen was observed below a fur
temperature of 150◦C; however, above 200◦C, a rapid in-
crease in the conversion is observed together with a s
increase in the reactor temperature corresponding to th
nition point of the ethane/air mixture (Fig. 1a). Above t
ignition point, the ethane and oxygen conversion increa
gradually with increasing temperature forming CO2, CO,
C2H4, CH4, and H2. The amount of CO2 was found to de
crease with increasing temperature, whereas both CO
H2 gradually increased (Figs. 1b and c). Although not
tected due to the presence of the water-cooled conden
the remaining hydrogen mass balance from the reactio
likely to be water. Using this assumption, Fig. 1c also sh
that the water decreases with increasing reactor tempera
Over the temperature range studied, both CH4 and C2H4

were formed at a low but significant level, approximat
1.5 and 3.0%, respectively.

3.2. Ethane pulsing on an oxygen-saturated catalyst
in the TAP reactor

An examination of the reoxidation behavior of the c
alyst and its oxygen capacity was performed by puls
oxygen over the prereduced catalyst. As expected, a
temperatures, the intensity of the oxygen peak graduall
creased before stabilizing, showing progressive saturatio
oxygen. However, the adsorption mode (reversible or i
versible) did vary with temperature. The average size of
“constant pulses” of oxygen observed after saturation of
catalyst was compared with model pulses of oxygen [20,
At 350◦C, the experimental pulse was very similar to
model, whereas at higher temperatures (450 and 550◦C) the
pulses were broadened and their maxima shifted to a lo
time leading to a crossover of the experimental and m
curves. Fig. 2 shows a typical example at 450◦C. The shift in
the intersection point and the maxima are consistent with
versible adsorption involving a fast adsorption step follow
by a slow desorption [32].

The ratios of oxygen atoms adsorbed per total num
of platinum atoms present in the catalyst (NO/N total

Pt ) and
per surface platinum atom (NO/Ns

Pt) were evaluated and th
results are summarized in Table 1. Clearly, the amoun
adsorbed oxygen increases with increasing temperatur
low temperatures (� 450◦C), the ratioNO/Ns

Pt does not ex-
ceed 1, indicating that adsorption of oxygen is limited to
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Fig. 1. Oxidative dehydrogenation of ethane in the conventional flow a
ratus over the Pt monolithic catalyst showing the variation in (a) O2 (Q),
C2H6 (1), and reactor temperature (") as a function of furnace tempera
ture; (b) CO ("), CO2 (e), C2H4 (Q), and CH4 (!); and (c) H2 (!) and
H2O (Q) as a function of the reactor temperature using the flow rates, C2H6
(308 N cm3 min−1), air (733 N cm3 min−1), and Ar (959 N cm3 min−1),
and a total flow rate of 2000 N cm3 min−1.

Pt surface. At higher temperatures, the ratioNO/Ns
Pt is sig-

nificantly greater than 1, showing that the diffusion of ox
gen into the subsurface region, i.e., bulk oxidation, occ
These results are consistent with previous studies [33
Fig. 2. Height-normalized intensities of model (dotted) and experime
(solid) pulses obtained during the oxygen pulsing at 450◦C over reduced
Pt/Al2O3.

Table 1
Oxygen uptake on the reduced Pt/Al2O3, calculated ratios ofNO/N total

Pt
andNO/Ns

Pt, and ethane reacted over the oxidized and prereduced ca
at 350, 450, and 550◦C

Temperature O2 uptake NO/ NO/ C2H6 reacted (molecules)

(◦C) (molecules) N total
Pt Ns

Pt Oxidized Reduced

350 2.33× 1017 0.15 0.26 3.52× 1016 1.26× 1016

450 7.55× 1017 0.49 0.83 8.01× 1017 4.36× 1017

550 3.80× 1018 2.46 4.17 9.72× 1017 5.41× 1017

Wang and Yeh showed that a surface oxide layer was for
following adsorption of oxygen on Pt/Al2O3, which pre-
vented diffusion of oxygen into the bulk of the platinu
The penetration of adsorbed oxygen ions was limited be
427◦C; however, complete oxidation forming a stable ox
was observed between 427 and 627◦C [33,34].

Having saturated the Pt surface with oxygen, subseq
pulsing of ethane showed that the pulses were comple
consumed initially; however, once detected, the eth
pulses gradually increased in intensity before stabiliz
The number of pulses required before ethane was obse
was found to be strongly dependent on the reaction t
perature with ethane pulses only detected after 10 puls
350◦C, 110 pulses at 450◦C, and 130 pulses at 550◦C. At
all temperatures, in contrast to the behavior with the o
gen pulses described above, the shapes of the ethane p
were similar to the model and the flow curve was situa
inside the standard model curve, indicating irreversible
sorption/reaction [32]. Table 1 also summarizes the num
of ethane molecules that reacted at each temperature
expected, the number of ethane molecules that reacte
creased with increasing temperature.

