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ARTICLE INFO ABSTRACT

Catalytic oxidation is a promising technology for controlling methane emissions from natural gas engines, but
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fast and severe deactivation prevents implementation. We investigated a commercial Pd on alumina oxidation
catalyst under realistic conditions and identified two deactivation phenomena: fast, reversible inhibition and
slow, irreversible loss of active sites. The loss of active sites occurs only during methane conversion, fortunately a
brief oxygen cut-off is enough to regenerate the catalyst. Both types of deactivation increase the reduction
temperature of PdO. From 36 kinetic experiments we propose a simple kinetic model encompassing both types of
deactivation. The inhibition is confirmed to be due to water coverage of the active sites whereas dispersion of Pd
on the surface is the cause of the irreversible loss of active sites. The new insight shows a pathway toward
designing more durable catalysts for complete methane oxidation.

1. Introduction

Although the combustion of liquid natural gas (LNG) emits less CO;
than other fossil fuels, an effective system for controlling the methane
slip from large natural gas engines is needed to decrease the total
environmental impact. Since the global warming potential of CHy4 is
around 81 times higher than CO, on a 20-year term (GWPyy = 81.1), the
most promising solution to control the emissions is to convert the CHy
into CO4 by complete catalytic oxidation. Unfortunately, fast and severe
deactivation of the oxidation catalysts at relevant conditions remains a
significant challenge that prevents commercial applications. It is well-
known that there are several contributions to the decrease in activity
of methane oxidation catalysts; water from the combustion process,
sintering of active nanoparticles and SOs-poisoning all contribute in
different ways. SO5 and water acting together are especially detrimental
[1]. Sintering can be diminished with the right choice of support and
SO, can be avoided to some extent using clean fuel streams, but the
water is a product in the combustion and a high content of water cannot
be avoided.

Despite recent advances in developing catalysts with strong metal
support interactions and hydrophobic supports [2-6], the water-induced

deactivation is still not fully understood. Pd is among the most active
metals for complete methane oxidation, and the prevailing hypothesis is
that the water forms hydroxyl groups on the surface of the active PdO [5,
7-13]. For example, Ciuparu et al. used in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) to show that more
hydroxyl groups formed on a Pd/Al,O3 catalyst under simulated wet
methane oxidation than under similar conditions without methane [11].
More recently, Li et al. showed the existence of a PAOH phase on the
surface of a palladium foil during simulated wet methane oxidation
using ambient pressure X-ray photoelectron spectroscopy (XPS) [7].
Formation of PdA(OH), after long term exposure to water has been sug-
gested, but it has also been pointed out that this should not be stable at
typical reaction temperatures and rather the formation of hydroxyls
should be limited to the surface [14].

Several research groups have shown that introducing short reducing
pulses (SRPs) is an effective way to restore the catalytic activity and
maintain a high conversion of methane over time [15-18]. In a typical
research setup, this is possible by shutting off the oxygen for a few
seconds and allow the methane to quickly reduce Pd%* to Pd®. After
exposure to oxidizing conditions, the regenerated catalyst becomes as
active as the fresh catalyst, sometimes even more active. Based on
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kinetic models and time-dependent X-ray absorption spectroscopy (XAS)
data, Ferri et al. [17] showed that repeated SRPs could keep the sup-
ported palladium in a highly active state and suggested that the high
catalytic activity relied on creating particles of amorphous PdOyx in
contact with metallic Pd that acted as a reservoir for defects. The authors
suggested that as the highly active and disordered PdOy converted
methane, it slowly crystallized into dense PdO, which has a lower cat-
alytic activity. The active surface sites were proposed to be less crys-
talline because the PdO is coordinately unsaturated or contains some
defects [19,20].

So far, there has been no consensus or positive identification of the
deactivated phase. Surface OH groups and a dense PdO phase would be
mutually exclusive descriptions of the irreversibly deactivated phase.
Here we present the investigation of an efficient Pd/Al,O3 oxidation
catalyst under realistic operation conditions using primarily the cata-
lytic test setup as the tool of investigation. The deactivation process is
investigated by kinetic experiments monitored by the conversion of
methane in a plug-flow reactor. We show for the first time that the two
types of deactivation phenomena [12] have significantly different de-
pendences on the partial pressures of water and that the irreversible
deactivation depends on the conversion of methane. The catalytic setup
was also optimized for measuring CH4-TPR and a methodology was
developed to run long experiments in series with excellent reproduc-
ibility. It was shown that both types of deactivation increase the
reduction temperature of the active Pd2*. In fact, the reduction tem-
perature in CH4-TPR was an excellent descriptor for the catalytic activity
for both phenomena. The results of the CH4-TPR investigation and
ex-situ Pd Lg X-ray absorption spectroscopy data showed that the
deactivation was connected to dispersion and capture of Pd on the
surface of the support under wet conditions.

