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A B S T R A C T

In pursuance to decrease emissions of transportation sector, the durability and longevity of modern catalysts has
become a topical issue. Understanding the deactivation of catalysts is especially urgent. Our aim in this study
was to clarify the roles of reaction temperature and SO2 concentration in methane combustion catalyst poi-
soning. Information about this process can help the research community perform more realistic laboratory si-
mulations and provide new insights for catalyst development. With the collected experimental data, the like-
lihood that poisoning would be influenced by different sulphur species and mechanisms was evaluated. Our
results suggested that both reaction temperature and SO2 concentration influenced the stability of the resulting
sulphates. Low SO2 concentrations lead to formation of stabler sulphates and lower total amount of sulphur in
the catalyst. In turn, high SO2 concentrations formed less stable sulphates but accumulated more sulphur. Lesser
stability was attributed to formation of Al2(SO4)3 through spillover.

1. Introduction

The urgent need to reduce global carbon emissions became particu-
larly apparent following the autumn 2018 release of the special report on
global warming by the Intergovernmental Panel on Climate Change
(IPCC) [1]. According to this report, it is highly probable that the global
mean temperature will increase by 1.5 °C above pre-industrial levels
sometime between 2030 and 2052. Consequently, the hazards related to
increasing temperature are bound to become more severe. As the global
demand to reduce emissions of greenhouse gases (GHGs) and other
pollutants grows, interest in alternative fuels in the transportation sector
has steadily increased. However, this transition is not straightforward,
and many engine applications require additional research before their
commercial use will be feasible. Natural gas lean-burn engines are of
growing interest, especially in the European Union (EU). This interest
originates from the European Parliament’s objective to reduce GHG
emissions by 60% from the 1990 level by the end of 2050 [2]. In addition
to increasing alternative fuel consumption, improved and more durable
emission after treatment systems are vital as well.

Emissions research has revealed that lean-operating natural gas
engines produce low amounts of CO2 compared to diesel engines [3–5].
Compared to diesel fuel, the low carbon-to-hydrogen ratio of methane
directly reduces the amount of CO2 released into the atmosphere during
combustion [6]. Other benefits of natural gas include ease of transport
and storage. As can be expected, there are also disadvantages related to
natural gas utilization. The most problematic of these is methane slip
from the engine, which is the discharge of methane into the exhaust gas
stream. The global warming potential (GWP) of methane is 28-fold
higher than that of CO2 [7]. This is a major concern, because traditional
three-way catalysts and diesel oxidation catalysts are not optimal for
methane combustion.

Durability requirements for heavy-duty vehicles in Europe were
established by EU regulation 595/2009 [8]. To satisfy these require-
ments, increasing the durability of catalysts is necessary. Catalyst de-
activation can be caused by thermal effects, such as sintering and phase
transformation, or it can occur chemically through poisoning [9–11].
Indeed, catalyst deactivation is one of the greatest challenges in en-
vironmental catalysis research. Accordingly, several groups have
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studied the effects of the gas atmosphere on catalysts by performing
catalyst ageing and regeneration simulations in the laboratory [12–15].
These operations are often referred to in the literature as rapid ageing
techniques. However, our understanding of catalyst ageing and poi-
soning processes is still deficient. Rapid ageing is a useful test method,
as actual on-road experiments are both time-consuming and costly.
Laboratory testing in turn can yield results more quickly in a controlled
environment. However, there is significant variation among both
ageing methods and regeneration techniques. Markedly different ex-
haust gas compositions and ageing temperatures are applied across the
field. Consequently, much uncertainty still exists with regard to catalyst
ageing conditions.

