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Bogdan Z. Dlugogorskic and Michael Stockenhuber*a

In this report, the characteristics of Pd/Al2O3 catalyst after long-term stability tests in catalytic combustion

of simulated ventilation air methane gas were investigated with the objective of understanding catalyst

deactivation phenomena. It was found that the deactivation is primarily due to palladium migration and

particle growth and is the most prominent in the presence of water vapour. The formation of α-Al2O3 dur-

ing long-term stability tests explains the changes in pore structures which is responsible for re-dispersion

of palladium particles. Four accelerated ageing procedures were performed with an aim of mimicking the

properties of used catalysts which have been operating continuously for extended time periods (over

1100 h). XRD patterns of aged catalysts disclose the absence of an alpha-alumina phase, suggesting that

the transformation of alumina phase occurred at a very slow rate. Among the four procedures, ageing

under wet-oxidizing atmosphere provides the catalyst bed that is the best match to the properties of

long-term used catalysts in terms of performance and the characterization employed. Increasing the

aging temperature up to 830 °C leads to depletion of surface palladium, which permanently reduces the

performance of the catalyst.
A Introduction

Methane is a gas with significant greenhouse warming poten-
tial whose atmospheric sources and sinks are well docu-
mented.1 Nearly 10% of total anthropogenic methane emis-
sions originate from coal mining activities,2 and almost two-
thirds of these emissions originate from mine ventilation air.
Reducing the greenhouse impact of this particular source pre-
sents significant challenges to mine operators, the most nota-
ble being that ventilation air methane (VAM) is a low concen-
tration, high volume stream that prevents the use of
conventional combustion and energy recovery technologies.
Low temperature catalytic combustion offers an alternative
treatment method, which, when compared to high tempera-
ture combustion, presents the advantage to eliminate the gener-
ation of additional emissions to the air, such as nitrogen
oxides. However, its viability depends on maintaining the
activity of the catalyst bed during its exposure to high
volumes of ventilation air that contains several components
which have the potential to affect performance, such as water
vapour and particulate matter.

It is widely accepted that supported palladium materials
comprise a group of the most effective catalysts for the low
temperature oxidation of methane.3 Under oxygen-rich condi-
tions, PdO is formed and represents the active phase for
methane oxidation.3 It is suggested that water produced by
reaction inhibits the activity of Pd-based catalysts due to com-
petition with methane for the active sites.4–6 Furthermore, the
presence of water in the feed induces a transformation of the
active sites (oxidised Pd) into a less active sites (most likely
hydroxy species) and results in permanent deactivation.4–7

The rate of catalyst deactivation due to water, either present
in the feed or produced in the reaction, depends strongly on
reaction temperature.4,7 Our recent evaluation of Pd/Al2O3

catalysts over long-term time-on-stream (TOS) experiments sug-
gests that the deactivation process is a complex phenomenon,
although, as highlighted in other studies, the presence of
water in the feed stream is perhaps the most significant
factor contributing to catalyst deactivation.8

Despite considerable effort, the mechanism of catalyst
deactivation is not fully understood.9 Deactivation can occur
through chemical, mechanical and thermal processes.10 Ther-
mal deactivation processes include the loss of active-site sur-
face area as a result of particle aggregation and collapse of the
support pore structure through re-crystallization. Chemical
oyal Society of Chemistry 2015
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transformation can also result in the loss of active metal
sites.10

These deactivation processes can be accelerated under
high-temperature hydrothermal ageing. A study of the effect
of hydrothermal ageing on methane combustion over Ce-
promoted PdO/ZrO2 catalysts highlighted the impact that
ageing temperature plays on catalyst deactivation.11 Hydro-
thermal treatments for two weeks on various supported Pd
catalysts at 900 °C under simulated domestic boiler exhaust
gas were performed to understand the ageing mechanism in
natural gas combustion.12 Deactivation studies were reported
recently for natural-gas vehicle catalysts13 and diesel oxida-
tion catalysts14 where significant changes in morphology and
chemical poisoning were observed. A very recent article
reported that support phase transformation and particle
sintering were found after thermal (at 900 °C in air) and stoi-
chiometric (at 900 °C, air-fuel equivalent ratio = 1) ageing
over Pd/YFeO3 three-way-catalyst.15 However, the effects
caused by thermal ageing and chemical poisoning are still
inconclusive, and, in particular, the ageing process under
simulated VAM gas has not been considered.