2. Experimental
2.1. Material

Commercial dried and calcined PdO/Al;O3 catalyst (Umicore
Denmark Aps). The palladium content of the catalyst was determined to
be 2.4 wt% with inductively coupled plasma optical emission spec-
trometry (ICP-OES) on a Varian Agilent 725-ES spectrometer. The
sample was prepared for injection by acid digestion.

2.2. Catalytic testing

Complete methane oxidation reactions were conducted using a
quartz fixed-bed reactor with an inner diameter of 10 mm. The reactor
was positioned in a temperature-controlled furnace and fitted with a
thermocouple inside the reactor just after the bed. The catalyst was
ground, pressed, and crushed into particles ranging from 150 to 300 um.
The bed was diluted with 2 g SiO5 sand (150-300 pm) for experiments
with 200 mg catalyst, and with 1 g for experiments with 20 and 5 mg
catalyst. The bed was positioned on a quartz wool plug and 500 mg
quartz sand to get a level base. Four gasses were fed by independent
mass flow controllers from Bronkhorst: Air, Ny, CO5, and 2% CH,4 in Ny
with a total flow rate of 420 ml/min. Steam was added to the gas stream
by a Controlled Evaporator-Mixer (CEM, Bronkhorst), which was fed by
a stainless steel water container pressurized by Ns. The reactor was
pressurized by an Equinlibar LF Series Precision Back Pressure Regu-
lator. Feed and outlet methane partial pressure was measured using a
Thermo-FID ES from SK Elektronik and conversion calculated as:

p(CHy);, — p(CHy),,
p(CHy);,
Where p(CHy4)in and p(CH4)oyt are the methane gas partial pressures

in the inlet and outlet gas, respectively. Light-off tests were performed at
a ramp of + 5 °C/min. Data displayed from these tests were collected

Conversion =
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while the temperature was ramped down unless stated otherwise.
Catalyst regeneration consisting of a short reducing pulse was conducted
in the same catalytic setup. It was performed by exposing the reactor bed
to 1000 ppm CHy4 in Ny in a total gas flow of 380 ml/min for 5 min
followed by reoxidation for 10 min at 1000 ppm CHy4, 10% O3 in Ny at
440 ml/min. Prior to kinetic experiments, using fresh catalyst beds
every time, the catalyst was degreed for 1 h at 500 °C in the same gas
mixture.

2.3. CH4TPR

Methane temperature programmed reduction (CH4-TPR) experi-
ments were performed in the same reactor setup as the catalytic testing.
The sample was placed on a plug of quartz wool leveled off by 500 mg
SiO, sand. After a deactivation segment, the flow was changed to dry Ny
and the sample was flushed for 1 h at 420 °C and cooled down in
preparation for TPR. Slight changes in the experimental parameters
compared to the catalytic testing experiments were implemented to
achieve high-quality TPR data: Signal-to-noise ratio of the FID detector
output was maximized by running at low partial pressure of methane
(500 ppm). Peak sharpness was improved by ramping at a low rate of
2.5 °C/min. Catalyst samples were undiluted to ensure a short bed and
thereby minimal thermal variation across the length of the bed.

The TPR experiment served as the reducing part of a regeneration.
Therefore, multiple experiments consisting of deactivation followed by
TPR could be performed on the same bed, see Supplementary Material
for further details.

2.4. XAS

Pd Ls-edge X-ray absorption spectroscopy (XAS) experiment was
performed at the ID12 beamline at the European Synchrotron Radiation
Facility (Grenoble, France). Samples were restrained in mineral oil and
kapton foil and spectra were measured at room temperature using total
fluorescence yield detection mode. The catalyst material was measured
in the fresh state and after having been exposed to a 60 h deactivation in
1000 ppm CHy, 10% water and then flushed with N3 and cooled down
using the same procedure as described for TPR above. Pristine PdO
powder was measured at the same experimental conditions. The
absorbance of the first photon energy scan was normalized to zero
absorbance before the edge and to unity well above the edge (3195 eV).
The spectrum of the PdO was corrected for self-absorption. Due to the
close proximity in energy of the Pd Ly edge an EXAFS analysis was not
performed. The white line integral was calculated by first subtracting an
arctan function from the data and then fitting the resulting line shape to
a gaussian function and integrating the area [21].

3. Results

To study the effect of water on the deactivation of PdO for complete
methane oxidation, we needed a catalyst with high activity at dry con-
ditions which was based on a stable support material designed to
withstand challenging reaction conditions. We chose a commercial
catalyst, PdO supported on high surface Al;O3 supplied by Umicore.
Long-term stability tests were performed in a quartz fixed-bed reactor at
high space velocity in a simulated engine exhaust, with realistic low
methane content, 100 — 2500 ppm, different water content up to 20 vol
%, 5 vol% CO5 and 10 vol% Os. Care was taken to dilute the catalyst bed
well to keep a homogeneous temperature in the bed even at high con-
version. The methane conversion was determined with high sensitivity
using an FID detector.

