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Mechanisms behind sulfur promoted oxidation of methane
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The promoting effect of SO, on the activity for methane oxidation over platinum supported on silica, alumina and ceria has
been studied by flow-reactor, in situ infrared spectroscopy and in situ high-energy x-ray diffraction experiments under transient
reaction conditions. The catalytic activity is clearly dependent on the support material and its interaction with the noble metal
both in absence and presence of sulfur. On platinum, the competitive reactant adsorption favors oxygen dissociation such that
oxygen self-poisoning is observed for Pt/silica and Pt/alumina. Contrarily for Pt/ceria, no oxygen self-poisoning is observed,
which seems to be due to additional reaction channels via sites on the platinum-ceria boundary and/or ceria surface considerably
far from the Pt crystallites. Addition of sulfur dioxide generally leads to the formation of ad-SO, species on the supports with a
concomitant removal and/or blockage/rearrangement of surface hydroxyl groups. Thereby, the methane oxidation is inhibited for
Pt/silica, enhanced for Pt/alumina and temporary enhanced followed by inhibition after long-term exposure to sulfur for Pt/ceria.
The observations can be explained by competitive oxidation of SO, and CH4 on Pt/silica, formation of new active sites at the
noble metal-support interface promoting dissociative adsorption of methane on Pt/alumina, and in the case of Pt/ceria, formation
of promoting interfacial surface sulfates followed by formation of deactivating bulk-like sulfate species. Furthermore, it can
be excluded that reduction of detrimental high oxygen coverage and/or oxide formation on the platinum particles through SO,
oxidation is the main cause for the promotional effects observed.

1 Introduction

The growing need to diversify energy sources motivates the
development of gas engines to utilize the huge worldwide nat-
ural gas resources for transportation purposes. By replacing
common fuels like gasoline and diesel with natural gas, typi-
cally containing 90-95% of CH4, a net reduction of CO, emis-
sions can be achieved due to the low C/H ratio of methane.
Furthermore, this would also stimulate the production and use
of biogas, which is a renewable non-fossil fuel. Despite these
advantages there are still environmental challenges that need
to be met. For example the levels of unburned methane present
in the exhausts from natural gas fuelleed engines, typically up
to 1000 ppm, must be lowered to comply with the emission
legislations. One preferred technology for emission control is
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catalytic aftertreatment of the exhausts. In the present case
this is, however, especially challenging as methane is highly
stable and thus difficult to catalytically activate for further re-
actions at the low temperatures representative of modern en-
gine exhausts. Thus, catalytic concepts and technologies for
efficient oxidation of methane at low temperatures need to be
developed.

Generally, the rate-limiting step for methane oxidation is
considered to be the abstraction of the first hydrogen in the
dissociative adsorption of methane ! Therefore, catalysts that
can dissociate methane readily are usually also efficient for
total methane oxidation. The most active elements for total
oxidation of methane presently known are the noble metals?.
Supported palladium catalysts show the highest activity for
methane oxidation at low temperatures in oxygen excess .
Unfortunately, palladium based catalysts may suffer from de-
activation by sulfur containing compounds forming relatively
stable palladium sulfates>°. Furthermore, the presence of wa-
ter, even the small amounts formed during methane oxidation
under otherwise dry conditions’, have been found to inhibit
the catalytic reaction™®. This has been attributed to hydration
of the palladium surfaces®. On the contrary, platinum is less
sensitive towards these poisons® but instead the overall activ-
ity is generally lower for Pt than for Pd under oxygen excess
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due to oxygen self-poisoning*!%!! and/or oxide formation on

the Pt particles inhibiting the methane dissociation ''~13. How-
ever, the inhibiting effect by oxygen on platinum can be cir-
cumvented by transient operation of the feed gas stoichiome-
ry 12-16,

It has been shown that sulfur dioxide can promote the
methane oxidation over platinum supported on alumina'7-1°
and more recently also for platinum supported on ceria®’.
A similar promotional effect for propane oxidation over
Pt/alumina has been observed in several studies>!~2® as well
as for Ceg ¢7Zr0.3302 2% and Pt(111)39. In the case of Pt/ceria,
Kylhammar et al.?® observed a promotional effect between
300 and 450°C under lean (large oxygen excess) conditions,
although as a function of time on stream the promoting effect
diminishes and instead the methane oxidation becomes inhib-
ited. On the basis of in situ infrared spectroscopy experiments
it was shown that introduction of SO, results in an immedi-
ate formation of sulfate species on ceria that is accompanied
by a corresponding instantaneous increase in methane conver-
sion. The results were discussed in terms of both breakage of
oxygen self-poisoning/platinum oxides, effectively leading to
a higher number of sites on Pt available for methane dissocia-
tion, and sulfate formation on ceria sites close to platinum that
electronically can modify the platinum sites and/or form new
sites at the noble metal-support interface. Such sites were con-
sidered to polarize the C-H bond in methane facilitating the
dissociative adsorption. Interestingly, the spectroscopic anal-
ysis shows that despite the lean conditions, the ceria is reduced
upon SO, exposure, indicating that oxidation of ceria with gas
phase oxygen is kinetically hindered and that sulfate formation
also may block spillover of oxygen that otherwise would oxi-
dize the ceria. However, the mechanisms behind the promot-
ing effect seem even more complex and the role of the support
is not clear. For example, oxygen spillover can decrease the
oxygen coverage and/or induce rearrangement of adsorbates
on the platinum surface and thereby facilitate the dissociative
adsorption of methane on Pt. Thus sulfation of sites located
at the noble metal-support boundary as formation of new sites
may not solely explain the observed promoting effect but may
also influence the reaction dynamics, especially processes re-
lated to spillover. The latter, for example, was proposed to
lead to a settled oxygen dynamics in the platinum-ceria sys-
tem, which can explain the long-term poisoning effect of sul-
fur.

Here we study the role of the support material and the noble
metal-support interaction in sulfur promoted low-temperature
oxidation of methane over platinum based catalysts. This is
realized through a comparative investigation of the methane
oxidation as a function of SO, exposure over different cat-
alytic systems i.e., platinum supported on silica, alumina and
ceria, each having significantly different affinity for sulfur
oxides3'32. The relationship between catalyst structure and

function is studied by use of in sifu high-energy x-ray diffrac-
tion, in situ infrared spectroscopy and mass spectrometry. Par-
ticularly, and necessary for the present in situ experiments,
the diffraction measurements utilize the high energy of the x-
rays for scattering within small angles (compressed g space)
such that time-resolved measurements can be realized. Fur-
thermore, the high energy facilitates penetration of as heavy
samples as Pt/ceria and even subtile changes in the samples
can be followed accurately, which is necessary for studies of
SO, promoted methane oxidation *.

2 Experimental section

2.1 Catalyst preparation and characterization

Three types of supported platinum catalysts with a Pt loading
of 4 wt.-% were prepared by impregnation of SiO; (Kromasil
Silica KR-300-10, Akzo Nobel Eka Chemicals), Al,O3 (Pu-
ralox SBa 200, Sasol) and CeO; (99.5 H.S.A. 514, Rhone-
Poulenc) that first were pretreated in air at 600°C for 4
hours. Each support was dispersed in an aqueous solution con-
sisting of distilled water and tetraammineplatinum(ID)nitrate
((NH3)4Pt(NO3),, Alfa Aesar GmbH & Co. KG). For the
Pt/ceria samples, the impregnation was carried out in three
steps as to obtain the desired Pt loading. In order to increase
the interaction between the platinum complex and the support,
the pH of the solution was adjusted by NH4OH addition tak-
ing into account the isoelectric point of each oxide3’. The
obtained slurry was then stirred for 20 minutes, frozen with
liquid nitrogen and freeze-dried for 12 h. The resulting pow-
der was finally calcined in air at 550°C for one hour (heating
rate of 5°C/min).