In this contribution, we report the properties of Pd/Al2O3

catalyst after long-term stability tests in the presence of water
and coal mine dust in lean-methane combustion. Catalyst
deactivation has also been explored using four accelerated
ageing procedures. Catalysts were aged under a wet feed at
780 °C and 830 °C for 18 h (the wet feed containing CH4,
H2O and air), under a wet-oxidizing mixture at 780 °C for 18
h, and in an autoclave at 175 °C for 3 days. The properties of
the aged catalysts were compared with the properties of used
catalysts tested in long-term stability experiments. Our over-
arching aim is to gain a better understanding of the deactiva-
tion phenomena and to explore effective strategies for accel-
erating the ageing process in order to reduce the time that is
typically required for catalyst stability tests.

B Experimental
Catalyst treatment

The material used in the study (1.0 wt% Pd/Al2O3) was sup-
plied by Sigma-Aldrich. Following our previously reported
procedure,8 prior to use, the material was activated by calcin-
ing in air at 500 °C for 2 h then reduced by purging in H2 for
2 h at 300 °C. We subsequently denote this sample as
“calcined–reduced” while the “fresh” catalyst is referred to
“as received catalyst”.

We begin by characterising samples used in ventilation air
methane (VAM) treatments reported earlier.8 Three samples
were selected from the long-term studies, which will be
referred to as “dry-VAM”, “wet-VAM” and “wet-dust-VAM”.
The dry-VAM sample was tested for 1600 h time on stream
(TOS) in a feed consisting of 0.7% CH4 balanced with air.
The wet-VAM sample was subjected to a feed of 0.7% CH4,
1% CO2, 3–4% H2O balanced with air for 1150 h TOS. A simi-
lar feed was used for the wet-dust-VAM sample, with the
addition of VAM dust being packed in front of the catalyst
This journal is © The Royal Society of Chemistry 2015
bed. The experimental procedures of these long-term experi-
ments were detailed in our previous report.8

In an effort to identify an accelerated ageing protocol that
emulates the deactivation processes occurring in the long-
term experiments, four aging treatments were examined. The
possibility of increasing bed temperatures caused by coal-
dust channelling/combustion observed in our previous work
also motivates our assessment of the catalyst performance at
higher temperatures. Treatment I involved aging at a bed
temperature of 780 °C for 18 h under a feed of 0.7% CH4, 3
vol% H2O balance air. Treatment II used the same feed as I,
but was aged at 830 °C for 18 h. Treatment III involved aging
at 780 °C for 18 h under a mixture of 60 vol% O2, 3 vol%
H2O and the balance being helium. Aging under a wet oxygen
bath gas was chosen to promote the formation of palladium
oxide, which was observed to be the only Pd species present
after the long-term studies.8 Treatment IV employed hydro-
thermal aging in an autoclave set at 175 °C for three days to
promote the deactivation of the catalyst by water. After the
ageing treatments, the catalytic activity of each sample was
tested for methane oxidation under humid conditions (feed
consisted of 0.7% CH4, 3.2% H2O, balance air) at a gas
hourly space velocity (GHSV) of 100 000 h−1.
Catalyst characterization

The surface area, pore size and pore volume of the catalyst
samples were measured by nitrogen adsorption–desorption at
77 K using a Micromeritics TriStar 3000 physisorption ana-
lyzer. Palladium loading was quantified using a Varian 715-
ES inductively coupled plasma optical emission spectrometer
(ICP-OES). Zeiss Sigma VP FESEM served to capture the Scan-
ning Electron Microscopy (SEM) images of the sample using
a secondary electron (SE) detector and backscattered electron
(BE) detector. Bruker light element SSD Energy-dispersive
X-ray spectroscopy (EDS) detector allowed the elemental anal-
ysis while capturing the SEM images. A JEOL 2200 FS trans-
mission electronic microscope (TEM) featured with EDS and
scanning transmission electron microscope (STEM) system
was used for imaging nano-sized Pd particles and support as
well as measuring the particle size distribution. TEM particle
analysis was carried out using Gatan DigitalMicrograph soft-
ware. Powder X-Ray diffraction patterns of fresh and used cat-
alysts were collected using Cu Kα radiation with a Philips
X’Pert diffractometer. Diffractrograms were recorded in the
2θ angle range from 2° to 90° with 0.008° 2θ step resolution.