Fig. 1 shows the methane conversion versus time at 440 °C with
500 ppm CHy4 and 10% O-, adding water (10 vol%) to the feed at 20 min
and removing it again at 120 min. Under dry conditions, the methane
conversion was stable at 94%, but after adding water, the conversion
quickly dropped to 60% and decreased further over time. Upon
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Fig. 1. Deactivation profile caused by water during complete methane oxida-
tion by PdO/Al,0O3. Reaction conditions: 500 ppm CH4, 10% O,, 10% H,O
(when present), Ny balance, T = 440 °C, WHSV = 1,260,000 ml h~* g7,

removing the water from the feed, the methane conversion immediately
increased to a new constant level. The decrease in conversion rate
during the initial fast drop (measured in % of the rate before the change
in conditions) is the same as the increase in conversion rate as water is
turned off. This experiment shows the two separate processes taking
place: Inhibition by water is fast and fully reversible [22], whereas a
slow deactivation takes place over time and is irreversible under
oxidizing reaction conditions. Since the catalyst could be regenerated
using a simple reduction procedure (SRP at 440 °C, 500 ppm CHy), see
Fig. S1, which resulted in a highly active and completely reproducible
state, the so-called irreversible deactivation is only irreversible under
oxidizing conditions, i.e. lean operation of an engine. We note that the
freshly regenerated catalyst was even more active than the fresh cata-
lyst, which is in good agreement with the literature, see Fig. 52 [17,18].

The fast inhibition is caused by adsorbed water or the formation of
hydroxyl groups that block the active sites on the surface of PdO. It has
been well characterized and discussed in the literature, a few examples
being [13,23,24]. The deactivation with time, however, has been
investigated in much less detail. Long-term experiments over several
hours are only few in number [13] and the slow deactivation over time
has not been characterized or understood well.

To investigate the interplay between water and methane during the
reaction further, we designed several experiments to follow the con-
version of methane during shifts in the feed, see Figs. 2 and S3. In the red
trace in Fig. 2, water and oxygen were constantly fed to the catalyst
whereas methane was only on for 5 min every 4 h. The black trace is the
control experiment with constant methane feed. The catalyst quickly
deactivated during the 5 min sampling time when methane was on, but
the total deactivation was significantly less than in the control experi-
ment despite the identical amount of water fed to the sample throughout
the two experiments.

A model in which the deactivation rate is independent of the partial
pressure of methane [13] would predict the same degree of deactivation
in the two experiments, which is clearly not the case. Fig. S3 shows the
results of changing the water content in the feed during an experiment
and how the exact amount of water determined the deactivation rate
even though the water content was always orders of magnitude higher
than the methane content.

From these experiments we concluded that the currently accepted
hypothesis for water-induced deactivation was not sufficient. Methane
plays a key role in the irreversible loss of active surface sites. There are
two possible explanations: 1) the presence of methane is causing the
deactivation, or 2) the conversion of methane is causing the deactiva-
tion. To distinguish the two, we determined the conversion of the fresh
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Fig. 2. Conversion of methane over long time. Black trace: Methane, oxygen
and water are all fed continuously. Red trace: Oxygen and water are fed
continuously but methane is only fed during 5 min intervals every 4h to
monitor the conversion level. Reaction conditions: 1000 ppm CH4 (when pre-
sent), 10% O, 10% H,0, N, balance, T =380°C, WHSV
=126,000mlh~* g7,

catalyst in a typical light-off experiment under dry conditions and then
exposed it to wet methane oxidation conditions for 24 h at two different
temperatures. In experiment A, the temperature was 400 °C, which
resulted in a decrease from > 99% to 15% conversion. In experiment B,
the temperature was 250 °C and methane was barely converted (<1%
conversion). The catalytic activity was checked in the same way after the
exposure period, see Fig. 3. The results showed that the catalyst exposed
at 400 °C required a higher temperature to reach 50% conversion (T5o =
288 °C) than the catalyst exposed at 250 °C (Ts5o = 248 °C). The increase
was 61 °C and 21 °C, respectively. Water adsorption alone cannot
explain this difference since more water adsorbs on the catalyst at low
temperatures. Instead, these results indicate that the conversion of
methane is causing the slow and irreversible loss of surface-active sites
at wet conditions.