Monolithic samples were prepared by immersing cordierite
monoliths (& = 13 mm, length = 15 mm, 400 cpsi, Corning
Inc.) into a water slurry consisting of the powder catalyst
and a binder. For the Pt/silica, Pt/alumina and Pt/ceria pow-
der samples, colloidal silica (Bindzil, AkzoNobel Eka Chemi-
cals), boehmite (Disperal P2, Sasol Germany GmbH) and col-
loidal ceria (Nyacol CeO;(Ac), Nyacol Nano Technologies)
was used as binder, respectively. The coated monoliths were
then dried in air at 90°C for 10 min and calcined at 600°C for
2 min also in air. This procedure was repeated until 200 mg
of coating was attached to each sample. Finally, the samples
were calcined in air at 550°C for one hour.

Using the BET method for P/Py = 0.05-0.20, the specific
surface area for the Pt/silica, Pt/alumina and Pt/ceria powder
samples were calculated to be 117, 173 and 156 m?/g, respec-
tively. The Pt particle sizes of the different powder samples

* We mention that the present experiments are largely characterized by irre-
versible processes and thus demodulation analysis with phase sensitive de-
tection 3330 of diffraction features cannot be made as such analysis requires
repeatable responses within the experiment.
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were studied by transmission electron microscopy (TEM). The
TEM samples were prepared by morting the catalysts in an
agate mortar and then placed on holey carbon film TEM grids.
The samples were imaged using an FEI Titan 80-300 micro-
scope with a probe Cs (spherical abberation) corrector op-
erated at 300 kV and using a high angle annular dark field
(HAADF) scanning TEM imaging mode providing Z number
contrast. The electron probe size used for these studies was
about 0.2 nm. Platinum particle size distributions were deter-
mined for each sample by measuring the projected areas of the
particles and calculating diameters assuming circular shapes,
so-called area diameters.

2.2 Equipment for catalytic studies and in sifu character-
isation

2.2.1 Continuous gas-flow reactor system. All experi-
ments with monolith samples were performed using a contin-
uous gas-flow reactor consisting of a horizontal quartz tube
(@ = 15 mm, length = 600 mm) surrounded by a metal coil
(Kanthal) for resistive heating of the gas flow and the sam-
ple (effective heating length = 450 mm). The coil was in-
sulated with quartz wool (SUPERWOOL 607 HT, Thermal
Ceramics) surrounded with an outer layer of aluminum foil.
In order to reduce axial temperature gradients, the sample was
placed in the isothermal zone of the reactor between two blank
cordierite monoliths functioning as heat radiation shields3®.
The monoliths were of the same size (& = 13 mm, length =
15 mm, 400 cpsi) and separated by smaller cordierite mono-
liths (three by three channels, length = 5 mm, 400 cpsi). The
inlet gas temperature was measured by one fixed thermocou-
ple (k-type, Pentronic), placed in the central channel of the
upstream cordierite monolith 12 mm from the catalyst front,
and controlled with a PID regulator (Eurotherm 3508). The
temperatures in the sample monolith and in the two down-
stream cordierite monoliths were measured by individual ther-
mocouples. The gas composition, i.e., CHy, Oz, SO, and Ar
flows, was composed using individual mass flow controllers
(Bronkhorst LOW-AP-FLOW) for theses gases and finally in-
troduced to the reactor via three air actuated four-way pulse
valves (Valco, VICI), which allows for rapid changes of the
feed composition. The outlet gas composition was analyzed
by mass spectrometry (Airsense Compact, V&F). The ion-
molecule reaction (IMR) method was used to follow the mass
to charge ratio (m/z) 64 (SO;) using xenon for ionization,
whereas m/z 2 (H), 15 (CHy), 18 (H20), 28 (CO), 32 (O, and
S), 33 (HS), 44 (CO,) and 48 (SO) were measured through the
electron impact (EI) method. The m/z 80 (SO3) could not be
detected satisfactorily with the present reactor set-up.

2.2.2 Combined ir situ Fourier transform infrared
spectroscopy and mass spectrometry system. The in situ
Fourier transformed infrared (FTIR) spectroscopy measure-

ments were performed with powder samples in diffuse re-
flectance mode (DRIFT) using a Bio-Rad FTS6000 spectrom-
eter equipped with a high-temperature reaction cell (Harrick
Scientific, Praying Mantis) with KBr windows and an MCT
detector. The temperature of the sample holder was mea-
sured with a thermocouple (k-type) and controlled with a
PID regulator (Eurotherm 2416). Individual mass flow con-
trollers (Bronkhorst LOW-AP-FLOW) were used to introduce
the gases. Moreover, to facilitate precise transients, the SO,
feed was introduced via an air actuated high-speed gas valve
(Valco, VICI). The outlet gas composition was analyzed by
mass spectrometry (Balzers QuadStar 420) following the m/z
2 (Hy), 15 (CHa4), 18 (H20), 28 (CO), 32 (O; and S), 33 (HS),
34 (H2S), 40 (Ar), 44 (CO»), 48 (SO), 64 (SO2) 80 (S03), 81
(SO3), 82 (SO3) and 83 (SO3).

2.2.3 Synchronous in situ high-energy x-ray diffrac-
tion, in situ Fourier transformed infrared spectroscopy
and mass spectrometry system. The synchronous, time-
resolved, high-energy x-ray diffraction (HE-XRD), DRIFTS
and MS measurements were performed in situ at beam-
line ID15B at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, France. For the simultaneous HE-
XRD/DRIFTS/MS measurements a modified TA Spectratech
reaction cell was used. The dimensions of the sample cup were
3 mm in diameter and 2.5 mm deep. The gas delivery system
and sample environment, which have been described in de-
tail elsewhere3*0, are designed for precise transient studies
through the combination of air actuated high-speed gas valves
(Valco, VICI) and a small reactor volume facilitating rapid gas
composition changes over the catalyst sample. For the HE-
XRD measurements, an energy of 86.8 keV, corresponding to
a wavelength of 0.143 A, and an energy resolution (AE/E) of
about 1.4 x 103 were used. The HE-XRD patterns were col-
lected at a frequency of 2 Hz with an exposure time of 400 ms
(100 ms detector readout time) using a digital flat-panel x-ray
detector (Pixium 4700). The DRIFT spectra were recorded us-
ing a Bruker IFS infrared spectrometer equipped with a high
sensitivity narrow band MCT detector. The product stream
was analyzed by mass spectrometry (Pfeiffer, Prisma) follow-
ing the m/z signals 2 (H»), 4 (He), 15 (CHy), 28 (CO), 32 (O,),
44 (CO) and 64 (SO,).