It is a widely held view that bimetallic Pd-Pt catalysts have the
highest activity for methane combustion [16]. The Pd-PdO interface is
thought to be the active phase at low temperatures and under lean
operating conditions [4,11,17]. Thus, modern methane oxidation cat-
alysts (MOC) typically contain Pd. It has been proposed that the pre-
sence of Pt affects bonding between Pd and O by weakening the bond to
enhance catalytic activity [16]. Additionally, a small amount of Pt has
been found to improve resistance to sintering [18]. Based on previous
research [16,19], it is clear that Pd is vulnerable to sulphur poisoning,
whereas monometallic Pt exhibits resistance to it. The existence of
platinum sulphates has not yet been proved experimentally, although a
theoretical study of the subject has been published [20]. Nevertheless,
experiments have shown that addition of Pt to a catalyst can promote
the resistance of Pd to sulphur poisoning [18].

In addition to methane, natural gas contains higher alkanes and
sulphur, namely H2S. Sulphur possesses a reactive electron pair and is a
known transition-metal catalyst poison [9,10,21–23]. Even trace
amounts of sulphur in exhaust gas are readily oxidized to SO2, leading
to the formation of PdSOx and ultimately bulk PdSO4 [10,24,25]. Ac-
cording to many in the field, catalyst deactivation is associated with
sulphate formation, a phenomenon generally referred to as catalyst
poisoning. Recent research suggests the culprit is actually a combined
effect of water and sulphur [22]. This interpretation contrasts with the
traditional view, which is that lone sulphates cause poisoning. The
accession of the light-off temperature (T50) due to water is well docu-
mented [4,10,22].

Gremminger et al. performed laboratory-scale ageing experiments,
and they reported that low SO2 concentrations (≤5 ppm) affected the
poisoning rate [26]. However, a search of the literature reveals that the
SO2 concentrations used in MOC ageing experiments over the last two
decades range from 2.5 to 500 ppm [10,18,26–28]. In the present work,
we studied the rapid ageing process in CH4 combustion simulations to
gain a better understanding of the effects of SO2 concentration and
reaction temperature. We aimed to address three research questions.
First, how does SO2 concentration affect CH4 conversion during the
poisoning process? Second, is there a relationship between SO2 con-
centration and sulphur accumulation in the catalyst? Finally, do tem-
perature and SO2 concentration affect sulphate stability?

2. Materials and methods

2.1. Catalyst

Dinex Finland Oy provided the catalysts for the laboratory simula-
tions. The catalyst contained Pd and Pt in a weight ratio of 4:1, with a
total noble metal loading of 7.06 g/L. High-surface area γ-alumina (γ-
Al2O3) served as the support material. The wash coat was deposited
over a corrosion-resistant metallic foil by the open-foil coating method.

2.2. Characterization and ageing measurements

The exact gas concentrations used for the ageing experiments along
with other reaction parameters are summarized in Table 1. Catalyst
ageing was examined at 400 °C, 430 °C, 450 °C and 500 °C at SO2

concentrations of 10 ppm, 50 ppm and 100 ppm. A light-off curve ob-
tained with a fresh MOC at the temperatures selected for our tests is
shown in Fig. 1. The selected temperatures are typical in a lean-oper-
ating natural gas engine [29]. By varying the ageing time, the amount
of sulphur exposed to the catalyst was held constant at 294 μmol. The
catalysts were shaped into cylinders 18mm in height and 10mm in
diameter, which contained a noble metal loading of 0.01 g per cylinder.
The cylinders were positioned inside a reactor tube. During the ex-
periments, the reactor contained 65 μmol PdO. The reactor tube was
then placed in a furnace and connected to a gas stream. The gas at-
mosphere was established with GF Series mass-flow controllers (Brooks
Instrument, Hatfield, PA), and the gas hourly space velocity (GHSV)
was fixed at 50,000/h. The gas atmosphere was comprised of CH4, CO,
CO2, NO, O2 and H2O, while N2 served as the balancing gas. Prior to the
ageing treatments, each catalyst was stabilized at 600 °C. Ageing mea-
surements were performed under steady gas flow at a constant tem-
perature. Gas concentrations were recorded with a FTIR multi-gas
analyzer (Gasmet™, Finland) downstream of the catalyst during each
measurement. During the light-off phase, the oven was heated at a rate
of 7 °C/min. To prevent possible sulfate decomposition and additional
SO2 chemisorption following each ageing measurement, the samples
were cooled in a 10% O2/N2 atmosphere.

