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Catalytic oxidation of ethane over palladium foils was studied
and the kinetic parameters were determined for the reaction. The
studies were carried out at 800 Torr total pressure over a wide
range of reaction conditions in the temperature range of 300–425◦C.
The catalyst surface composition was characterized before and after
reaction by Auger electron spectroscopy (AES). While we detected
only metallic palladium before reaction, the postreaction analysis
showed significant formation of PdOx, a surface oxide, at all tem-
peratures and under all ethane/oxygen ratios. The catalyst that ex-
hibits optimum combustion activity is the one covered with 0.3 to 0.5
monolayer of oxygen. Carbon monoxide temperature-programmed
desorption (CO-TPD) was used to evaluate the surface area of the
metallic and oxidized palladium in order to normalize the measured
catalytic reaction rates. The turnover rate for ethane combustion is
in the range of 1–260 s−1 (molecule(s) of CO2 produced per surface
palladium atom per second) in the studied temperature range. Un-
der stoichiometric reaction conditions at 325◦C the rate for ethylene
combustion is 100 times faster than that of ethane and the turnover
rate for ethylene formation is calculated to be 0.6 s−1 (molecule(s) of
C2H4 produced per surface palladium atom per second). At 325◦C
the kinetic orders are 1, 0, and −1 for ethane, carbon dioxide, and
water, respectively. The order in oxygen is −1/2 under stoichio-
metric and fuel-rich conditions and 0 under oxidizing conditions.
Apparent activation energies of 104, 116, and 189 kJ/mol under fuel
lean, stoichiometric, and fuel-rich conditions, respectively, were ob-
served. While CO2 is the main carbonaceous product, unoxidized
and partially oxidized species, methane and ethylene, are produced
in small amounts. The product distribution is typically 98.6 mol%
CO2, 0.9 mol% C2H4, and 0.5 mol% CH4 at 10% conversion during
a reaction at 350◦C under stoichiometric conditions. c© 1998 Academic

Press

1. INTRODUCTION

Total oxidation of hydrocarbons is carried out primarily
for chemical energy conversion to heat or other forms of
energy. Catalytic combustion was first introduced by Davy
in 1817 (1, 2) and research in this field has expanded greatly
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since the 1970s (3, 4) during the energy crisis and with grow-
ing concerns with NOx emissions that are the by-products of
combustion and whose formation are exponentially depen-
dent on the combustion temperature. Presently catalytic
combustion is utilized for both energy generation (5, 6) and
for the removal of pollutants (7, 8). Furthermore, it may be
used to produce valuable chemicals such as synthesis gas
and ethylene. Of the latter there are only two processes for
the oxidation of alkanes currently utilized on the scale of
commodity chemicals: (1) the production of synthesis gas
(CO and H2) from the direct oxidation of methane or some
other hydrocarbon source; (2) the oxidation of butane to
form maleic anhydride (9, 10).

We undertook a surface science and model catalyst study
of ethane combustion and our findings are described in
this paper. Palladium polycrystalline foils of about 0.5 cm2

area were used as catalysts in the temperature range of
300–450◦C using total pressure of 1 atm. The ethane to
oxygen reactant ratio was adjusted so we could explore
the reaction kinetics under (a) stoichiometric (C2H6 : O2 =
1 : 3.5), (b) fuel-lean (C2H6 : O2 < 1 : 3.5), and (c) fuel-rich
(C2H6 : O2 > 1 : 3.5) conditions. The catalyst was cleaned in
ultra high vacuum (UHV) and its surface composition was
monitored in UHV by Auger electron spectroscopy (AES)
before and after reaction.

Heterogeneous catalysts for the combustion of alkanes
usually consist of either noble metals (for complete oxida-
tion) or metal oxides (for partial oxidation.) Among hy-
drocarbons, the oxidation of methane has been the most
studies because of its great abundance. It is also an undesir-
able emission in the incomplete combustion in automobile
engines and power plants. Although it is generally accepted
that rhodium and platinum are more efficient combustion
catalysts in the case of high hydrocarbons (C2+), palladium,
or rather palladium oxide, is considered to be the best cata-
lyst for the combustion of methane (2–4, 11).