2.3 Experimental procedures

2.3.1 Catalytic studies in continuous gas-flow reactor.
In order to achieve a common starting point for the experi-
ments, the samples were pretreated with 8 vol.-% O, and 500
vol.-ppm CHy4 (in the following vol.-% and vol.-ppm are de-
noted % and ppm, respectively) at 500°C for one hour using
a total flow of 500 ml/min corresponding to a space velocity
(GHSV) of 15000 h~!. This GHSV was kept constant and
Ar was used as carrier gas in all flow-reactor experiments de-
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scribed in more detail below. The temperature programmed
reaction (TPReaction) experiments, starting with pretreated
samples, were performed by decreasing the temperature by
5°C/min from 500 to 100°C, dwelling for 20 min and then in-
creasing the temperature to 500°C and dwelling for another
20 min using the same gas composition. This cooling-heating
cycle was repeated three times (cycle 1-3) followed by another
three cycles (cycle 4-6) where 20 ppm SO, was added to the
feed and, finally, by three cycles (cycle 7-9) without SO, (cf.
schematic in Fig. 2). The transient SO, exposure experiments
were performed using pretreated samples by introducing 500
ppm CHy4 and 1500 ppm O, at the temperature to be studied,
i.e. 400 and 500°C, for 60 min. Subsequently, the SO, expo-
sure experiment was started by instantly introducing 100 ppm
SO; for a duration of 5 min to the feed and the response was
followed until 25 min after the sulfur exposure period. In to-
tal, this sequence was repeated 24 times, which corresponds
to 2 h of SO, exposure.

0
0 5 10 15 20 25
Pt particle diameter [nm]

o
0 5 10 15 20 25
Pt particle diameter [nm]

0 5 10 15 20 25
Pt particle diameter [nm]

Fig. 1 STEM micrographs for the as prepared a) 4% Pt/silica, b) 4%
Pt/alumina and c¢) 4% Pt/ceria samples. The inserts show the Pt
particle size distribution.

23.2 In situ DRIFTS/MS experiments. For each
DRIFTS experiment, a new powder sample from the same
preparation batch was used. The silica and alumina containing
samples were diluted by natural diamond (Alfa Aesar GmbH
& Co KG) using a catalyst:dilutant wt.-ratio of 1:4. The sam-
ple was pretreated with 8% O, and 500 ppm CH4 at 500°C for
one hour using a total flow of 100 ml/min. The wavenumber
region 4000 - 1000 cm™! was investigated with a spectral res-
olution of 1 cm~!. The transient SO, exposure experiments
were performed with pretreated samples by introducing 500
ppm CH4 and 1500 ppm O, in Ar at 500°C after which the
desired reaction temperature, i.e., 400 and 500°C, was estab-
lished for 30 min. Subsequently, the experiment was started
by introducing pulses of SO, (40 ppm for 5 min) into the feed
and the response was followed for 20 min thereafter. This se-
quence was repeated four times after which the sample was
exposed to SO for 60 min, in total corresponding to 80 min
with SO, exposure. The reference spectrum used for back-
ground subtraction was recorded in the reaction mixture 10
min before the first SO, pulse. Sample spectra were then col-
lected each second for the first SO, pulse and every 30 s for
the remaining pulses.

2.3.3 In situ HE-XRD/DRIFTS/MS experiments. For
each experiment, a new powder sample from the same prepa-
ration batch was used. About 40 mg of the catalyst sample
was loaded into the sample cup. The sample was pretreated
with 1.5% O, and 1000 ppm CHy4 at 350°C for 10 min using
a total flow of 100 ml/min. The experiment was then started
by introducing ten 0.05%SO, pulses with a duration of 75 s
separated by a 75 s period with only CH4/O,/He. The HE-
XRD/DRIFTS measurements were triggered by the first SO,
pulse.

3 Results

3.1 Analysis of STEM images

Fig. la-c shows representative STEM images of the as pre-
pared Pt/silica, Pt/alumina and Pt/ceria samples, respectively.
The insert in each panel shows the Pt particle size distribution
(PSD) of the sample. The Pt/silica sample (Fig. 1a) shows a
wide modal Pt PSD in the range 0.5-20 nm. Platinum particles
from one to ten nm in diameter are clearly visible in the micro-
graph. About 40% of the platinum particles are smaller than
three nm. The Pt PSD for the Pt/alumina sample (Fig. 1b) is
narrow with 99% of the particles below three nm. Also a few
larger particles, up to 20 nm, are present although not visible
in the present image. Finally, in the Pt/ceria sample (Fig. 1c)
the platinum particles are considerably more difficult to dis-
cern due to the low contrast between the platinum and ceria.
However, the Pt PSD is narrow also in this case and the ma-
jority of the Pt particles are smaller than one to three nm in
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Fig. 2 Temperature programmed reaction of 500 ppm CHy4 over 4% Pt/silica, 4% Pt/alumina and 4% Pt/ceria during cooling (dashed lines)
and heating (solid lines). The ramp rate for both cooling and heating is 5°C/min and the GHSV is 15000 h~!. Panel a)-c) show the influence
of oxygen concentration, panel d)-f) show the oxidation of methane with 1500 ppm O, (cycle 3), with 20 ppm SO, present (cycle 6) and after
SO, exposure (cycle 9) and panel g)-i) the oxidation in the presence of 20 ppm SO, (cycle 4-6) The color code for the consecutive cycle
numbers is indicated according to the experiment schematic shown at the top.
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diameter. As for the Pt/alumina sample a few larger particles
(about 20 nm) can be discerned. We mention that due to the
low contrast between platinum and ceria a significantly lower
number of particles was counted, which of course influences
the statistics for this sample correspondingly. The analysis of
the STEM images can be used for estimating the average Pt
dispersion. Following the procedure proposed by Borodziniski
et al.*', and using the Pt PSDs reported here, an average Pt
dispersion was calculated to be around 10% for all samples.
It is important, however, to note that this value is largely bi-
ased by the very small number of large particles present in the
samples. This explains the apparent discrepancy between the
calculated dispersion and the micrographs, which in the case
of Pt/alumina and Pt/ceria clearly suggests dispersion values
around 90%.

3.2 Continuous gas-flow reactor experiments

3.2.1 Temperature programmed reaction experi-
ments. The results from the TPReaction experiments with
different oxygen concentrations (8% and 1500 ppm) for the
Pt/silica, Pt/alumina and Pt/ceria catalysts are shown in Fig.
2a-c, respectively. The Fig. displays the consumption of
methane and in the case of 1500 ppm O; also the consumption
of oxygen versus temperature. For both the Pt/silica and
Pt/alumina samples, the methane consumption is negligible
below 350°C. Above this temperature the observed methane
consumption is generally higher for the experiments with low
oxygen concentration. For the Pt/ceria sample, the methane
consumption starts around 300°C. In contrast to the silica
and alumina samples, the methane consumption is higher
for the higher oxygen concentration for Pt/ceria. Neither
CO nor H; could be detected indicating that total oxidation
of methane is the dominating reaction under the present
experimental conditions. This is further supported by the
fact that the consumed amounts of oxygen correspond to
the stoichiometric amounts for total oxidation of methane
during the entire experiments. As will be shown, this is the
case for all experiments in this study. Moreover, a minor
reversed hysteresis, i.e., ignition profile positioned at lower
temperatures than the corresponding extinction profile, may
be seen for the Pt/ceria sample.