3.1. Kinetic experiments

Modeling the conversion profile of a reaction at different conditions
helps decide which components of the reaction gases influence the re-
action rates. This is useful information towards understanding the un-
derlying mechanism and we proceeded to characterize the deactivation
in this way. We performed 36 experiments at six different partial pres-
sures of methane (100, 200, 500, 1000, 1750, and 2500 ppm) and six
different partial pressures of water (0, 1, 2, 5, 10, and 15 vol%). In each
experiment, the sample was degreened at 500 °C, then cooled down and
water turned on at 380 °C for 2 min. Then, we stopped the water and
increased the temperature to 440 °C, added the water once more, and
followed the CH4 conversion over the next 2 h. See the Supplementary
Material for an example experiment, Fig. S4 and a detailed description of
the experimental protocol.

The rate, r, at a given time in the experiment is calculated as

r= Fep(CH,) eIn(l —X)
Mea

where F is the total molar flow (mol s’l), P(CHy) is the partial pressure of
methane in the feed (measured in bar), mc, is the mass of the catalyst
(kg), and X is the fractional conversion.

The rate of methane conversion 1 min after turning on the water at
380 °C and 1 min and 1 h after turning on the water at 440 °C are
plotted in a double logarithmic plot versus the methane partial pressure
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Fig. 3. Left: Conversion of methane as a function of the time-on-stream at 400 °C (Exp. A) and 250 °C (Exp. B), respectively. Right: Light-off experiments (ramping
down) that show the catalytic activity before and after Exp. A and Exp. B. Reaction conditions during deactivation: 1000 ppm CH,4, 10% O, 10% H,0, N, balance,
WHSV = 126,000 ml h~* g~!. Reaction conditions for light-off tests: 1000 ppm CHy, 10% O, Ny balance, ramp = 5 °C/min, WHSV = 126,000 ml h~! g,

and the water partial pressure, respectively, see Fig. S5. This type of plot
is often used to determine the reaction order in reactants and products,
here methane and water and are usually most reliable when measuring
at differential conditions (low conversion) which was not always the
case here. Nevertheless, with these reservations, it works quite well for
the rate dependence on the methane concentration for the data points
after inhibition. The reaction order in methane is determined to be 0.76
(7) at 380 °C and 0.85(5) at 440 °C. A few other values can be extracted
from almost linear data: The reaction order in methane is unchanged

Arate (%)
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after 1 h on stream without water. The reaction order in water is around
— 1.0 after 1 h deactivation in water for high concentration of methane.
The remaining plots all suffer from the data being not linear. The model
especially suffers at high water content, and we proceeded to find better
descriptors.

The result given in Fig. 1 and the fact that the rate decrease upon
turning water on and the rate increase upon removing the water are
identical show to us that treating the inhibition and the time-dependent
deactivation as two separate phenomena are justified and that the
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Fig. 4. Top left: Contour plot showing the decrease in reaction rate, Arate, just after adding water at 380 °C as a function of the partial pressure of CH4 and H;O (total
pressure is 1 bar). Top right: Contour plot showing the second order rate coefficient for the slow and irreversible deactivation, kp, as a function of p(CH4) and p(H20).
Bottom left: Arate, plotted against p(H,0)%2° for all partial pressures of CHy. Bottom right: kp, plotted against the product p(H,0)!°-p(CH,)®-%5.
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change in reaction rate is a good descriptor for the inhibition just after
water addition.
The decrease in rate during inhibition is calculated as:

Arate = n-r, 100%
r

where r; and ry are the reaction rates right before and 20 s after water
addition. We use data at 380 °C for the modelling of the inhibition since
the relative decrease in rate is better determined when the upper level is
well away from 100% conversion. The data at 440 °C gives similar re-
sults but are less reliable due to the dry conversion being very close to
100%.

For the slow deactivation we find that we can model the data equally
well with a first or with a second order rate expression at low water
content. At high water content, however, the fit to the second-order rate
expression is significantly better, see Fig. S6. For this reason, we use the
second-order rate expression to fit the conversion versus time data at
440 °C from 30 s after the water was added:

1 1

m = X—U + kpt

where X(t) is the conversion at the time t (h), X is the initial conversion
after the addition of water, and kp is the deactivation rate coefficient,
selected as the descriptor for the slow deactivation. Fig. 4 shows the 36
values for Arate and kp given as a function of the methane and water
partial pressures in two contour plots. Notably, the fast inhibition only
depends on the partial pressure of water. In contrast, the slow and
irreversible deactivation depends on both the partial pressure of water
and the partial pressure of methane.

The data in Fig. 4 bottom left and in Fig. S7 left agree well with the
data of Keller et al. [25] who reported the effect of water on methane
oxidation over PdO/Al,03 as measured by the difference in Tsg and Ty
in light-off experiments. [25] The effect of water does not reach a
plateau, see Fig. S7 right. Higher water content continues to block more
active sites [26,27].