The rate-determining step for the catalytic oxidation of
methane and other alkanes is generally considered to be
the initial cleavage of the C-H bond, which occurs during
or directly after adsorption (5, 11–16). This conclusion is
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reached because the rate of oxidation is almost always first
order in fuel and the fact that light alkenes and oxygenates
almost always burn faster than the corresponding alkanes.
The rate of combustion correlates with C-H bond strength
(2, 4, 12, 17, 18). Under most conditions, the rate of combus-
tion is inhibited by the water and sometimes carbon dioxide
(11, 12, 19). In the combustion of methane over supported
noble metal catalysts the rate was seen to be independent
of oxygen at high oxygen partial pressure, but of negative
order under low oxygen partial pressures (2, 17, 20).

2. EXPERIMENTAL

Experiments were performed in an UHV surface analysis
chamber equipped with a high pressure cell so as to be able
to perform reactions at atmospheric pressure. The chamber
is pumped with a liquid nitrogen trapped Varian diffusion
pump. The pressure inside the chamber is measured with a
Varian hot filament ion gauge. The ultimate base pressure
after bake out is 5 × 10−10Torr (1Torr = 133.3 N · m−2) and
the working base pressure is about 2 × 10−9Torr.

The chamber is equipped with a Varian 4 grid Retarding
Field Analyzer (RFA) and a Varian glancing angle elec-
tron gun for AES. Spectra were recorded as [d(number of
electrons)/d(voltage)] vs voltage. Net crystal currents were
2 to 10 µA and the electron beam voltage was 2 kV. The
peak-to-peak oscillation on the retarding grid voltage was
generally kept at ∼4 V.

A Balzers QMA 400 quadrupole mass spectrometer was
used for residual gas analysis and thermal desorption exper-
iments. The mass spectrometer was equipped with a shroud
and a nozzle in order to minimize the gas signal from other
parts of the manipulator that heat and desorb gasses dur-
ing temperature-programmed desorption (TPD). The end
of the nozzle is 1/4 in. in diameter and sat 3.5 cm from the
sample. Mass spectral data were acquired with a Balzers
QMG 421 C controller and Quadstar software was used to
analyze the data. Low pressures of gas (10−9 to 10−4 Torr)
could be introduced into the chamber via a Varian leak
valve with 1/4 in. stainless steel tubing doser.

Generally Auger spectra were taken on the “front” side
of the sample while TPD experiments were performed on
the “back” side. This allows TPD spectra to be taken with-
out interference from the effects of electron beam damage.

The palladium catalysts were small (6 × 4 mm) 0.1-mm
thick polycrystalline foils (Johnson Matthey, Puratronic
grade 99.9975%).They were spot-welded between two
stainless steel rods screwed at the end of the sample ma-
nipulator consisting of two 1/4-in. copper hollow tubes. It
allowed a rotational motion so that the foil could be turned
to face either the RFA, the mass spectrometer, or the leak
valve doser as required.

The sample was heated resistively with currents of up to
30 A during which time the manipulator was kept cool by

flowing air down the inside of the copper hollows tubes. If
further cooling was required liquid nitrogen could be used
instead. It is in fact important that the copper remain cool
during the reaction to minimize background activity.

Sample temperature was measured by a chromel–alumel
thermocouple spot-welded directly to the palladium foil.
Temperature was controlled either by a simple power sup-
ply without temperature feedback or by a Eurotherm 905S
temperature controller interfaced with a Hewlett Packard
DC power supply. Under vacuum the temperature was pre-
cise within 0.5◦C while under recirculating gasses the pre-
cision was only ±1◦C.

The cell was closed over the sample and sealed from the
rest of the UHV chamber with a gold-plated copper gasket.
It can be opened and closed by means of an edge-welded
metal bellows powered by a hydraulic jack. When closed
the hydraulic system allows a vacuum of 1 × 10−8Torr to be
maintained within the chamber while the reaction cell is
pressurized above 1 atm.