For surface analysis, ex-situ X-ray photoelectron spectro-
scopy (XPS) was carried out using mono-chromated Al K
alpha (energy 1486.68 eV) radiation and the emitted photo-
electrons were analyzed using an ESCALAB250Xi
manufactured by Thermo Scientific, UK. To avoid sample
contamination, the used samples were immediately trans-
ferred into a sealed container after terminating the reaction by
cooling in helium. The exposure time of samples in air was
minimized to reduce the likelihood of experimental artefacts
especially those related to adsorption of water vapour from
Catal. Sci. Technol., 2015, 5, 4008–4016 | 4009
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ambient air. The sample was mounted on the sample holder
using indium foil. The energy scale was shifted relative to the
adventitious carbon at 284.6 eV. The shift was cross checked
with the position of O 1s from Al2O3 which is found at 531 eV.
Fitting of component contributions to the peaks was
performed using a mixed Gaussian–Lorentzian (30 : 70) line-
shape.

Catalytic activity measurement

The activity of the catalyst was measured in a tubular stain-
less steel micro reactor. For accelerated ageing experiments,
the feed was 7000 ppm CH4, 30 000 ppm H2O balanced with
air at a GHSV of 100000 h−1. The inlet and outlet gas mixtures
were analyzed using a gas chromatograph equipped with a
thermal conductivity detector (TCD) and concentric packed
column (Alltech CTR-I). Water was added as a reactant by
passing the feed through a saturator and a humidity probe
(Pico HumidProbe AT329/21) was installed at the outlet. The
actual reaction temperature was observed by placing a ther-
mocouple close to the catalyst bed. For the long-term cata-
lytic stability tests, a separate set-up was prepared and run-
ning continuously under wet conditions as reported in our
earlier work.8

C Results and discussion
The nature of fresh and used Pd/Al2O3 catalysts

In the long-term time-on-stream (TOS) studies catalyst deacti-
vation was monitored as an increase in bed temperature
required in order to maintain methane conversion at 90%.
Fig. 1 plots the variation of temperatures at 90% conversion
(T90) versus time-on-stream for the three VAM sample condi-
tions. In all cases, a significant level of catalyst deactivation
occurs in the first 50 h TOS. This is followed by a much more
gradual decay in bed activity, and after a few hundred hours
the bed activity stabilises at a relatively constant value. At the
end of the experiments the catalyst beds reached 450 °C
(1600 h) in the case of dry-VAM, and 500 °C for wet-VAM
(1110 h). The reduction in catalyst activity resulting from the
4010 | Catal. Sci. Technol., 2015, 5, 4008–4016

Fig. 1 Catalyst bed temperature required for 90% CH4 conversion
over 1.0 Pd/Al2O3 catalyst. Feed = 0.7% CH4, 1% CO2, 3–4% H2O (for
wet feeds) balance air. GHSV = 100000 h−1. Δ = dry VAM experiment;
× = wet VAM experiment and ○ = wet-dust VAM experiment.
presence of water in the feed is readily apparent in these
data. The wet-dust VAM experiment displayed some instabil-
ity in the bed temperature set point, which was attributed to
coal particle combustion and channelling during the run,8

after repacking the bed, the final bed temperature was simi-
lar to that of wet-VAM experiment. The used catalysts were
transferred carefully into sealed containers and subsequently
characterized using XPS, N2-physisorption, XRD, SEM and
TEM analyses. The XPS analysis results are reported in ref. 8.