The results from the TPReaction experiments with SO, for
Pt/silica, Pt/alumina and Pt/ceria are shown, in Fig. ??d-i and
3. Fig. 2d-f displays the consumption of methane and oxygen
as a function of increasing inlet gas temperature for oxidation
of 500 ppm CHy with 1500 ppm O, for fresh samples (cycle
3), during the addition of 20 ppm SO, to the feed (cycle 6) and
after removal of SO, from the feed (cycle 9).

It can be seen that the consumption of methane over the
fresh Pt/silica sample starts around 350°C by an increase in
consumed amount of methane. As soon as SO, is introduced

into the feed an immediate decrease in methane consumption
is observed. However, the methane oxidation is completely
recovered after removal of SO, from the feed, (¢f. cycle 3 and
9). The fresh Pt/alumina sample shows negligible methane
consumption below 350°C and a slightly lower CH4 consump-
tion at 500°C as compared to the corresponding experiment
for the fresh Pt/silica sample. However, feeding SO, at 500°C
results in an increase of the methane consumption (this will be
discussed in more detail below) and during both cooling and
heating the consumed amounts of methane show a local max-
imum around 350°C and higher consumption of methane at
500°C. After removal of SO, from the feed, the methane oxi-
dation declines somewhat, although the consumed amount of
methane are still higher than for the fresh sample, and no lo-
cal consumption maximum is observed. For the fresh Pt/ceria
sample the methane oxidation is negligible below 300°C. In-
troducing SO; to the feed results in an increase of the methane
consumption at low temperatures, however, at high tempera-
tures the consumption of methane is considerably lower than
for the fresh sample. After removal of SO, from the feed, the
methane oxidation declines even further showing only a minor
consumption at 500°C.

To facilitate the analysis of the promoting effect of sulfur on
the methane oxidation, the methane consumption as a function
of temperature for successive cooling-heating cycles for oxi-
dation of 500 ppm CHy4 with 1500 ppm O, in the presence of
20 ppm SO, (cycle 4-6) is displayed in Fig. 2g-i. The outlet
SO; concentration for these cycles is shown in Fig. 3. For
the Pt/silica sample both the methane consumption and the
outlet SO, concentration during the three cooling-heating cy-
cles overlap and the methane consumption is shifted towards
higher temperatures as compared to the previous cycle with-
out SO,. As shown in Fig. 3a, the sulfur dioxide is always
present in the product stream below 350°C and for temper-
atures above 400°C the thermodynamic equilibrium for SO,
oxidation is approached.

Contrarily, for the Pt/alumina sample, a progressive in-
crease of the methane consumption with time on stream is seen
both for the cooling and heating ramp experiments. The maxi-
mum methane consumption is observed after the sixth heating
ramp. Furthermore, it can be noted that the local consumption
maximum between 315 and 390°C also increases as a func-
tion of time on stream appearing most pronounced for cycle 6.
Only negligible amounts of SO, can be detected below 250°C
during the first cooling ramp in presence of sulfur (cycle 4
in Fig. 3b). During the subsequent heating ramp remarkable
amounts of SO, are detected below 350°C showing a maxi-
mum around 160°C. A low SO, signal can be seen also above
450°C. Large amounts of SO, below 300°C are detected also
during cycles 5 and 6 and this SO, concentration increases
with decreasing temperature. The behavior is more complex
at the higher temperatures. Depending on whether the tem-
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Fig. 3 Outlet SO, concentration during temperature programmed
reaction of 500 ppm CHy4 with 1500 ppm O, in the presence of 20
ppm SO, over a) 4% Pt/silica, b) 4% Pt/alumina and c¢) 4% Pt/ceria
during cooling (dashed lines) and heating (solid lines). The ramp
rate for both cooling and heating is 5°C/min and the GHSV is 15000
h~'. The color code for the consecutive cycle numbers is indicated.

perature is decreased or increased, a pronounced peak of SO,
above 400°C is observed. Here the heating ramps result in
a maximum at around 495°C whereas only minor amounts of
SO; can be detected during the cooling ramps. For the Pt/ceria
sample the introduction of SO, to the feed gas at 500°C re-
sults in an instant increase in methane consumption. The pro-
file of the methane consumption during the following cool-
ing ramp (cycle 4) is similar as to cycle 3 (Fig. 2i), although
somewhat shifted towards lower temperatures. A consider-
ably stronger shift of the methane consumption towards lower
temperatures is seen for the following heating ramp (cycle 4).
For the remaining cycles in presence of SO, (cycles 5 and 6),
the methane consumption decreases, primarily during the sta-
tionary temperature periods at 500°C. In contrast to the first
three cycles (not shown), a clear extinction-ignition hysteresis
is observed between 250 and 500°C, with higher methane con-
sumption at all temperatures for the heating ramps. Finally, for
cycles 7-9 after sulfur exposure the consumption of methane
is generally low and negligible below 400°C (not shown). In
the case of the Pt/ceria sample, SO, is not detected during the
first cooling ramp in presence of sulfur (Fig. 3c). However,
for the following heating ramp SO, is observed below 250°C
with a maximum around 195°C. Moving to cycle 5, some SO,

can be seen below 300°C for the cooling ramp and for the
heating ramp a net release of SO, between 100 and 200°C
with a maximum around 120°C can be observed. Negligible
amounts of SO, are seen above 400°C. The SO, profiles dur-
ing cycle 6 show the same trends although in general higher
concentrations are observed.

3.2.2 Transient SO, experiments. The results of the
isothermal transient SO, exposure experiments over Pt/silica,
Pt/alumina and Pt/ceria performed at 400 and 500°C are
shown in 4. The two top panels show the consumption of
methane and oxygen as a function of time while the two bot-
tom panels show the outlet SO, concentration at 500 and
400°C, respectively. From Fig. 4a it is clear that the methane
consumption over Pt/silica at 500°C decreases abruptly when
SO; is introduced and then gradually recovers to the initial
conversion level during the following sulfur-free period. The
concentration of SO, at the reactor outlet is around 23 ppm for
each pulse. At 400°C, the effects of SO, on the methane con-
sumption can hardly be discerned due to the low methane con-
version. The increased consumption of oxygen in the presence
of SO, indicates oxidation of SO, into SO3. For Pt/alumina
(cf. Fig. 4b) the methane consumption increases in the pres-
ence of SO, for both temperatures investigated and this effect
seems to become more pronounced as a function of time on
stream. The methane consumption decreases gradually be-
tween the SO, pulses although not to an as low level as at
the start of the experiment. This is especially clear at 500°C,
leading to an overall increase of the methane consumption dur-
ing the time of the experiment. At 400°C the concentration of
SO, at the reactor outlet is minor during the entire experiment,
whereas at S00°C, SO; is clearly detected between t =4-12 h.
The detected SO, is below the feed concentration throughout
the experiment. Finally, for Pt/ceria at both temperatures stud-
ied, the methane consumption increases in presence of SO,
although this effect becomes less pronounced over the time of
the experiment (cf. Fig. 4c). At 500°C, the methane consump-
tion decreases rapidly during the sulfur-free periods leading to
an overall deactivation of the catalyst. In contrast, at 400°C,
the increase in CHy consumption during SO, pulses is even
more pronounced throughout the entire experiment and the de-
cline in overall activity is slower. Furthermore, after the first
three pulses, some of the increased methane oxidation remains
leading to an overall increase in methane consumption for the
first part of the experiment. In both cases SO, cannot be de-
tected at the reactor outlet.