Reactions were carried out in a batch mode with the re-
action gasses being recirculated at 6 scc/s through a reaction
loop volume of 220 scc. Gases were introduced to the reac-
tion loop either through the gas manifold or with a syringe
via a septum injection port. The procedure was to intro-
duce from the manifold O2, followed by Ar to pressures of
800 Torr (to prevent leaks into the reaction loop) and finally
to inject a certain volume of C2H6 via a gas syringe. Then
the reaction gasses were recirculated and mixed for several
minutes with the catalyst at room temperature before the
first gas sample was taken and the foil heated to reaction
temperature.

The gas phase composition was measured by an Hewlett
Packard 5890 Series II gas chromatograph (GC) equipped
with a 15-ft Carboxen 1000 column, 60/80 mesh (Supelco),
and a thermal conductivity detector (TCD). The sampling
(every 21 min) is controlled by a Hewlett Packard sam-
pler/event controller module and the signal trace is printed
and integrated on a Hewlett Packard 3392A integrator. In
this manner H2, CO, CO2, CH4, C2H4, and C2H6 can be
separated and detected. Unfortunately Ar, N2, and O2 sep-
arate poorly and cannot be distinguished. Furthermore, wa-
ter was not detectable with this column as it just appears as
a broad increase in the background.

Upon the first introduction into the vacuum chamber
each new palladium foil underwent a series of sputter/
burn/anneal treatments in order to remove the surface con-
taminants, mostly carbon and sulfur. Each side of the foil
was sputtered with a Varian bombardment ion gun for
30 min with 1800 V Ar ions while being held at 500◦C. This
was followed by annealing the sample at the same tempera-
ture in 5 × 10−5Torr of oxygen for 15 min and then in UHV
at 600◦C for 1 min. Five or more such cycles were necessary
to clean a fresh foil, but generally only one such cycle was
necessary to clean a used foil after reaction.
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The cleanliness of the catalyst surface was ascertained
by AES prior to each reaction. Furthermore, the surface
area of the foil was titrated by carbon monoxide thermal
desorption. Once activated the foils showed little variation
in CO TPD. Nonetheless for calculation of activation en-
ergies and reaction orders the turnover frequencies were
systematically normalized to the total CO TPD signal.

In fact, fresh foils displayed an increase in activity with
time under reaction and varying CO TPD signatures. So in
order to prepare a catalyst whose activity was invariant be-
tween reactions each foil was first preactivated by reaction
at 450◦C in fuel rich conditions. This reaction was carried
to completion and after two or more such treatments the
reaction rate became invariant to how many reactions had
been performed over the catalyst. The difference in activity
between a fresh and an activated catalyst was quite large,
about a factor of 20.

This activation of palladium catalysts has been widely
investigated in the case of methane oxidation. Along the
years it has been attributed to structural changes of the
catalyst (21–23), to the progressive oxidation of palladium
particles (11, 14, 24, 25), to the roughening of the sur-
face (26–28), or to carbon dissolution into bulk palladium
(22, 26–29).

As the temperature of the foil is increased during reac-
tion, the turnover frequency increases until the heat gen-
erated from the reaction is significant enough to make an
impact on the temperature of the foil. For 0.004-in. thick

FIG. 1. CO2 accumulation curve for ethane oxidation on palladium foil at 325◦C under stoichiometric reaction conditions (110 Torr O2, 31.5 Torr
C2H6, balance with Ar to 800 Torr). The initial turnover rate for CO2 formation is 11 molecules of CO2 produced per surface palladium atom per
second. It then progressively decreases as a function of time on stream, indicating either the deactivation of the catalyst or the inhibiting effect of
reaction products.

foils, ∼2 mm × 6 mm this occurs at ∼425–500◦C. Once this
temperature is reached, the temperature of the sample in-
creases very rapidly by several hundred degrees if the cur-
rent across the foil is constant. If this input current is con-
trolled by the Eurotherm temperature controller, then the
temperature of the sample undergoes wild oscillations of
several hundred degrees. Although it is possible to slightly
adjust the light-off condition by adjusting the flow of the
gas recirculation, the light-off phenomenon effectively ex-
cludes kinetic measurements between ∼425 and 700◦C.

The state of the catalyst was also periodically checked by
performing a standard reaction under stoichiometric con-
ditions at 325◦C to see that the activity was unchanged.