Fig. 3 shows that on pulsing ethane, methane, car
monoxide, and hydrogen were the major products form
The production of hydrogen increased with increasing t
perature from 350 to 550◦C, while methane was produce
predominantly at 450◦C. It is important to note that n
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Fig. 3. Variation in the reactants and products during the pulsing of et
after oxygen uptake on the reduced Pt/Al2O3 at (a) 350◦C, (b) 450◦C,
and (c) 550◦C. The pulses are normalized with respect to the argon p
All the ethane is consumed at each temperature and the ethane trace
shown for clarity.

ethene was detected at any reaction temperature under
transient conditions.

Both methane and hydrogen were formed during the
pulses at all temperatures; however, the amount of t
products decreased sharply with increasing ethane pu
t

e

before reaching a low but steady-state intensity betw
100 and 250 pulses at 350 and 550◦C, respectively. Carbo
monoxide was also detected during the first ethane pu
but only at 450 and 550◦C. It is worth noting that, althoug
the pulsing of ethane was performed on a catalyst fully
urated with oxygen, carbon monoxide was the only oxyg
containing product formed.

3.3. Ethane pulsing over a reduced catalyst in the TAP
reactor

When pulsing ethane over a reduced catalyst, the am
of ethane adsorption/reaction was found to increase
increasing temperature. Methane and hydrogen were
served as the main products, but, as expected, no ca
monoxide was detected. A similar variation in hydrogen
methane formation as in the case of the oxidized sam
was observed, with the amount of hydrogen increasing
increasing temperature and the methane showing a m
mum at 450◦C. However, at all temperatures, the react
of ethane and formation of methane and hydrogen wer
ways significantly lower in the case of the reduced cata
The ethane conversion results for each temperature are
pared in Table 1. Once again, ethene was not detected a
reaction temperature.

3.4. Alternating pulsing of oxygen/ethane in the TAP
reactor

Fig. 4 shows the results from alternating pulses of o
gen and ethane. It should be noted, that although the p
had a 1.0 s delay, changes in the delay between 0.5
2.0 s did not affect the results significantly. During all puls
no oxygen was observed over the reduced Pt catalyst
temperatures even after extended oxygen/ethane pulse cy
cles. Similarly above 350◦C, no ethane was detected, a
at 350◦C only small amounts of unreacted ethane were
served.

During the ethane pulses, methane, hydrogen, and ca
monoxide were formed with the hydrogen production
creasing with increasing temperature and methane sho
a maximum at 450◦C. Carbon monoxide was formed abo
350◦C and increased with increasing temperature. Du
the pulsing of oxygen, only carbon dioxide was obser
but mainly at 350◦C. Once again, no ethene was obser
during either type of pulse at any temperature.

3.5. Simultaneous pulsing of ethane and oxygen in the
reactor

Simultaneously pulsing ethane and oxygen lead to l
adsorption/reaction of ethane at 350◦C; however, signifi-
cant reaction/adsorption was observed at 450 and 55◦C.
As shown in all the scenarios described above, meth
and hydrogen were formed with hydrogen formation gre
est at high temperature and the methane formation re
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Fig. 4. Variation in the reactants and products during alternating pulsin
oxygen/ethane over the reduced Pt/Al2O3 with a 1.0-s delay at (a) 350◦C,
(b) 450◦C, and (c) 550◦C. The pulses are normalized with respect to
argon pulse, not shown for clarity. All the oxygen is consumed at each
perature and the oxygen trace is also not shown for clarity.

ing a maximum at 450◦C. The product distribution foun
was comparable to that found for reaction over the oxyg
saturated catalyst. No ethene was detected at the rea
temperatures studied.

4. Discussion

Comparing the results described above, the most s
ing feature is the absence of ethene formation during
n

experiments performed under all conditions using the T
reactor whereas during the conventional flow investigat
ethene was detected above 200◦C. This is significant since
although it is not clear what the exact oxidation state of
platinum is under flow conditions, the TAP results clea
show that whether the catalyst is fully reduced, partially o
dized, or fully oxidized, dehydrogenationof ethane to eth
does not occur. Therefore as the TAP reactor excludes
phase reactions, these results strongly suggest that a
catalyst temperatures, below 600◦C, any ethene is forme
homogeneously and not on the catalyst surface. The ro
the catalyst may simply be to heat the reaction mixture
the gas phase via the exothermic surface reaction betw
ethane and oxygen and facilitate the homogeneous rea
in the catalyst void volume at this locally elevated tempe
ture.