3.2. Influence of temperature and pressure

Considering the potential application and reaction conditions inside
a combustion engine, we also investigated the two deactivation phe-
nomena at higher temperature and pressure, see Figs. S8-S11. The water
causes more deactivation at lower temperatures. Above 450 °C, both
types of deactivation are less pronounced, and at 575 °C the effect is
almost gone. These observations agree well with the previous reports
that describe the build-up of hydroxyl groups as the leading cause of
deactivation [6,13]. Increasing the pressure to 2, 3, or 4 bar influences
the conversion. As expected, the increase in pressure increases the
residence time, which results in a higher reaction rate under dry con-
ditions. The methane reaction rates are relatively similar under different
pressures just after adding water to the feed. These results suggest that
the increased inhibition by water as water is pushed onto the catalyst
counteracts the increased activity caused by the higher residence time.
For the slow deactivation, we observe that the deactivation rate coeffi-
cient increases significantly when we increase the pressure from 1 to 2
and 3 bar.

3.3. CH4TPR experiments

To investigate the relationship between the two types of de-
activations in more detail, we performed methane temperature-
programmed reduction (TPR) experiments using 500 ppm CH4 under
dry conditions. During the TPR experiment, CH4 reduced the PdO, which
served the same purpose as reducing in an SRP. This procedure allowed
us to run several experiments in series. After a short exposure to
methane oxidation conditions to reoxidize and reset the catalytic
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activity, we flushed and cooled the catalyst under nitrogen before the
next run. Testing the reproducibility of the CH4-TPR after reduction and
reoxidation always resulted in exactly the same reduction peak at
195 °C, see Fig. S12. A background reaction, most likely methane steam
reforming or methane cracking [5] started to occur with increasing
temperature. This contribution to the methane conversion was the same
in all experiments and, therefore, disregarded in the TPR analysis.

The influence of water was investigated in two different experi-
mental protocols performed on freshly regenerated catalysts: Fig. 5 left
shows the influence of the water content during a 2 h pretreatment.
With the increasing content of water, the sharp TPR peak gradually
shifts towards higher temperatures. Furthermore, a small new peak
appears at 265 °C. Fig. 5 right shows the influence of the time on stream
in a pretreatment with 5% water. Already after 10 min pretreatment, the
TPR-peak starts to broaden and shift towards a higher reduction tem-
perature. The new peak at 265 °C also shifts with the pretreatment time.
After 30 h, the original TPR peak is completely replaced by two peaks at
250 and 290 °C, respectively. The peak at 250 °C first appears between
10 and 30 h whereas the peak at 290 °C can be traced back to the 265 °C
peak. Both peaks move to even higher temperatures when increasing
pretreatment times. By subtracting the contribution from the constant
background reaction, we find that the total area under the reduction
peaks are the same in every experiment within the expected uncertainty,
see Fig. S13. Furthermore, the amount of methane converted always
corresponds to the reduction of 100% of the Pd present as determined by
inductively coupled plasma optical emission spectrometry (ICP-OES).
These results indicate that all the palladium is present as Pd>" in the
beginning of the TPR experiments, and that the slow and irreversible
deactivation changes the nature of the originally uniform PdO phase
into a new type of Pd?* phase giving two separate reduction peaks. After
90 h on stream, the two reduction peaks are shifted by 65 and 103 °C
compared to the freshly regenerated catalyst, respectively.

van Bokhoven et al. [28] and Cargnello et al. [29] recently showed
that the presence of water changes the redox activity of Pd/Al;O3 during
methane oxidation. Inspired by these results, we designed a CH4-TPR
experiment, where we added different partial pressures of water during
the TPR analysis of freshly regenerated samples, see Fig. 6 left. Since Pd®
on our catalyst catalyzes the steam reforming reaction (conversion of
CH4 and H»0 into CO and Hy), this reaction starts to occur as soon as the
first PdO is reduced. Consequently, the reduction peak is not well sha-
ped. Nevertheless, the sharp edge of the light-off temperature serves the
same purpose as the peak in a typical TPR experiment. Fig. 6 right shows
that the shift of the edge position in the wet CH4-TPR experiment rela-
tive to the dry experiment follows closely the initial rate loss during the
fast inhibition as a function of the water content.

3.4. Kinetic modelling

To summarize, our results show that the deactivation of Pd?* during
methane oxidation is caused by a fast and reversible inhibition and a
slow and irreversible deactivation (loss of active sites) and that the two
effects should be treated separately. Inhibition is a reversible equilib-
rium that increases with the partial pressure of water present, even with
more than 20% water in the feed. In contrast, the slow deactivation is an
irreversible phenomenon that only occurs if methane is converted under
oxidizing conditions. To explain these key observations, we propose the
following three equations:

CH, +20, +S—" CO, + 2H,0+ S @
k;