3. RESULTS

3.1. Standard Reaction

The first reaction was run at 325◦C under stoichiometric
conditions of 1 : 3.5 C2H6 : O2 molar ratio. In this special case
the fuel/oxygen ratio remains constant as the reaction pro-
ceeds. Typically, the reaction mixture consisted of 110 Torr
of oxygen and 31.5 Torr of ethane, balanced with argon to
800 Torr.

The initial turnover frequency (ToF) for CO2 production
is 11 s−1 (molecules of CO2 produced per surface palla-
dium atom per second), assuming 1015 surface sites per cm2

(Fig. 1). As the reaction proceeds a decrease in the activity
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can be seen, characterized by the bending over of the ac-
cumulation curve for CO2 production as a function of time.
This observation could be related either to the deactivation
of the catalyst with time on stream or to a kinetic effect
of both reactants and products. The former hypothesis was
easily rejected when, by simply pumping out the reaction
cell and starting a “new” reaction, the initial activity was
restored. In fact deactivation was directly related to the poi-
soning effect of products accumulating with time on stream
as the reaction is run in a batch reactor.

3.2. Activation of Palladium by Changes
of the Surface Composition

In order to make inferences as to the state of the sur-
face during the reaction a series of UHV and postreaction
experiments were performed. Before reaction the Auger
spectrum of the foil only showed palladium characterized
by four peaks at 193, 243, 279, and 330 eV (Fig. 2a). How-
ever, because of the proximity of the carbon 272 eV and the
palladium 279 eV peaks, it is difficult to measure the amount
of carbon by Auger alone. Thus, as a further check for clean-
liness, oxygen was adsorbed on the surface at room temper-
ature. The sample was then heated while carbon monoxide
and carbon dioxide desorption were monitored by mass
spectrometry. At the point where no carbon monoxide
or dioxide was produced, the surface was assumed to be
carbon-free. This procedure was developed to correlate this
“carbon-free” state with a given Auger spectral signature.

FIG. 2. (a) Auger spectrum of a clean palladium foil taken after sputtering with Ar ions at 500◦C, burning in oxygen (P = 1 × 10−7Torr) and
annealing to 600◦C in vacuum. The spectrum shows the palladium signature of a clean palladium foil characterized by four peaks at 193, 243, 279, and
330 eV. (b) Auger spectra of the palladium foil after reaction at 325◦C under stoichiometric conditions. The lower spectrum on the right, in the oxygen
region, was taken first, before scanning the whole region from 130 to 570 eV (main spectrum in the upper part of the figure). This figure shows the
existence of an oxide layer on the palladium surface after reaction. It also demonstrates the effect of the electron beam that desorbs some of the surface
oxygen. Surface oxygen is characterized by two peaks at 490 and 510 eV which decrease in intensity as a function of exposure to the electron beam.

The surface area of the palladium foil was also measured
before reaction by CO TPD titration in order to normalize
the activity. After activation no great change was observed
in the CO thermal desorption spectrum.

The oxidation state of the palladium surface is important
in the combustion reaction, so it was necessary to also inves-
tigate the oxygen overlayer that remains after reaction. All
postreaction Auger spectra reveal the presence of oxygen
bound at the surface by peaks at 490 and 510 eV (Fig. 2b),
even after reactions run under fuel-rich conditions. The ra-
tio of the palladium 330 eV peak to the oxygen 510 eV peak
ranges between 3 and 5. Corrected by the relative sensitiv-
ities of palladium and oxygen, this would correspond ap-
proximately to 1/2 to 1/3 of an oxide monolayer assuming
all of the signal is from the first surface layer. Because it
is most likely that the subsurface regions containing rela-
tively more palladium and some of the Auger signal is from
this region, this number should be considered a minimum
coverage.

Unfortunately the electron beam also induces oxygen
desorption (Fig. 2b). Thus the exact oxygen coverage can-
not be determined. Moreover, it is unknown from the Auger
spectrum alone whether the oxygen peak is due to PdO
or Pd(OH). Furthermore, thermal desorption experiments
carried out on post reaction samples and on foils with an
oxide or an oxide/hydroxide overlayer prepared in situ
did not show significantly different features. The surface
oxide produced during the reaction appears to be quite
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stable. There was no change in the Auger spectrum of post
reaction foils until they were heated in UHV well past re-
action temperatures (>600◦C). Nevertheless these imply
that during the reaction the surface is in large part covered
by an oxide and/or hydroxide layer and that activation in-
volves the formation of a partially oxide covered palladium
metal.