The nitrogen adsorption-desorption isotherms of all tested
samples are of type IV as classified by International Union of
Pure and Applied Chemistry (IUPAC),16 suggesting the mate-
rials are meso-porous, and that only minor changes in pore
structure originate from the long-term stability tests. The sur-
face area of the samples was calculated using the Langmuir
method, and the results are provided in Table 1. These data
suggest that the pore structure of the supports changed at a
very slow rate.

XRD patterns of the samples are plotted in Fig. 2, and are
dominated by reflections by γ- and θ-alumina phases. Reflec-
tions by Pd or PdO are expected to be very weak and
overlapped by the alumina peaks, but can be distinguished
as slightly increased intensities and widths of the support
reflections. These are very difficult to distinguish in the fresh
or calcined–reduced sample, but peaks assigned to PdO can
be seen in the used catalyst patterns (Fig. 2b–d),17,18

suggesting agglomeration of Pd particle during the runs. In
addition, peaks assigned to α-alumina can be seen in the
dry-VAM and wet-VAM patterns.

At temperatures >900 °C, γ-alumina is gradually trans-
formed to δ-alumina, and to α-alumina via θ-alumina at tem-
peratures >1100 °C.19 These transformations result in a dra-
matic decrease in surface area. It is surprising that we
observe such transformations of the support temperatures as
low as 450 °C, admittedly over long periods of time, in the
case of both dry- and wet-VAM samples. Whilst these two
samples also display the most notable decrease in surface
area (Table 1), the fact that the transition does not occur in
the sample with dust makes it difficult to attribute the loss
in activity to this particular support phase transformation.
This may reflect the fact that the reaction atmosphere plays a
significant role in promoting structural changes and
crystallisation of the support.20

Fig. 3 shows the SEM images of calcined–reduced and
used catalysts. No palladium particles are visible in the image
of the calcined–reduced catalyst (Fig. 3a), most likely due to
the low Pd loading and very small particle size. In contrast,
after 1600 h TOS under dry-VAM gas, the SEM image (Fig. 3b)
reveals very small bright dots (see the arrow) spread over the
surface of the support. Using EDS analysis, the bright dot on
this image was identified as a palladium particle. Similar par-
ticles were observed also from used catalysts of wet-VAM and
wet-dust-VAM experiments (Fig. 3c–d), suggesting re-
dispersion or particle agglomeration occurred during these
long-term experiments. The SEM images therefore support
the XRD data indicating that Pd agglomeration has occurred
This journal is © The Royal Society of Chemistry 2015
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Table 1 N2-physisorption analysis results of calcined–reduced and used catalysts

Description Units
Calcined–reduced
Pd/Al2O3

Used Pd/Al2O3,
dry VAM experiment

Used Pd/Al2O3,
wet-VAM experiment

Used Pd/Al2O3,
wet-dust-VAM experiment

Langmuir surface area: m2 g−1 212.9 167.3 146.5 183.1
Micro-pore area: m2 g−1 14.7 21.5 33.2 22.4
BJH adsorption cumulative pore volume cm3 g−1 0.7 0.4 0.4 0.5
BJH adsorption average pore diameter Å 167.6 145.5 158.7 143.7

Fig. 2 XRD pattern of (a) calcined–reduced Pd/Al2O3, (b) used Pd/Al2O3 of dry-VAM experiment, (c) used Pd/Al2O3 wet-VAM experiment, (d) used
Pd/Al2O3 of wet-dust VAM experiment. Phase: ⊗ = PdO and × = α-Al2O3.
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View Article Online
during the experiments, with the wet-VAM catalyst displaying
the highest density of particles and strongest Pd-related dif-
fraction peaks.

In order to understand the sintering and re-dispersion pro-
cess of palladium particles during long-term experiments, the
particle size and distribution was assessed using a transmis-
sion electron microscope (TEM), shown in Fig. S1 of ESI.† In
the calcined–reduced catalyst the palladium particle size
ranged from 1 to 5 nm, with the average size of 2.6 nm,
explaining why these were difficult to discern in XRD and SEM
analyses. On the other hand, in the used samples the average
particle size was of the order of 8 nm, indicating that diffusion
and agglomeration of the particles occurred during use.