S+H,0 k:/ S % (H,0) Fast 2
2r

CH, +20, + S * (H,0)—* CO, +3H,0 + S' Slow 3

Eq. 1 is the reaction of CH4 with O, to give CO3 and H30. The re-
action occurs on a site S that is unchanged by the reaction. Eq. 2 is the
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Fig. 6. Left: CH4-TPR (500 ppm CH4 in Ny, 2.5 °C/min, GHSV = 111,000 ml h! g’l) performed in the presence of different content of water. The background
reaction (dark brown trace) was measured during cooling with 5% water in the feed. Right: Reduction peak edge temperatures from the left panel plotted together
with catalytic data for the inhibition from the kinetic experiments at 500 ppm CHj in Fig. 4 bottom right.

reaction of water with site S to give an inhibited site S* (H30) corre-
sponding to water, hydroxyl or similar absorbed on the site. Eq. 3 is
conversion of methane on the inhibited site, which results in complete
deactivation and loss of the active site.

Since S* (H20) responds immediately to changes in the water con-
tent, we expect that the rate constants for water adsorption ks ¢ and
desorption ko, are large. If the dry methane oxidation reaction is kept
under 350 °C, a mild deactivation caused by the reaction with product
water is observed, see Fig. S14. This indicates that the formed water is
also adsorbed on the catalyst’s surface at low temperatures.

From Egs. 1-3, we developed a simple quasi-empirical kinetic model
to test our understanding of the deactivation mechanism. Eq. 4 shows a
typical Langmuir-Hinshelwood expression that assumes a first order
reaction in methane and zero order reaction in the partial pressure of
C02 and 02.

€]

Here, K; is the rate constant, p(CH4) is the partial pressure of
methane, and 6; is the fraction of surface-active sites. The rate constant
K; is given by the following Arrhenius equation:

ren, = Ki-p(CHy)-05

Ki = A-emt 5)

where A is the preexponential factor, and Ej, is the apparent activation

energy calculated from the experiment given in Fig. S15. Furthermore,
inspired by the work of Olsson et al. [13], we expressed the fraction of
surface-active sites as a function of time, t with two components: A fast
(time-independent) and a slow (time-dependent) decrease in the frac-
tion of surface-active sites using the following expression:

1
= . Kz.p(HZO)O,ZS + K3']7(H20)1'15'P(CH4)0.85 ot

0s(1) (6)

The exponents on the water and methane partial pressures in Eq. 6
are obtained using the exponents from Fig. 4 bottom left and right by
finding the values where the results fall on the best straight lines through
origo as judged by the least squares method. For the slow deactivation,
the exponents in Eq. 6 for the time dependent part are well determined
from the grid of 36 full data sets each with hundreds of data points. For
the inhibition part, the data set is much smaller and was obtained at a
slightly different temperature. The exponent for the water in the
expression is therefore less well determined.

Using the method of lines, we modelled the plug flow reactor in
MatLab by a set of ordinary differential equations and fitted the pro-
posed rate expression to our data sets of conversion versus time at
440 °C. More specifically, we divided the reactor volume into 100 sec-
tions and fitted K and K3 simultaneously using the least squares method
on 5 datasets; 200, 1000, and 2500 ppm CH4 with 10% water and
1000 ppm CH4 with 1% and 5% water. Fig. 7 shows how the resulting
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Fig. 7. Experimental data of CH4 conversion vs. time at 440 °C after the water was turned on (colored traces) compared to the predictions of the kinetic model
calculated at K; = 638 bar ! s}, K, = 130 bar %?° and K3 = 410 bar~2s~* (black traces). Left: 1000 ppm CH4 together with 1%, 5%, and 10% H>O. Right: 10% H,0

together with 200, 1000, and 2500 ppm CHy.

model fits the experimental data and predicts all the general trends in
the deactivation under different reaction conditions. Since the proposed
model provides a good basis for more advanced modelling, all the data
from the kinetic study is available for download in the Supplementary
Material.

3.5. XAS

We investigated the fresh and spent catalyst by several ex-situ
methods, including PXRD, Raman, and DRIFTS. Unfortunately, these
methods all showed very small differences between the active and
deactivated catalysts (results not shown). Searching for a method with
better sensitivity, we investigated the fresh and deactivated sample by X-
ray Absorption Spectroscopy (XAS) at the Pd Ls-edge, see Fig. 8.

The results show that both the fresh and the deactivated sample only
contain divalent Pd?*, as evidenced by the spectral similarity across the
series of samples. Furthermore, the photon energies of the intense
resonance (“white line”) coincide with that of the PdO reference sample.
However, two aspects make the samples’ behavior significantly different
from the PdO reference. Firstly, the first EXAFS wiggles are broadened
compared to PdO suggesting a larger degree of deviation in the local
Pd%*coordination environment. Secondly, the samples suffered from
significant beam-induced deterioration, visualized by the first and sixth

—PdO
44 Fresh 1% scan
Fresh 6" scan
) Deactivated 1% scan
3 3 Deactivated 6" scan
< 3
@
Q
c
©
£
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<
3160 3170 3180 3190 3200
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Fig. 8. Lsz-edge XAS spectra of the as-prepared fresh catalyst and the deacti-
vated catalyst after wet methane oxidation (1000 ppm CHy, 10% O, 10% H5O,
N, balance) for 60 h. The first and sixth scans are shown.

consecutive photon energy scan in Fig. 8. The reference PdO did not
experience any visible beam damage at the same measurement
conditions.