3.3. Kinetic Parameters

The reaction orders in C2H6, O2, CO2, and H2O for ethane
oxidation or CO2 production were determined at 325◦C
using initial rates under conditions of pseudo-zero-order
kinetics. Partial pressures of C2H6, O2, CO2, and H2O were
varied one at a time from 15 to 65 Torr, 14 to 800 Torr, 3
to 24 Torr, and 3 to 13 Torr, respectively, to cover a wide
range of reaction conditions from fuel rich to fuel lean.

As is common in the case of combustion reactions, deter-
mining the kinetic effect of water was more problematic. So,
in order to avoid problems associated with the possibility
of changing the catalyst surface, it was decided to introduce
the water at high temperature (∼250◦C) and in the pres-
ence of ethane and oxygen. These experiments were also
performed in the regime where the water vapor pressure is
insufficient to initiate condensation on the walls of the reac-
tion loop. Figures 3 and 4 show the plots of ln(ToF) versus
ln(C2H6, CO2, H2O, and O2 initial partial pressures). In the
case of oxygen the direct plot of the ToF versus oxygen
partial pressure, which clearly allows us to make the dis-
tinction between two different regimes, depending on the

FIG. 3. Log/log plot of the turnover rate vs C2H6 partial pressure for the order in ethane for CO2 production. All reactions were performed at
325◦C while the partial pressure of ethane was varied from 15 to 65 Torr. The linear increase of the turnover rate with C2H6 partial pressure indicates
a first-order reaction in ethane.

oxygen concentration (on either side of the stoichiometry),
is also given in Fig. 5.

Under the conditions of this study which are under both
fuel-rich, stoichiometric, and fuel-lean conditions, the com-
bustion of C2H6 is first order in C2H6, zero order in CO2,
and minus first order in H2O.

In the case of the oxygen dependence of the reaction rate,
there is a change of the reaction order in oxygen that occurs
near the stoichiometry. In fuel-rich conditions ethane com-
bustion is minus half order in oxygen, while under fuel-lean
reaction conditions the ToF is independent of the oxygen
pressure. A similar trend was sometimes observed in the
case of CH4 oxidation (17, 20, 30).

The apparent activation energy for CO2 formation was
also investigated at three different oxygen concentrations.
These measurements were made using the initial rates un-
der conditions of pseudo-zero-order kinetics. It was de-
termined to be 116 ± 3 kJ/mol under stoichiometric con-
ditions (110 Torr O2, 31.5 Torr C2H6, balance with Ar to
800 Torr) between 300 and 415◦C (Fig. 6), 104 ± 5 kJ/mol
under oxygen rich conditions (600 Torr O2, 31.5 Torr C2H6,
balance with Ar to 800 Torr) between 300 and 400◦C and
189 ± 6 kJ/mol under fuel-rich conditions (60 Torr O2,
31.5 Torr C2H6, balance with Ar to 800 Torr) between 300
and 350◦C.

3.4. Selectivity

Even if the major combustion product is CO2 (98.6 mol%
at 10% conversion), C2H4 (0.9 mol% at 10% conversion),
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FIG. 4. Log/log plot of the turnover rate vs O2 partial pressure for the order in oxygen for CO2 production. All reactions were performed at 325◦C
and the oxygen partial pressure ranges from 14 to 800 Torr. The reaction order in oxygen is not unique over the whole range of oxygen concentration
and changes at the stoichiometry from −0.5 under fuel-rich conditions to 0 in fuel-lean conditions.

and small amounts of CH4 (0.5 mol% at 10% conversion)
were also detected during reaction at 350◦C under stoichio-
metric conditions. Furthermore, under fuel-rich conditions
and above 400◦C small amounts of H2 and CO were also
detected, suggestive of ethane reforming.

FIG. 5. Plot of CO2 production dependence on oxygen partial pressure. Reactions performed at 325◦C under 31.5 Torr C2H6 and 14 to 800 Torr of
O2, balanced with Ar to 800 Torr. This figure indicates the existence of two well-defined domains, depending on the oxygen partial pressure. In fuel-rich
conditions the turnover frequency strongly depends on the oxygen concentration while under oxygen-rich conditions no influence is observed.