These data are consistent with a picture in which the initial
decay in activity is the result of water adsorption on the support
and/or active sites, which are known to occur at low tempera-
tures. This probably accounts for the first stage of deactivation
(see Fig. 1), and the presence of water vapour in the feed may
simply serve to increase the extent to which this occurs.
This journal is © The Royal Society of Chemistry 2015
Thereafter deactivation continues through loss of active sites via
particle agglomeration, and, more slowly, through loss of sur-
face area through phase changes in the support. Both of these
occur to a greater extent at higher bed temperatures, although
the direct influence of water vapour itself cannot be ruled out.
Palladium migration and particle growth occurs in all cases,
and is the most prominent when water is present in the feed.
Since the final bed temperature was also highest in this case,
this could be a simple thermal effect rather than being directly
caused by chemisorbed water. However, in the case of the wet
feed, XPS suggests that all of the palladium is present as PdO,8

which presumably also has an impact on activity.
The activity of aged Pd/Al2O3 catalysts

Light-off curves of total oxidation of methane before and after
each catalyst ageing treatment are shown in Fig. 4. In general,
these plots suggest that high temperature hydrothermal treatment
reduced catalyst activity to levels similar to those seen in the
Catal. Sci. Technol., 2015, 5, 4008–4016 | 4011
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Fig. 3 SEM images of (a) calcined–reduced Pd/Al2O3; (b) used Pd/Al2O3 from dry-VAM experiment; (c) used Pd/Al2O3 from wet-VAM experiment;
(d) used Pd/Al2O3 from wet-dust-VAM experiment.
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long term tests. The temperature at 90% methane conversion
(T90) of the fresh catalyst was 342 °C, whilst for treatment IV
it was 412 °C, treatment I was 424 °C, treatment III was 445
4012 | Catal. Sci. Technol., 2015, 5, 4008–4016

Fig. 4 Methane conversion as a function of temperature over fresh
and aged Pd/Al2O3 catalysts. Feed: 0.7% CH4, 3.2% H2O balance air;
GHSV = 100000 h−1. = calcined–reduced catalyst; = Pd/Al2O3-I cat-
alysts (aged 18 h in wet feed at 780 °C); = Pd/Al2O3-II catalysts (aged
18 h in wet feed at 830 °C); = Pd/Al2O3-III catalysts (aged 18 h in wet
O2 at 780 °C); = Pd/Al2O3-IV catalysts (aged 3 days in autoclave at
175 °C).
°C, and treatment II was 530 °C. Increases in the T90 indicate
catalyst deactivation, and these data suggest that the extent
of this is influenced most by treament temperature, and less
by the oxygen partial pressure. These results were used to
establish the initial temperatures required for 90% conversion
in TOS testing of the hydrothermal stability of each of the
aged catalyst samples.
This journal is © The Royal Society of Chemistry 2015

Fig. 5 Time on stream evolution of methane combustion over aged
Pd/Al2O3 catalysts. Feed: 0.7 CH4, 3.2% H2O balance air; GHSV =
100000 h−1. = Pd/Al2O3-I catalyst (aged 18 h under wet feed at 780
°C); = Pd/Al2O3-III catalyst (aged 18 h in wet O2 at 780 °C); =
Pd/Al2O3-IV catalysts (aged 3 days in autoclave at 175 °C).

http://dx.doi.org/10.1039/c5cy00186b


Fig. 6 Catalyst bed temperature required for 90% CH4 conversion
over = Pd/Al2O3-III catalyst (aged 18 h in wet O2 at 780 °C) and =
Pd/Al2O3-IV catalysts (aged 3 days in autoclave at 175 °C). Feed = 0.7%
CH4, 3.2% H2O balance air. GHSV = 100000 h−1.
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To observe the deactivation rate, time on stream experiments
were performed over the aged catalysts starting at 90% conver-
sion without increasing the bed temperatures. Fig. 5 ilustrates the
time on stream behaviours of aged catalysts under treatment I,
III and IV. At their respective bed temperatures, the rate of deac-
tivation of the catalyst aged in treatment IV is the lowest. Given
the similarity in bed tempertaures and light-off curves (Fig. 4),
this suggests that autoclave aged sample is more stable with
respect to deactivation compared to the other two treatments.