3.3 Insitu DRIFT spectroscopy measurements

3.3.1 Transient SO, exposure experiments. The
DRIFTS results during the isothermal transient SO, exposure
experiments over Pt/silica, Pt/alumina and Pt/ceria at 400 and
500°C are shown in Fig. 5a-c and Fig. 6a-c, respectively. Fig.
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5 shows the IR spectra in the interval 1000 to 4000 cm™! col-
lected for the fresh sample (t=1 min), after the first (t=11 min),
fourth (t=101 min) and fifth (t=166 min) SO, exposure while
Fig. 6 displays the evolution of certain IR bands (integrated
peak area) as a function of time, which is described in more
detail below. The shaded regions in Fig. 6 represent periods
with sulfur present in the feed. Despite the sample dilution
with natural diamond nearly complete IR absorption by sil-
ica in the region 1000-1200 cm~! is observed and thus this
region is omitted in the forthcoming discussion on Pt/silica.
The top panel in Fig. 5a shows the IR spectra collected during
the transient SO, exposure experiment with Pt/silica at 400°C.
After the first SO, pulse at t = 11 min, an absorption band at
1425 cm™~! appears, which is accompanied by two negative
absorption bands at 3850 and 3720 cm™!. The first band is
characteristic for sulfate species on silica*? and the two lat-
ter bands origin from isolated hydroxyl groups on silica*>#**,
Moreover, a small positive peak corresponding to the defor-
mation vibration of condensed water is observed at around
1600 cm™! together with two series of negative sharp rota-
tional bands between 3950-3550 cm~! and 1800-1400 cm™—!,
which are characteristic for gaseous water®>. Only a slight
increase of the absorption band related to sulfates on silica is
observed after the fourth (t = 101 min) and fifth pulses (t = 166
min). After significant SO, exposure, a new broad absorp-
tion band related to perturbed hydroxyl groups on silica*>**
appears around 3320 cm~! and the bands at 3850 and 3720
cm~! become even more negative. The corresponding experi-
ment at 500°C shows similar results, however, after significant
SO; exposure (t =101 and 166 min) a new absorption band ap-
pears at 1285 cm~!. As this is close to the reported position
for the bending mode of SiS in silicon oxysulfide (0SiS)*°, it
is possible that bulk-like sulfur containing species are formed
at 500°C. However, the corresponding experiments with natu-
ral diamond alone show overlapping IR absorption bands and
thus the band at 1285 cm™! is more likely related to the dilu-
tant rather than the bulk-sulfates on silica. Moreover, a posi-
tive band appears at 3740 cm ™', which is assigned to isolated
hydroxyl groups on silica. For this period the intensity of the
hydroxyl bands (3850-3600 cm™!) is nearly constant. The
bottom panel in Fig. 6a also shows that the integrated peak
area for sulfates on silica (1480-1200 cm™!) increases during
SO, exposure.

Moving to the results for the Pt/alumina sample at 400°C,
absorption bands for gaseous water (3950-3550 cm™! and
1800-1400 cm™ ') are observed after 1 min in the reaction
mixture (Fig. 5b, top panel). A tiny positive absorption band
at 1585 cm™!, corresponding to the deformation vibration of
condensed water?"*79_is also be seen. The appearance of
IR absorption bands at 1372 and 1065 cm™! after the first
SO, pulse at t = 11 min indicates the formation of both sulfate
(SO4%7) and sulfite (SO327) species, respectively, on the alu-
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Fig. 5 IR spectra collected on the fresh sample (t = 1 min) and
during transient SO, exposure experiments (40 ppm SO») after the
first (t = 11 min), fourth (t = 101 min) and fifth (t = 166 min)
exposure on a) 4% Pt/silica, b) 4% Pt/alumina and c) 4% Pt/ceria at
400 and 500°C. Continuous feed of 0.05% CHy and 0.15% O,.

mina surface2!:23-27-3147.50.31 "Two negative absorption bands
around 3750 and 3650 cm~! appear concomitantly. These
bands are associated with isolated hydroxyl groups on alu-
mina2®#347_ In the spectra collected after the fourth (t = 101
min) and the fifth pulses (t = 166 min), an increase in the in-
tensity of the absorption bands associated to superficial sul-
fates/sulfites can be observed, accompanied by a shift from
1372 to 1381 cm™! and from 1065 to 1052 cm™!, respectively.
The observed shift may be explained either by the combined
effect of two overlapping bands that change in relative inten-
sity or by a pure frequency shift of a single band induced by
the change in the strength of molecular interactions’2. Fur-
thermore, a shoulder appears at 1205 cm™!, associated with
the formation of bulk-like sulfate species !3-26:31,5051  More-
over, the intensity of the IR bands associated to isolated hy-
droxyl groups becomes more negative with sulfur exposure.
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Considering the results from the transient SO, exposure ex-
periment at 500°C (Fig. 5b, bottom panel), it can be noticed
that the spectrum collected after 1 min has not changed with
respect to the reference spectrum. As in the previous case at
400°C, the appearance of two absorption bands at 1372 and
1065 cm™ ! after the first SO, pulse (t = 11 min) indicates the
formation of surface sulfates and sulfites. After longer ex-
posure to SO, (t = 101-166 min) three negative absorption
bands appear around 3760, 3715 and 3658 cm ™! related to sur-
face hydroxyl groups together with an absorption band around
1205 cm™!, associated to bulk sulfates in the alumina sam-
ple. A contemporary increase of the intensity of the absorption
bands associated to superficial sulfates and sulfites can be ob-
served, accompanied by a shift from 1372 to 1383 cm~! and
from 1065 to 1058 cm™!, respectively. The results presented
in Fig. 6b show that in both experiments the integrated peak
area for the IR bands assigned to sulfates/sulfites (1450-1000
cm™!) increases in the presence of SO, and remains high dur-
ing the sulfur-free periods, whereas the integrated peak area
for the IR bands assigned to isolated hydroxyl groups on alu-
mina (3800-3600 cm™!) decreases during SO, exposure and
remains low after sulfur exposure.

The DRIFTS results for the transient SO, exposure experi-
ments over Pt/ceria are shown in Fig. 5c. The top panel shows
the spectra collected at 400°C. After the first SO, pulse (t =
11 min) two strong absorption bands at 1360 and 1104 cm™!,
a weak absorption band at 1195 cm~! and a weak negative
band at 1520 cm~! can be distinguished. The band at 1360
cm~! has often been assigned to surface sulfates 20-31:53-55
whereas the bands at 1195 and 1104 cm™! likely are related
to bulk-like sulfate species?%3!>34 Finally, the negative IR
absorption bands around 1520 cm~! can be assigned to su-
perficial carbonate and/or carboxylate species?%3-%0 and in-
dicate decomposition/desorption of such species. Consider-
ing the spectra collected after the fourth (t = 101 min) SO,
pulse, eight new absorption bands can be distinguished at
3725, 3625, 3320, 2137, 1615, 1540, 1318 and 1233 cm ™!,
whereas the band at 1360 and 1195 cm™! shifts to 1370 and
1175 cm™!', respectively. The bands at 1318 and 1233 cm™!
could be assigned to physisorbed SO,>3 and bulk-like sul-
fates species %3123 respectively. The negative IR absorption
bands at 1540 cm~! can be assigned to superficial carbonate
and/or carboxylate species??2%%0 The small positive band
at 1615 cm~! is more difficult to assign. Possibly, this band
is related either to bulk carbonate, containing three cerium-
oxygen bonds”’, or to adsorbed water. We mention that ab-
sorption at similar wavenumbers have been observed for water
adsorbed on alumina?’#7%_ The positive peak at 2137 cm™!
is likely connected to an electronic transition in Ce(IIT) %7,
The negative bands at 3725 and 3625 cm™! can be related to
isolated hydroxyl groups and the positive bands around 3220
and 3300 cm ™! can be assigned to perturbed hydroxyl groups
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Fig. 6 Integrated peak area for sulfate/sulfite (black) and hydroxyl
(red) surface species during transient SO, exposure experiments on
a) 4% Pt/silica, b) 4% Pt/alumina and c¢) 4%Pt/ceria performed at
400 and 500°C. For Pt/ceria the integrated peak area for the
electronic transition of Ce(IIl) (green) and carbonate species (blue)
are also reported. The shaded areas represent the periods with SO,
present in the feed.