Figure 7 shows the accumulation curves of CO2, CH4,
and C2H4 for a reaction at 350◦C under stoichiometric con-
ditions (110 Torr O2, 31.5 Torr C2H6, balance with Ar to
800 Torr). The CH4 concentration was always proportional
to the CO2 concentration. The CO2/CH4 ratio was nearly
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FIG. 6. Arrhenius plot for CO2 formation under standard stoichiometric conditions between 300 and 415◦C; 1E∗ = 116 ± 3 kJ/mol.

constant at 85 at all temperatures and under both fuel-rich
and fuel-lean conditions. In contrast the partial pressure of
C2H4 remained constant during the reaction. Under typ-
ical stoichiometric conditions the amount of steady state
C2H4 is about 0.25 mol% of the initial amount of ethane.

FIG. 7. CO2, C2H4, and CH4 accumulation curves for ethane oxidation on palladium foil at 350◦C under stoichiometric conditions (110 Torr O2,
31.5 Torr C2H6, balance with Ar to 800 Torr). At 10% conversion the gas phase composition is 98.6 mol% CO2, 0.9 mol% C2H4, and 0.5 mol% CH4.
The CO2/CH4 ratio is constant at about 85 and the steady state amount of C2H4 represent 0.25 mol% of the initial amount of ethane.

The steady state concentration of ethylene produced dur-
ing ethane oxidation correlates linearly with the con-
centration of ethane (Fig. 8). This implies that the rate of
formation of ethylene is first order in ethane initial par-
tial pressure. So, the steady state amount of C2H4 linearly
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FIG. 8. Dependence of the steady state C2H4 concentration on the initial C2H6 partial pressure. Reactions performed at 325◦C under 110 Torr O2.
Ethylene steady state concentration depends linearly on ethane initial partial pressure. The formation of ethylene is first order in ethane.

increases when going from fuel-lean to fuel-rich reaction
conditions.

In fact ethylene has been recently reported as the major
product in ethane oxidation over metal oxides (31–33).
High selectivity for ethylene was also measured during
ethane combustion at very high flow rate or low contact
time (34–37).

3.5. Ethylene Combustion

Ethylene combustion to carbon dioxide and water was
also studied in order to determine the possible total amount
of ethylene produced during the reaction. Experiments
were performed in a batch reactor at 325◦C with 110 Torr
O2 and 3 Torr of ethylene. Those conditions were chosen to
minimize the inhibiting kinetic effects of oxygen and water.
In this way the reaction rate was always pseudo-zero order
in oxygen and water.

The reaction was carried to completion and the decay
of ethylene signal appears to follow first-order kinetics in
ethylene. The ToF was determined to be 1.2 × 10−3s−1 in
these conditions. Given that the dependence of the rate of
combustion of ethylene is first order in ethylene up to a
very low level of ethylene, the ToF of ethylene formation is
calculated to be 0.6 s−1 under standard reaction conditions.
Thus, 11% of the ethane would be converted to ethylene
as an intermediate before its eventual complete oxidation
to CO2, while the rest of the ethane converted is directly
oxidized to CO2 and H2O.

4. DISCUSSION

Ethane oxidation is strongly exothermic (1G0 =
−1442 kJ/mol) and the relative stability of the alkane is
high, as compared to partially oxidized species. It is then
reasonable to assume, as is well accepted for CH4 oxida-
tion (11–16), that the rate determining step is the scission
of the first C-H bond. This is in line with the observation
that CO2 production is first order in ethane concentration
in a broad range around the stoichiometric mixture. This
assumption is also supported by the correlation seen be-
tween the C-H bond strength and the rate of combustion
(12, 17, 18, 30, 38).

Characterization of the surface of the sample before and
after reaction clearly shows that the active surface is par-
tially oxygen covered.