The results for treatment III and IV were further examined
by adjusting the bed temperature to maintain methane conver-
sion at 90%, as done in the earlier long-term studies. Fig. 6
indicates that the final bed temperature of treatment III
needed to be raised to 500 °C to overcome the deactivation.

This bed temperature is similar to that seen after 1100 h
TOS under wet-VAM conditions (see Fig. 1). On the other
hand, treating the catalyst in autoclave leads to an increase
in stability as the final bed temperature at 28 h TOS
remained at 430 °C. However, the catalyst activity continued
to decrease over the first 50 h in methane oxidation tests.
The treatments tested, ageing in wet oxidizing mixture at 780
°C for 18 h results in a catalyst behaviour that is the most
similar to that of the long-term tests.

The nature of aged Pd/Al2O3 catalysts

Nitrogen adsorption–desorption isotherms of the aged cata-
lysts show similarities in comparison to the isotherm of the
This journal is © The Royal Society of Chemistry 2015

Table 2 N2-physisorption analysis results of aged catalysts

Description Units
Pd/Al2O3-I (aged 18 h in
wet feed at 780 °C)

Pd/Al2O
wet feed

Langmuir surface area: m2 g−1 193.4 184.5
Micro-pore area: m2 g−1 2.0 3.8
BJH adsorption cumulative
pore volume

cm3 g−1 0.4 0.5

BJH adsorption average pore
diameter

Å 134.7 147.1
fresh catalyst. Changes in pore structure and surface area of
the aged catalysts are summarised in Table 2. As observed in
the long term tests, these results indicate a relatively small
change in surface area (of the order of 10%) with aging in
treatment I–III, even at the high bed temperatures used in
treatment III. A significant change was found in the catalysts
aged in an autoclave where 55% of the surface area is lost as
a result of the treatment. However, the T90 of this catalyst is
slightly lower compared to catalysts treatment I and III (see
Fig. 4). In this case the significant change in support material
pore structures does not result in any major change in active
sites. This is supported by TEM results shown in Fig. S4d,†
where no significant changes were seen in palladium particle
size and distribution.

XRD patterns of the aged catalysts are shown in Fig. 7. In
catalysts from treatments I–III, no changes in the support
phases were detected. Analysis of the reflections in the XRD
patterns also suggests that no α-Al2O3 phase was detected in
the samples despite the much higher temperatures used
compared to the long-term tests, presumably because of the
relatively short treatment times. PdO was only seen in treat-
ment II, although there are some very weak features assigned
to this phase in treatment III. The presence of this reflection
suggests a growth in the palladium particle size through
sintering. Interestingly, the XRD pattern of the treatment IV
catalyst as shown in Fig. S2† suggests the formation of AlHO2

(boehmite) after three days in autoclave at 175 °C. Sharp
reflections with high intensity observed in this pattern indi-
cate an increase in crystallinity of the alumina, which is
supported by a significant decrease in surface area and the
TEM image provided in Fig. S3.†

Fig. 8 provides SEM images of the aged catalysts. Over the
surface of the treatment I catalyst, there are a few bright-dots
as pointed by arrows in Fig. 8a which were identified as Pd
particles by EDS. Upon increasing the ageing temperature to
830 °C (treatment II), more Pd particles were detected, indi-
cating significant redispersion and crystallite growth. As seen
for the long term samples, this crystallite growth is consis-
tent with the appearance of the reflections of a PdO phase
seen in the XRD pattern of this sample. Some palladium par-
ticles are also seen on the surface of the treatment-III sample
(Fig. 8c).