Comparison of the spectra of the fresh and the deactivated samples
show that the deactivated sample has a 27% lower white line integral
than the fresh sample. The difference is not related to a difference in
oxidation state since the white line photon energy is virtually identical
in all three samples and the TPR quantification unequivocally shows
that all Pd on both samples are Pd?>". Fundamentally, the white line
integral is directly related to the number of holes in the 4d levels of Pd
and therefore also to the degree of covalency. Empirically, but also
recently supported by computational evidence, the Pd Ls-edge XAS
white line integral is lower for a lower average coordination number of
Pd expected in smaller PdO particles [30,31].

4. Discussion

The fast inhibition by water is well described in the literature [12]
and our results corroborate the existing hypothesis: The formation of
hydroxyl groups on the surface of the PdO nanoparticles hinders the
access of methane and inhibits the initiation of the reaction. The model
analysis presented here shows that the best descriptor for the inhibition
is the relative rate loss (measured in %) of the methane oxidation re-
action. The relative rate loss is independent of the methane content in
correspondence with the formation of surface hydroxyl groups. When
the water is turned on, the development in the methane conversion
follows a softer curve than the sharp turn predicted by the simple model.
We tentatively assign this to be due to a short period of establishment of
the surface hydroxyl or water coverage in response to the change in
water content in the gas phase. In contrast, when the water is turned off,
the response is fast as water escapes instantly to the gas phase, see Fig. 1.
The relative decrease in rate, Arate is numerically identical to the rela-
tive increase in rate measured after the water is turned off again at both
1, 2, 3 and 4 bar total pressure, see Fig. S10. The change in the reaction
rates also follows the edge reduction temperature during CH4-TPR very
closely showing that both are good descriptors for the inhibition.

The slow deactivation is fundamentally different, and the rate
expression depends on both water and methane content, see Fig. 4.
Using the 36 independently fitted second order rate coefficients as input,
the exponents of the water and methane partial pressures are deter-
mined to be 1.15 and 0.85, respectively. Our results further show that
the conversion of methane, not just the presence of methane, causes the
detrimental effect of water. This is underlined by the fact that the
exponent of the partial pressure of methane determined at 440 °C for the
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methane oxidation reaction and for the deactivation process is empiri-
cally found to be the same: 0.85.

A potential explanation for 1) the lower catalytic reactivity, 2) the
delayed reduction by methane in TPR, and 3) the reduced white line
integral in XAS of the deactivated catalyst compared to the fresh catalyst
is that the morphology of the active PdO particles changes during the
reaction. We suggest that the fresh sample has larger nanoparticles and
fewer interactions with the support than the deactivated catalyst and
that the morphology changes dynamically in response to changes in the
experimental conditions. The dispersion of Pd on the alumina surface
has been shown to be relevant at above 600-700 °C in a dry oxidizing
feed,[32] and water has been shown to also increase dispersion [28]. We
suggest that dispersion is the main reason for the slow deactivation in
wet methane oxidation at temperatures below 550 °C. Our hypothesis is
in correspondence with the following experimental observations:

1) Highly dispersed palladium is less active than agglomerated particles
in the methane oxidation reaction [14,32,33].

2) Highly dispersed palladium is observed to have a significantly higher
reduction temperature in TPR [34].

3) Highly dispersed and therefore on average smaller palladium oxide
particles are expected to have a lower white line integral in Lg-edge
XAS compared to larger particles due to a smaller average coordi-
nation number [30].

The effect is completely reversed by exposing the catalyst to reducing
conditions, see Fig. S12, and therefore the hypothesis implicates a hy-
pothesis of ripening or agglomeration at reducing conditions. A similar
dispersion-assembly mechanism has previously been suggested for Pd in
zeolites [35] and for the closely related Pt on CeO5 [36] and MgAlO4
[37]. In these cases, oxidizing conditions also facilitates dispersion,
while reducing conditions facilitates ripening or agglomeration. The
exact manner of dispersion is still not fully understood. We hypothesize
that the methane oxidation activity is lost when the dimensions of the
parent active PdO particles decrease below a certain critical level. This
could be either formation of smaller particles or it could be flattening of
the original spherical particles. We expect the extent of dispersion to be
very dependent on the support material.