The independence of the rate on the gas phase concen-
tration of CO2 indicates that, once the product desorbs, it
does not readsorb and no longer affects the mechanism.
This is in disagreement with the inhibiting effect of CO2

reported in the case of methane oxidation (11, 12, 19). In-
deed in our case the apparent cleanliness of the palladium
surface after the reaction indicates that during the reaction
the catalyst is not covered with a strongly bound carbona-
ceous surface species, but instead the major species are PdO
and/or Pd(OH)x. This suggestion is supported by the neg-
ative order dependence of the rate of CO2 production on
the gas phase concentrations of H2O and, under fuel rich
conditions, of O2.
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Taken together our experimental observations are con-
sistent with a mechanism in which the ethane adsorbs with
the scission of a C-H bond in the rate-determining step,
followed by the rapid oxidation of the surface intermedi-
ates. The fast oxidation of non-alkane intermediates over
noble metals (39–44) or hydrocarbons radicals (39, 45, 46)
has been observed in numerous surface science studies.

Two different regimes on either part of the stoichiome-
try have been distinguished from the reaction rate depen-
dence on the oxygen partial pressure. This can be related to
a change in the surface composition, the palladium surface
becoming more and more oxidized as the oxygen partial
pressure increases. In fact there is always a significant oxy-
gen peak in the Auger spectrum after reaction even for
those performed under the most fuel-rich conditions. Thus,
it is reasonable to assume that there are two possible sites
and mechanisms for the initial C-H bond cleavage depend-
ing on the oxygen coverage on the surface (12). The first
would occur on a partially reduced heterogeneous site Pd-
PdO [1] and the second on a PdO-PdO site [1′].

C2H6 + Pd + PdO → CO2, H2O, C2H4, CH4 [1]

C2H6 + 2 PdO → CO2, H2O, C2H4, CH4. [1′]

The former site, containing reduced palladium, would be
more active than the latter and control the kinetics un-
der fuel-rich conditions. As one moves from fuel-rich to
oxygen-rich reaction mode, the surface becomes more and
more oxidized and the less active oxide ensemble site dom-
inates the kinetics. In this regime the reaction is then inde-
pendent of O2 partial pressure which is in agreement with
the experimental observations.

With these assumptions for the slow step, depending on
the oxygen coverage, the rate of ethane oxidation is given
by

r1 = −
(

d[C2 H6]
dt

)
1

= k1 × [C2 H6] × θPd × θPdO [1]

r1′ = −
(

d[C2 H6]
dt

)
1′

= k1′ × [C2 H6] × (θPdO)2, [1′]

where θ* and θO are the coverages of Pd and PdO sites.
Assuming a rapid equilibrium of the surface with gas

phase water and oxygen,

Pd + PdO + H2O → 2 Pd(OH) [A]

2 Pd + O2 → 2 PdO. [B]

Then the relations that govern the coverages of surface

species are

K A =
(

θ2
Pd(OH)

[H2O] × θPd × θPdO

)
,

KB =
(

θ2
PdO

[O2] × θ2
Pd

)
,

and θ* + θO + θOH = 1.
So in fuel rich conditions, if both Pd and PdO are re-

quired for the dissociation of the first C-H bond, the rate is
proportional to θPdθPdO and is given by

r1 = k1 × [C2H6](
2 + A2 + B + 2AB1/2 + 2A

B1/2
+ 1

B

) ,
where A = (KA × [H2O])1/2 and B = (KB × [O2])1/2.

Thus, under fuel-rich conditions the reaction rate should
be first order in ethane, minus first order in water, and minus
half order in oxygen. This is in agreement with the experi-
mental results.

For reactions under excess oxygen the surface is almost
completely covered with PdO and the rate is then propor-
tional to (θPdO)2 and given by

r1′ = k1′ × [C2H6](
1 + A2

B + 2A
B1/2

+ 2A
B3/2

+ 2
B + 1

B2

) ,
where A = (K1 × [H2O])1/2 and B = (K2 × [O2])1/2.

In this case interpretations are more difficult as the rel-
ative values of A and B are unknown. Nevertheless, as the
partial pressure of oxygen [B] increases, the surface be-
comes completely oxidized and the reaction order in oxy-
gen goes to zero as all the other terms become small com-
pared to 1. This result is consistent with what is observed
experimentally.

In both cases the results are consistent with a mechanism
where the rate-determining step is the activation of the first
C-H bond with formation of C2H5 as an intermediate.