This conclusion is in agreement with other studies [1
18], in particular with those of Lødeng et al. [17,18]. Bur
and Crabb also showed that oxidative dehydrogenationc
proceed without a catalyst in an empty quartz tube re
tor [8]. For an ethane to oxygen ratio of 2:1 and at te
peratures as low as 550◦C, although the ethane conve
sion was small,∼ 3.6%, selectivities for ethene as high
95.9% were achieved. At higher temperatures, the con
sion increased but the selectivity decreased because o
increase in CO formation. The homogeneous reaction
reduced, however, by filling the reactor with quartz wo
or SiC: radical termination reactions via the surface
cur and ethene is not formed. In the flow system stud
here, termination reactions should be limited since the
alyst was supported on a monolith. In addition, heat tra
fer from the catalyst is likely to be poor which should i
crease the likelihood of strong localized heating within
monolith channels, thus allowing gaseous reactions to
place.

While it is likely that the surface does not direct
form ethene, it is still important to understand the surf
processes, which give rise to the large exotherm obser
From the TAP experiments, it is clear that although o
gen increases the reaction of ethane on the catalyst
presence of oxygen is not required to activate the eth
even at low temperatures. Both hydrogen and methane
formed over the reduced catalyst during the TAP exp
iments, suggesting that dissociative adsorption of eth
on the catalyst leads to C–H and C–C bond cleavage
lowed by H–H and C–H recombination. This hypothe
appears to be confirmed by the observed increase an
crease of hydrogen and methane production, respecti
at high temperature. This variation can be explained
ing a mechanism proposed by Cortright et al. [35] w
reported that, although the formation of highly dehyd
genated C2Hx,ads was shown to be favored at high tem
perature, the major C–C cleavage pathways occurred
less dehydrogenated activated complexes based on
(C2H5) and ethylidine (CHCH3) species, for example. Con
sequently, an increase in the reaction temperature effect
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ett.
leads to an increase in hydrogen production due to gre
hydrogen abstraction from the adsorbed ethyl group. H
ever, increasing temperature also decreases the proba
of C–C cleavage due to the formation of the highly de
drogenated complexes. The maximum shown in meth
formation can therefore be explained by the balance
tween having a sufficiently high temperature for an ini
hydrogen abstraction and too high a temperature for fur
dehydrogenation. Sufficient dehydrogenation activity le
to the formation of surface carbon and progressive cata
deactivation as observed during the pulsing. The varia
in the formation of methane at these temperatures can
be understood if a surface reaction is invoked. Equilibr
gas-phase calculations show no such variation with tem
ature [36].

The formation of CO in the presence of oxygen with
increase in the H2 and methane production suggests that
role of adsorbed oxygen is simply to clean off surface
posited carbon and free up the active surface sites allo
further ethane adsorption to occur. On pulsing ethane
the oxygen-saturated catalyst, a two-stage deactivation
observed: initially, a slow deactivation, possibly due to s
depletion of the preadsorbed oxygen through reaction
the surface carbon, and then a second, more rapid, dea
tion process through carbon deposition on the “rereduce
oxygen-depleted catalyst. Therefore the presence of ox
on the surface of the catalyst only delays the strong deac
tion taking place through carbon deposition. Whereas sim
taneous pulsing of ethane and oxygen shows a similar
in activity, alternating the oxygen and ethane pulses all
the catalyst to maintain high activity throughout the du
tion of the experiment. In the latter case, the oxygen p
has sufficient time to react with surface carbon and prev
substantial carbonaceous deposits building up. In the si
taneous pulsing, the dehydrogenation reaction outweigh
clean off process and deactivation occurs. From this ob
vation, alternative pulsing may be a way of maintaining c
alyst activity under flow conditions but this requires furth
investigation.

In the TAP experiment using alternating pulses of2
and ethane, the absence of CO at 350◦C is probably due
to the low mobility of the oxygen on the platinum su
face. Since oxygen is likely to preferentially react with h
drogen and since at this temperature the hydrogen for
during the ethane pulse has a low rate of desorption,
droxy species are formed leaving the carbon deposit
reacted. Subsequently, during the oxygen pulse, the
face carbon oxidizes to form CO2. In contrast, at 450 an
550◦C, both the rate of hydrogen desorption and the
face mobility of oxygen are sufficiently high to facilita
carbon oxidation during the ethane pulse to again f
CO. The amount of carbon remaining on the surface
ing the oxygen pulse is low and neither CO nor CO2 are
observed.
r

y

s

-

-

-

5. Conclusion

This comparative study of oxidative dehydrogenation
ethane over Pt/Al2O3 catalysts, under conventional flow
TAP reactor conditions, has shown that ethene produced
ing the ODH of ethane at low temperatures in the flow
croreactor is formed in the gas-phase and not via a su
reaction. This is in contrast to the production of meth
which is thought to be formed on the catalyst. Trends in
deactivation behavior with temperature and surface oxy
concentration are consistent with a balance between su
sive dehydrogenation steps leading to the eventual forma
of surface carbon and substantial loss in activity.
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