SEM is limited to detect relatively large particles present
on the surface. Fig. S4† provides TEM images of the four
aged catalysts including the distribution chart of Pd particle
size. TEM particle analysis of the catalyst under treatment I
Catal. Sci. Technol., 2015, 5, 4008–4016 | 4013

3-II (aged 18 h in
at 830 °C)

Pd/Al2O3-III (aged 18 h
in wet O2 at 780 °C)

Pd/Al2O3-IV (aged 3 days in
autoclave at 175 °C)

180.1 96.0
15.4 13.8
0.5 0.2

133.1 109.1

http://dx.doi.org/10.1039/c5cy00186b


Fig. 7 XRD pattern of aged catalysts (a) Pd/Al2O3-I catalyst (aged 18 h in wet-feed at 780 °C); (b) Pd/Al2O3-II catalyst (aged 18 h in wet-feed at
830 °C); (c) Pd/Al2O3-III catalyst (aged 18 h in wet-O2 at 780 °C). Phase: ⊗ = PdO.

Fig. 8 SEM images of aged catalysts (a) Pd/Al2O3-I catalyst (aged 18 h in wet-feed at 780 °C); (b) Pd/Al2O3-II catalyst (aged 18 h in wet-feed at
830 °C); (c) Pd/Al2O3-III catalyst (aged 18 h in wet-O2 at 780 °C).
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and III (Fig. S4a and S4b†) indicates an average palladium
particle size of 4 nm after ageing. An increase in particle size
was observed in the treatment II sample (Fig. S4b†), ranging
from 3 to 8 nm. Note that the number of particles observed
4014 | Catal. Sci. Technol., 2015, 5, 4008–4016
in the TEM image of the treatment II sample was signifi-
cantly lower than that seen for the other two aged samples.
This is consistent with the XPS data plotted in Fig. 9c where
intensities of palladium species detected on the surface are
This journal is © The Royal Society of Chemistry 2015
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Fig. 9 XPS spectra of Pd 3d core level of 1.0 wt% Pd/Al2O3, (a)
calcined–reduced sample; (b) Pd/Al2O3-I catalyst (aged 18 h in wet-
feed at 780 °C); (c) Pd/Al2O3-II catalyst (aged 18 h in wet-feed at 830
°C); (d) Pd/Al2O3-III catalyst (aged 18 h in wet-O2 at 780 °C); (e)
Pd/Al2O3-IV catalysts (aged 3 days in autoclave at 175 °C).
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very low compared to other samples, and suggests that Pd
depletion occurred under the treatment II conditions. ICP
analysis results of the aged samples substantiated the deple-
tion where no decrease in Pd content was observable after
the treatments.

Depletion of Pd is consistent with the significant loss of
catalyst activity for this sample that is seen in Fig. 4. Both
SEM and TEM analyses suggest that palladium migration and
particle growth occurs in all cases, although final particle sizes
are still smaller than observed in the long term samples.

Fig. 9 represents the XPS spectra of Pd 3d core level of
calcined–reduced and aged catalysts. The binding energy (BE)
of all fitted peaks and surface compositions are provided in
Table 3. XPS analysis results of long-term used catalysts were
reported previously.8 Peak fitting under the spectra of
calcined–reduced sample (Fig. 9a) reveals two components
detected at Pd 3d5/2 core-level. These peaks can be identified
as Pd0 (at BE of 335.2 eV) and Pd2+ (at BE of 336.4 eV).
This journal is © The Royal Society of Chemistry 2015

Table 3 XPS peak position and surface composition

Sample

Pd 3d5/2 peak
position (eV)

Pd0 Pd

a Pd/Al2O3, calcined–reduced 335.2 33
b Pd/Al2O3-I 334.8 33
c Pd/Al2O3-II 335.0 33
d Pd/Al2O3-III — 33
e Pd/Al2O3-IV 335.8 33
For treatment I there are also two peaks at BE 334.8 eV
and 336.5 eV which are similarly assigned to Pd0 and Pd2+

respectively. The intensity of these spectra is lower than that
of the fresh catalyst, suggesting a loss of Pd at the catalyst
surface during the ageing process. This loss is more extensive
in the case of treatment II (see Fig. 9c), and the TEM results
suggest that at least some of this loss occurs throughout the
sample rather than just at the surface. Treatment II sample
also displays peaks assigned to Pd0 and Pd2+, although the
PdO : Pd intensity ratio is the highest of all the samples. The
palladium surface depletion is most likely due to diffusion of
the Pd into the support to positions deeper than the photo-
electron escape depth. This loss is greatest for ageing treat-
ment temperatures close to the decomposition temperature
for PdO. This is supported by the XPS data of the long-term
used catalysts where no palladium surface depletion was
occurred during TOS experiment.8