It should be noted that because both A and B contain
equilibrium constants, they are functions of the tempera-
ture. Thus the temperature of the reaction would be ex-
pected to play a significant role in determining the surface
species concentration, that is the concentration of the two
sorts of C-H cleavage sites. The apparent activation ener-
gies for the two regimes should reflect the equilibrium num-
ber of the appropriate active site. This in fact was observed,
with a higher apparent activation energy under fuel-rich
conditions.

A first look to the fact that the higher activation energy
is obtained for the most active system could be surprising.
Nevertheless, this could be explained by realizing that the
apparent activation energy also carries information about
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the surface composition. In this case high activities were
measured and a lot of hydroxyls are expected on the surface.
As Pd(OH) is inactive for C-H bonds activation (12), the
partially reduced site Pd-PdO needs to be regenerated. This
occurs by recombinations of two hydroxyls, desorption of
water, and regeneration of the active Pd-PdO ensemble.
But it is known that water dissociative adsorption is easier
on an oxidized surface (47, 48). Thus, this could explain
how, on a partially reduced surface (fuel-rich conditions),
the heat of desorption of water (regeneration of the active
site) appears in the overall apparent activation energy.

Finally, ethylene is easier to activate than ethane and is
burned at 325◦C on the same catalyst at a rate 100 times
that of ethane under standard conditions. As a result ethy-
lene appears only as a steady state intermediate. Its forma-
tion and presence imply that a dehydrogenation step of the
ethane molecule, probably to form C2H5, is involved in the
overall oxidation process. Methane, on the other hand, is far
more stable than ethane and can accumulate as a reaction
product.

CONCLUSIONS

Ethane oxidation over palladium exhibits two different
kinetic regimes, one fuel rich and the other fuel lean. It
is proposed that microscopic difference between these two
regimes is the nature of the active site at which the first C-H
bond is broken to form C2H5 and a hydroxyl group on the
surface. Under reducing conditions the palladium at the sur-
face can be in any form, Pd, PdO, and Pd(OH). Dual atom
sites of Pd metal and PdO are believed to be the most active
sites and more readily available under fuel-rich conditions.
As the partial pressure of either water or oxygen increase,
the number of such Pd–PdO sites available decrease until
the overall combustion activity of the foil is governed by the
less active but more numerous fully oxidized PdO sites. At
325◦C this crossover occurs near stoichiometric conditions.
This can be seen by the change in the order of reaction in
oxygen from −0.5 to 0 and in the activation energy from
189 kJ/mol to 116 kJ/mol and 104 kJ/mol that accompanies
the change from oxygen-lean to stoichiometric and oxygen-
rich conditions. Although it is not completely certain what
causes the higher activation energy under oxygen-lean con-
ditions, this observation is consistent with the hypothesis of
a partially reduced active site that must be regenerated by
the desorption of water. This would require that the recom-
bination of OH species to desorb water contributes to the
apparent activation energy of the overall reaction.

The primary product of ethane combustion under our
conditions was carbon dioxide. However, the small amounts
of ethylene observed imply a dehydrogenation step in the
combustion process. Ethylene is observed only in small,
steady state amouns because its rate of combustion is much
greater than that of ethane as shown by our experiments.

Nevertheless, ethylene was determined as an intermediate
in the process of ethane complete oxidation, accounting
for about 11% of the carbon dioxide produced. The nearly
constant ratio of methane to carbon dioxide under all re-
action conditions suggests that the reaction mechanisms
for the formation of these two products share the same
rate-determining step. Also, the fact that the production of
methane is first order in ethane strongly suggests an intra-
molecular reaction. The low temperature of the reaction
would also seem to preclude the role of gas phase radicals
in this mechanism.
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45. Bugyi, L., Oszkó, A., and Solymosi, F., J. Catal. 159, 305 (1996).
46. Solymosi, F., Catal. Today 28, 193 (1996).
47. Thiel, P. A., and Madey, T. E., Surf. Sci. Rep. 7, 211 (1987).
48. Yuzawa, T., Higashi, T., Kubota, J., Kondo, J. N., Domen, K., and

Hirose, C., Surf. Sci. 325, 223 (1995).