With this hypothesis, the experimental observations can be ratio-
nalized. Dispersed Pd*" is hypothesized to be the endpoint at wet
methane oxidation conditions and more energetically favored at these
conditions. Clustered metallic Pd® is energetically favored at reducing
conditions and the agglomeration is observed to happen very fast. The
oxidation of methane to CO, requires Pd® to be oxidized to PO first to
allow the Mars van Krevelen-type mechanism, where PdO supplies the O
atoms to both CO, and H,O [29,38]. Each methane molecule will
require 4 oxygens corresponding to an increase in oxidation state of
carbon of 8 and the generation of 4 Pd’. The oxidation is shown by
several groups to proceed faster if Pd° is also present and it is suggested
to be the site where methane absorbs and the first and most difficult C-H
bond breaks [38,39]. Reoxidation of Pd® by dioxygen have a higher
onset temperature than reduction of PdO by methane at both dry and
wet conditions [29] and is assumed to follow the Cabrera-Mott mecha-
nism [17]. During methane oxidation the reduction of PdO by methane
and the oxidation of Pd® by dioxygen are competing. Therefore, it can be
envisioned that a methane oxidation event results in the formation of a
transient Pd° region on the PdO surface as described by Bell et. al. [38] It
has only a limited lifetime before it is reoxidized by the excess O,.
During this short but significant time window, the coexisting Pd® and
PdO ensures high catalytic activity.

Our hypothesis implies that Pd° is very mobile under realistic oper-
ation since a short reducing pulse results in full regeneration. A transient
Pd® region of the active nanoparticles formed during operation is
consequently also suggested to be very mobile. There will be an entropic
driving force for the Pd® area to migrate to or beyond the edge of the
parent PdO particle. The endpoint after migration and reoxidation is
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dispersed Pd*", which is more difficult to reduce and therefore less
catalytically active and, according to the hypothesis, also less mobile.
Eventually, more and more Pd will be trapped in a catalytically dead
dispersed state. The formation of this inactive state is connected to the
conversion of methane in accordance with our observations. The inac-
tive state of Pd can be released again by a short reducing pulse, i.e. by
shifting for a few seconds to rich operation or by increasing the tem-
perature until methane reduces Pd and allows re-agglomeration of Pd
and regeneration of the catalyst. Water is important for deactivating the
catalyst in at least two separate ways. It hinders the reduction of
palladium by methane by covering the PdO surface with hydroxyl
groups giving fewer highly active sites which consists of both Pd® and
PdO [33] and it aids in trapping Pd?* on a support surface site by sta-
bilizing the dispersed Pd?" [32]. At dry methane oxidation conditions
only the water generated by the reaction is available and the deactiva-
tion is less severe.

The support material is decisive in methane oxidation catalysis. On
one hand, it should allow quite high dispersion of Pd to have a high
surface area of palladium. PdO particles above 3-5 nm have lower ac-
tivity due to inaccessible bulk atoms. On the other hand, too high
dispersion is detrimental for the activity.

5. Conclusion

We have shown that the deactivation of a PdO/Al;O3 catalyst under
realistic methane oxidation operation conditions is composed of two
separate phenomena, a fast reversible inhibition of the active sites and a
slow, irreversible loss of the active sites. Both phenomena significantly
increase the reduction temperature of Pd** as probed by CH4-TPR, and
the observed shift of reduction temperature is an excellent descriptor for
the degree of deactivation. Furthermore, the increase in reduction
temperature and the change in reduction profile of all Pd present in-
dicates that the slow deactivation is not a surface phenomenon on PdO
particles but a change in morphology of the Pd phase. The slow deac-
tivation occurs when methane is converted under oxidizing conditions
in the presence of water. The deactivation can always be reversed
instantly and reproducibly through a short reductive treatment. Based
on a comprehensive kinetic study, we propose three reaction equations
and a simple quasi-empirical kinetic model that captures the key trends
in the catalytic deactivation over time under the different reaction
conditions.

After long reaction time in wet reaction conditions, the deactivated
sample is only subtly different from the fresh catalyst and several typical
characterization methods fail to show a significant difference, possibly
due to the low concentration of PdO on the support. The best method to
distinguish and quantify the phase changes and study both inhibition
and deactivation with excellent resolution is the newly developed CH4-
TPR methodology. The high mobility of Pd° at elevated temperatures
makes it challenging to investigate the dispersion [33]. This is important
as a take-home message as many groups routinely treat their samples in
hydrogen at elevated temperatures to have a reproducible state before e.
g. chemisorption or spectroscopic analysis but this treatment will
change the composition of the surface Pd phase and is not useful for
investigating the result of deactivation.

Based on our findings, we confirm that hydroxyl or water coverage
causes the fast inhibition and propose that water facilitates dispersion of
Pd on the support during methane oxidation and that this is observed as
irreversible slow deactivation of the catalyst.
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