on ceria®”%0! respectively. After the fifth SO, pulse (t =
166 min) the intensity of the absorption band at 1370 cm™!
(surface sulfates) remains constant, whereas the peaks associ-
ated to physisorbed SO, (1318 cm™!) and bulk-like sulfates
(1233, 1175 and 1104 cm™!) increase and a new peak appears
at 1285 cm™! that we tentatively assign to a different bulk-
like sulfate species. It is evident from Fig. 6c (top panel)
that, as a function of time on stream with sulfur exposure, the
integrated area related to sulfur derived species (1420-1000
cm~!) increases, together with the band connected to Ce(TIT)
(2200-2060 cm™ ). At the same time, the concentration of
surface carbonate/carboxylate species (1600-1430 cm™!) de-
creases and the negative bands associated to hydroxyl species
(3850-3560 cm™!) become more negative in presence of SO».
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Fig. 7 Time-resolved HE-XRD patterns obtained in situ during
oxidation of 1000 ppm methane with 1.5% O, at 350°C over
Pt/alumina and Pt/ceria while transiently exposing the samples to
0.05%S0, for a duration of 75 s separated with an equally long
period without SO;. Panel a) and ¢) show color maps for the
difference data, i.e., subtraction of the average of the initial ten
diffractograms, for the 4% Pt/alumina and 4% Pt/ceria samples,
respectively. Panel b) and d) display the reference diffraction
patterns for Pt and CeO,.

The IR spectra collected at 500°C during the transient SO,
exposure experiment for the Pt/ceria sample (Fig. 5, bottom
panel) generally shows similar absorption bands as already
observed at 400°C. However, the absorption in the region as-
sociated with carbonate/carboxylate differs, with no bands at
500°C. Moreover, some of the absorption bands detected in
the sulfate/sulfite region at 400°C are not present at 500°C,
i.e. peaks at 1318, 1285 and 1233 cm~!. Furthermore, there
are important differences in the relative intensity of the peaks
associated to sulfate species and Ce(III). The bands connected
to bulk sulfates (1175 and 1104 cm™~') are much more pro-
nounced and the peak around 2137 cm™! is less intense at
500°C. Again the integrated area for the sulfur derived species
(1420-1000 cm ™) increases in presence of SO, and remains
constant during the following sulfur-free periods.

3.4 In situ HE-XRD measurements

The results from the isothermal transient SO, exposure ex-
periments over the Pt/alumina and Pt/ceria samples at 350°C
studied in situ by HE-XRD are shown in Fig. 7. The panels

a) and c) present the difference data, i.e. subtraction of the
average of the ten initial diffractograms, as color maps with ¢
(1/A) and time on the vertical and horizontal axis, respectively.
The intensity is color coded where blue and red represents de-
creased and increased intensity relative the initial condition,
respectively. A change from blue to red at a certain constant g
value thus corresponds to an increasing intensity of a certain
diffraction line whereas if the change also is accompanied by a
change in g, a shift of the diffraction line in the blue-to-red di-
rection occurs. Panel b) and d) show reference diffractograms
for Pt and ceria, respectively.

Starting with the Pt/alumina sample, the structural changes
that can be observed are mainly related to changes of the Pt
particles. However, the changes are minor and only a slight in-
crease in the intensity for Pt(111) may be discerned as a func-
tion of SO, exposure. It is not straightforward to determine
the significance of this change. However, it is clear that no
major structural changes occur during SO, promoted methane
oxidation. Moving to the Pt/ceria system, the majority of the
observed diffraction lines originate from ceria. In a more de-
tailed analysis of the diffractograms a weak line from Pt(111)
can be discerned, however, this is considerably weaker than,
e.g., the (111), (200), (220) and (311) diffraction lines for ce-
ria. In contrast to Pt/alumina, the main changes in the Pt/ceria
sample occurs in the support phase (c¢f. panel c¢)). The (111),
(200), (220) and (311) diffraction lines shift towards lower
q values (blue-to-red direction), which reflects an expansion
of the lattice parameter during the SO, exposure experiment.
The changes in g correspond to a relative expansion of the lat-
tice parameters of about 2-3%.

4 Discussion

In the presented work we have studied sulfur promoted
methane oxidation over different model catalysts. Before dis-
cussing the kinetics results we make a few comment on the
physical characterisation of the catalysts. The STEM analysis
clearly show that for all three samples the majority of the Pt
particles are below three nm in diameter (c¢f. Fig. 1). Thus the
vast majority of the Pt particles are sufficiently small to be sus-
ceptible towards electronic modifications by the support >4,
strong metal-support interactions (SMSI), and edge effects
by atoms in contact with the support facilitating spillover of
species between the metal particles and the support. The
present model catalysts can therefore, in this respect, be con-
sidered representative of real industrial catalysts where all the
mentioned processes are important for the catalytic properties.

The present results from TPReaction experiments with dif-
ferent oxygen concentrations (Fig. 2a-c) agree well with pre-
vious studies showing that the activity for methane oxida-
tion over Pt/Al,O3 strongly depends on the feed gas com-
position >3 In addition, the TPReaction experiments show
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that the influence of the oxygen concentration on the oxida-
tion of methane in excess oxygen is different for silica, alu-
mina and ceria supported platinum. At the high oxygen con-
centration, the methane oxidation is suppressed for Pt/silica
and Pt/alumina whereas for Pt/ceria the activity increases. In
all experiments, the dominating process is total oxidation of
methane. This is evidenced by the fact that neither forma-
tion of CO nor H; could be observed in any experiment. Fur-
ther, analysis of the oxygen balance shows that the consumed
amount of oxygen well matches the expected consumption for
stoichiometric total oxidation of methane. Thus the results for
Pt/ceria are hardly biased by incomplete oxidation of ceria at
the start of the experiment, which principally could be the case
and lead to experimental artifacts as a significant amount of
the supplied oxygen then would be stored in the ceria support
rather than used for oxidation of methane. Based on this we
can reason as follows. Accepting that the main reaction path
for methane oxidation on Pt is dominated by the Langmuir-
Hinshelwood (LH) type of mechanism involving reaction be-
tween dissociated methane and oxygen species '>~1>. The in-
hibiting effect of oxygen observed over both Pt/silica and
Pt/alumina can then be explained by a site competition be-
tween oxygen and methane !> favoring the adsorption of oxy-
gen due to the considerably higher sticking probability of oxy-
gen on platinum as compared to methane®-%. The stronger
oxygen poisoning for Pt/silica may result from that oxygen
cannot spill over to silica, not even oxygen adsorbed on sites
located at the Pt-silica boundary as the Pt particles interact
weakly with silica, effectively leading to a higher oxygen
coverage/oxide formation on Pt. Contrarily, for Pt/alumina,
the stronger interactions between the Pt particles and alumina
may introduce more active sites at the Pt-alumina boundary
such that these sites are less susceptible towards oxygen self-
poisoning/oxide formation.