From treatment III catalyst, the XPS spectra after TOS experi-
ment (plotted in Fig. 6) reveal that there is only one Pd species
with BE of 336.8 eV which can be assigned to Pd2+. Fitting
more peaks under the curve does not give any improvement in
fit quality (χ2). In addition, the Pd surface loss associated with
the treatment was similar to treatment I. The oxidation state
reached after treatment III is comparable to the oxidation state
of catalyst after the long-term wet VAM test where only Pd2+

was observed in the sample at a concentration of 0.15 at%.8

Fig. 9e shows the XPS spectra of treatment IV catalyst after
a TOS experiment (plotted in Fig. 6). Similar to the other
treatments catalysts, except for treatment III, at Pd 3d5/2 core
level there are two peaks that can be fitted under the curve,
Pd0 at BE of 335.8 eV and Pd2+ at BE of 336.7 eV. As shown in
Table 3, the surface composition of Pd species is similar to
the calcined–reduced sample. This information is in-line with
results of TEM analysis where no significant re-dispersion of
palladium particle was found after the treatment.

Activity loss as a result of the hydrothemal ageing appears
as a consequence of Pd migration and sintering and possibly
through loss of active species. Once used in a VAM applica-
tion, these aged catalysts suffer the same rapid decrease in
activity thought to be caused by adsoprtion of water on the
support and active sites. None of the ageing tests simulate
the change in support phase observed in the long term exper-
iment. These ageing treatments accelerate the deactivation
caused by Pd particle sintering. This contibutes to activity
loss that is likely to be irreversible, particularly if the particles
are oxidized. Although oxidized Pd is more active, it is
Catal. Sci. Technol., 2015, 5, 4008–4016 | 4015

Surface composition (%)
2+ Pd O Al C

6.4 0.2 59.6 37.7 1.6
6.5 0.1 59.6 38.5 1.8
6.9 0.03 59.9 37.9 2.1
6.8 0.1 55.1 31.3 10.8
6.7 0.2 54.8 33.5 9.8
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suggested that under humid condition PdO transforms into a
different structure containing hydroxy groups. This hydroxyl
groups accumulate on the catalyst support which can pro-
mote re-dispersion process of Pd. XAS measurements are on
the way to confirm this behaviour in more detail.

Conclusions

Insight into catalyst deactivation that occurred during long-
term stability tests has been gained by characterizing the used
catalysts under N2-physisorption, XRD, SEM, TEM and XPS
analyses. Deactivation is the result of palladium migration and
particle growth and is the most prominent in the presence of
water in the feed. The formation of α-Al2O3 during long-term
stability tests explains the changes in pore structures occurred
in conjunction with re-dispersion of Pd particles. On the other
hand, with a target of mimicking the properties of long-term
used catalysts, accelerated ageing of Pd/Al2O3 catalyst was
performed under different procedures. XRD patterns of the
aged catalysts revealed no α-alumina phase in the aged cata-
lysts suggesting that the transformation of the alumina phase
occurs at a very slow rate. Although it is clear that the aging
treatments tested here do not necessarily mimic all of the
behaviour observed in the catalyst beds tested on stream over
the long-term, ageing under wet-oxygen in helium provides the
catalyst bed that is perhaps the closest both in terms of perfor-
mance and the characterization employed here. The oxidation
state reached after treatment III is comparable to the oxidation
state of catalyst after the long-term wet VAM test where only
Pd2+ was observed in the sample at a concentration of 0.15
at%. Treating the palladium catalysts at temperatures higher
than 780 °C leads to palladium surface depletion which per-
manently reduces the performance of the catalyst.
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