Contrasting the results for the Pt/ceria sample with those
for Pt/silica and Pt/alumina, the Pt/ceria system exhibits sig-
nificantly stronger metal support interactions %’ that may mod-
ify platinum sites. Especially, sites close to the noble metal-
support interface that are more active for methane dissocia-
tion or activation of reactive oxygen atoms. The latter is for
example supported by the results by Tang ef al.®®, who ob-
served that doping the CeO; surface with Pt weakened the
bond strength to neighboring oxygen in the oxide, resulting in
oxygen species more reactive for methane oxidation. Besides,
the importance of active sites on the ceria surface should also
be considered?’. Thus we propose that dissociated oxygen
species on platinum can either react with dissociated methane
species on Pt or diffuse towards ceria and react on sites at the
noble metal-support interface®, or spill over and possibly re-
act with dissociated methane on ceria®’. The latter may occur
via either a LH mechanism involving activated oxygen species
or via a Mars van Krevelen type of mechanism involving lat-

tice oxygen. Accepting the latter, the observed increased ac-
tivity for methane oxidation with increased oxygen concentra-
tion could be explained by an enhancement of both oxygen
surface transport and ceria (re)oxidation with increasing oxy-
gen concentration.

The choice of support material for Pt clearly plays an im-
portant role in the promotion of the low-temperature oxidation
of methane. The remaining discussion will focus on the effect
of sulfur on the oxidation of methane over the three different
Pt-support systems. Due to the low activity for methane oxi-
dation at high oxygen concentration (8%) for the Pt/silica and
Pt/alumina samples, the lower concentration of 1500 ppm O,
was used for the sulfur experiments to ensure a proper analysis
of the promoting and inhibiting effects of sulfur for all sam-
ples. As in this connection methane oxidation is considerably
less studied compared to for example oxidation of propane, we
will make appropriate analogies with sulfur promoted propane
oxidation in the following discussion.

It is well known that silica has low affinity towards acidic
compounds like SO, and NO7071 je. neither sulfite/sulfate
nor nitrite/nitrate species are formed to significant extents on
the Pt/silica system?>2>72. This is demonstrated in the tran-
sient SO, exposure experiment (Fig. 4) for which the transient
supply of SO; results in rapid breakthrough of SO,, reflect-
ing low sulfur storage on the sample. Further evidences can
be found in the DRIFTS experiments (cf. Fig. 6a), which
show that saturation of sulfates/sulfites is readily reached dur-
ing SO, exposure at 400°C (some interactions, which will be
treated towards the end of the discussion, can however be dis-
cerned). For this reason, the observed conversion of methane
over the Pt/silica sample reaches the same level before and
after SO, exposure (Fig. 2g-i), which is in line with previ-
ous studies on propane oxidation?>%32>73, However, in con-
trast to propane oxidation, a clear inhibition of the methane
oxidation can be observed in presence of SO,. This is espe-
cially clear in the transient SO, exposure experiments (Fig.
4) where the activity significantly drops during each period
with SO, and recovers thereafter. The detected outlet level
of SO, is however significantly lower than the feed concen-
tration, which is due to oxidation of SO, into SO3 as demon-
strated by the oxygen balance. The oxidation of SO; is further
supported by the TPReaction experiment (Fig. 3) showing an
onset of the oxidation of SO, around 200°C, which becomes
significant around 300°C. At the highest temperatures, the de-
tected amount of SO, corresponds to the SO,/SO3 equilib-
rium concentration. Furthermore, a detailed analysis of the
consumed amount of oxygen shows that slightly more oxygen
than would have been used for stoichiometric total oxidation
of methane is consumed, which is indicative of SO, oxidation
by dissociated oxygen on platinum. Considering these obser-
vations, the drop in methane conversion during SO, exposure
is due to competition between SO, and CHy4 adsorption favor-
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ing SO, adsorption due to the higher sticking probability of
SO, on platinum as compared to CH4 %74, The different re-
sponse to SO, for methane and propane oxidation over silica
supported Pt can be explained by the more even competition
between SO, and propane than for SO, and methane. In the
case of propane this leads to lower inhibiting effect of SO, on
propane oxidation. Besides, Burch et al.?* proposed as part
of the explanation for SO, promoted propane oxidation that
SO, oxidation on platinum results in (partial) removal of oxy-
gen from the platinum surface, which leads to an increase in
the activity for propane oxidation. However, no promotion by
sulfur on propane oxidation on Pt/silica was observed. Our
results show that methane oxidation over Pt/silica is inhibited
in the presence of SO,, despite the occurrence of SO, oxida-
tion. It is thus unlikely that removal of chemisorbed oxygen
and/or oxide on Pt through SO, oxidation enhances the oxi-
dation of hydrocarbons. At least, it seems insufficient at the
present experimental conditions.

Unlike for Pt/silica, a significant enhancement of methane
oxidation over the Pt/alumina sample in presence of SO, can
be observed both as a low-temperature maximum and a gen-
eral increase of the methane conversion during the TPReac-
tion experiments (Fig. 2d-i), and as an initial and generally
increasing methane conversion during the transient SO, ex-
posure experiments. In the TPReaction experiment, the pro-
moting effect increases for each cycle with SO, (Fig. 2g-i)
and remains, at least partially, even after the sulfur exposure
periods (Fig. 2d-f). The present results are in line with the ob-
servations by Dupont et al. ' and Corro et al. '3, who observed
a promotional effect of SO, on the oxidation of methane over
Pt/alumina. Moreover it corresponds well with the analogous
sulfur promoted propane oxidation over Pt/Al,O3, which has
been studied more extensively 2>’ . In the case of propane ox-
idation different explanations have been proposed for the pro-
moting effect of SO,. Among them, the formation of new ac-
tive sites that more effectively can break the C-H bond via dis-
sociation seems most likely. Such active sites are proposed to
be composed by adjacent cationic (Pt3+) and anionic (SOZ‘)
moieties at the noble metal-support interface>3. From the de-
tected outlet concentration of SO, (Fig. 3) it is clear that much
SO, is stored during the first cycle and for the remaining cy-
cles with SO, the system is, at least partly, regenerated. The
observed minimum in outlet SO, concentration between 300
and 400°C is due to both formation of sulfates on alumina
and the equilibrated SO, oxidation described above. As for
Pt/silica, the detailed analysis of the amount of consumed oxy-
gen indicates significant SO, oxidation by gas phase oxygen
also for Pt/alumina. The formation of sulfates likely involves
formation also of interfacial sulfates (Al>(SO4)3) through a
platinum catalyzed reaction between the adsorbed SOz and
Al,O327. These interfacial sulfates can provide sites highly
active for methane dissociation. Thus the general trend of in-

creasing methane conversion as a function of time on stream
observed here may be a result of successive formation of these
interfacial sites and the observed methane conversion at low
temperature (the maximum) is a result of methane dissociation
via these sites. The reason for the maximum and not a succes-
sively increasing methane conversion can be due to decom-
position of interfacial sulfates and subsequent desorption of
SO, > (Fig. 3) and possibly also migration of ad-SO, species
from interfacial locations to the support resulting in a decrease
of the number of highly active sites. The latter is supported by
the DRIFTS results showing that the amount of sulfate species
(integrated area) is constant during sulfur-free periods. Fur-
thermore, the DRIFTS results provide new evidences for the
formation of superficial sulfates (Fig. 5b), which may be re-
sponsible for the improved catalytic activity. The HE-XRD
results show no evidences for formation of alumina bulk sul-
fates, at least not with an ordered structure, and thus sulfation
of alumina is likely to involve only the surface region of the
support. The transient SO, exposure experiment further sup-
ports that the sample needs to be sufficiently sulfated to show a
promoting effect on the methane oxidation. At the start of this
experiment a negligible promotional effect is observed while
all supplied sulfur is stored. After a few SO, exposure peri-
ods the promoting effect becomes more and more clear. This
is accompanied by an increasing SO, breakthrough for each
SO, period, which is due to that the supplied sulfur gradually
is stored to a lesser extent while SO, oxidation remains. The
latter is supported by the fact that the detected SO, concentra-
tion is lower than the supplied concentration.

In comparison with Pt/silica and Pt/alumina, the behavior of
the Pt/ceria sample is more complex as SO, exposure impose
both promoting and inhibiting effects on the methane oxida-
tion. The present results, which are based on considerably
lower oxygen concentration, agree well with the recent results
by Kylhammar et al. ?°. Generally a promoting effect has been
observed during the heating ramps in presence of SO, in the
TPReaction experiments and the periods with SO, present in
the transient SO, exposure experiments. However, the pro-
moting effect diminishes as a function of time on stream and
the methane oxidation becomes inhibited. As mentioned in the
Introduction the promoting effect has been discussed in terms
of both breakage of oxygen self-poisoning/decomposition of
platinum oxides (this is discussed more in next paragraph),
electronic modification of platinum sites and/or formation of
new highly active sites in the noble metal-support interface
upon sulfate formation. The present results strongly support
the latter, i.e., formation of Pt5+/SO£2f pairs acting as highly
active sites for methane dissociation as the main cause for the
promotional effect, analogous to Pt/alumina discussed above.
The hysteresis in the extinction-ignition cycles is most likely
due to that Pt facilitates formation of interfacial sulfates at
low temperature, for example it has been observed that Pt
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is of significant importance for sulfate formation on ceria at
250°C3%75 but not at 400°C >4, whereas at higher temperatures
sulfate formation occurs directly on the entire ceria surface.
Also sulfates formed at the noble metal-support interface may
migrate to occupy more stable sulfate configurations on/in the
ceria support at high temperature. The observed shifts of the
ceria lines towards lower g values in HE-XRD difference color
maps provide evidence for a ceria lattice expansion. This in
turn indicates a reduction of the ceria support’%-’8, which is
intimately connected with the formation of bulk-like sulfates
as observed with DRIFTS. Thus, we propose that at 500°C
sulfates form readily all over the ceria surface with some mi-
gration into the surface region, so that at the start of the ex-
tinction experiment minor amounts of interfacial sulfates are
present and thus the promoting effect is negligible. In the case
of possible active sites on the ceria surface as such, these sites
may be blocked by the presence of superficial sulfates. On the
contrary, at low temperature the main path towards ceria sul-
fation is via platinum and thus adsorbed sulfur oxides may ac-
cumulate preferentially at the Pt-ceria interface and then trans-
form into interfacial sulfates during the heating ramp. There-
fore, the enhancement in methane oxidation observed during
the ignition experiment is most likely caused by formation of
new active sites in the platinum-ceria interface.

The observed extinction-ignition hysteresis may result from
ceria reduction-oxidation processes during the experiments.
Sulfation of ceria in presence of SO, and O; is often coupled
with the reduction of cerium from Ce(IV) to Ce(III)7°. This is
considered more as a dynamic process, which is operative as
long as oxygen is consumed in the sulfate formation process,
and could thus explain the diminishing promotion over time.
The hysteresis may thus be related to ceria (re-)oxidation as
this process likely proceeds via different mechanisms at dif-
ferent temperatures. It is generally accepted that ceria can be
oxidized by oxygen from the gas phase at high temperatures,
whereas at low temperatures oxidation via oxygen spillover
from Pt is the main route®%°. Thus during ignition, the on-
set of oxygen spillover upon sulfate formation can in princi-
ple induce an increase of the number of available platinum
sites for methane dissociation by breakage of oxygen self-
poisoning and/or platinum oxides as discussed previously2’.
However, a detailed analysis of the measured oxygen concen-
tration indicates that all consumed oxygen is used for total ox-
idation of methane and not for oxidation of SO,. This implies
that a significant part of the sulfate formation involves lattice
oxygen present in the ceria structure rather than dissociated
gas phase oxygen. This is supported by the HE-XRD results,
i.e., the shifting of the ceria diffraction lines towards lower
q values, as discussed above. Thus breakage of oxygen self-
poisoning and/or platinum oxides is expected to play a minor
role in this case. Further, the gradient in sulfate concentration
between the surface and bulk of ceria may act as the driving

force for diffusion of sulfates into the bulk>?, associated with
a corresponding diffusion of oxygen from the bulk to the sur-
face of the ceria support resulting in oxidation of ceria sites>°.
Again, this is supported by the in situ DRIFTS and in siru HE-
XRD results. The occurrence of bulk diffusion phenomena
during the heating process, accompanied by partial ceria (re-
)oxidation, is therefore demonstrated, so explaining the lower
extent of ceria reduction at 500°C. Finally, the deactivation of
the catalyst after sulfur exposure can be explained by a pro-
gressive saturation of the ceria support by sulfates, eventually
blocking both active sites on ceria and oxygen mobility in the
Pt/ceria system.

5 Concluding remarks

The present study shows that by comparing results from plat-
inum catalysts with different support materials, the mecha-
nisms behind SO, promoted methane oxidation can be clar-
ified. The study also shows that the results for the different
systems should, in many respects, be treated separately as each
system also exhibits distinct unique properties that govern dif-
ferent surface processes, in the case of ceria even bulk pro-
cesses, influencing the methane oxidation. This is especially
evident in the presence of sulfur, as both promoting and/or in-
hibiting effects are observed for the different catalysts. More-
over, the spectroscopic data, show that SO,/SOj3 interact dif-
ferently with the isolated surface hydroxyl groups depending
on the type of support. Exposing Pt/silica and Pt/alumina to
SO, leads primarily to a removal of isolated hydroxyl groups
except for Pt/silica at 500°C where removal is accompanied
by a rearrangement/blockage of hydroxyl groups. Contrarily,
for Pt/ceria, blockage of isolated hydroxyl groups evidenced
by the formation of perturbed hydroxyl species is clearly seen
while removal cannot be excluded. Nevertheless, the interac-
tion between SO,/SO3 and surface hydroxyl groups is likely
a first step in the formation mechanism of ad-SO, species,
which is shown to promote the low-temperature oxidation
of methane by forming new active sites at the noble metal-
support interface. We consider this to be the main cause for
the promotional effects while reduction of oxygen poisoning
and/or oxide formation on the platinum particles through SO,
oxidation is playing a minor role.
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