After each ageing treatment, the catalyst was scraped from the
monolith. The sulphur content of each sample was measured with a
vario Micro cube elemental analyzer (Elementar, Germany). The device
was calibrated with sulfanilamide and sulfamethazine served as a

Table 1
Compositions of the ageing gas mixtures used for catalyst measurements.

Gas 10 ppm SO2 50 ppm SO2 100 ppm SO2

CH4 2000 ppm 2000 ppm 2000 ppm
CO 2000 ppm 2000 ppm 2000 ppm
NO 500 ppm 500 ppm 500 ppm
CO2 6% 6% 6%
O2 10% 10% 10%
H2O 10% 10% 10%
N2 balance balance balance
SO2 10 ppm 50 ppm 100 ppm
Treatment duration 10 h 2 h 1 h
Total amount of SO2 294 μmol 294 μmol 294 μmol
GSHV 50,000/h 50,000/h 50,000/h

Fig. 1. Light-off curve of a modern methane combustion catalyst. The red cir-
cles indicate the temperatures used for the ageing measurements (For inter-
pretation of the references to colour in this figure Legend, the reader is referred
to the web version of this article).
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known reference that verified the calibration was successful.
Measurements were performed with aged samples before and after the
temperature-programmed oxidation (TPO) process.

Steady state engine testing was performed over a range of different
speed and load points to characterise the MOC efficiency pre and post
ageing. The steady state key points were determined to give an ap-
propriate range of catalyst temperatures and space velocities in order to
characterise the light-off for methane control. The catalyst temperature
ranged from 250 to 580 °C and the space velocity ranged from ap-
proximately 20,000–80,000 1/h. The pre-catalyst methane emissions
ranged from 350 to 3000 ppm.

The chemical state of each catalyst was then examined by TPO
analysis in an 0.1% O2/He gas atmosphere. The sample size for each
TPO measurement was approximately 100mg, and the collected data
was standardized by weight. An Autosorb-iQ gas sorption analyzer
(Quantachrome Instruments, Boynton Beach, FL) equipped with a
thermal conductivity detector (TCD) and an integrated quadrupole
mass spectrometer were used to analyze the desorbed gases. Low
oxygen content yielded better apparent peak separation in the TCD
contour plots. The heating rate in the TPO was 10 °C/min with ramping
from room temperature to 1000 °C. Water was largely prevented from
entering the TCD through the use of a cold trap.

3. Results and discussion

3.1. Poisoning process and methane conversion during ageing

Rapid-ageing techniques should be performed quickly yet still pro-
vide results that correlate well with those obtained with a real engine.
There is a good general agreement between laboratory and real-engine
experiments for CH4 conversion with the fresh MOC and poisoned MOC
as illustrated in Fig. 2. The test-bed experiment protocol is considered
confidential information, but the results are accounted comparable. The
tests are performed on the same catalyst and 50 ppm SO2 was used in
both the laboratory and real-engine experiments. For comparison,
natural gas contains approximately 1 ppm S in the form of H2S, which
under lean conditions is oxidized to SO2 [6]. The precise quantity of S in
the natural gas depends on the region from which it is harvested. Some
differences between test-bed and laboratory test results as well as the
data scattering could result from space velocity variations in the engine

tests, temperature transients during engine testing, and other factors
such as S-containing compounds in oil [29]. To an extent, the suitable
SO2 concentration for conducting well-correlating rapid ageing simu-
lations is a matter of speculation.

We studied the effect of SO2 concentration over a broad range to
gain information that reflected realistic rapid-ageing conditions. We
thus performed a series of measurements with 10 ppm, 50 ppm and
100 ppm SO2. Lean-burn NG and biogas engines operate in the tem-
perature range of 400–500 °C most of the time. Hence, we performed
the poisoning experiments at typical operating temperatures for these
engines (400 °C, 430 °C, 450 °C and 500 °C).

Fig. 3 contains the acquired CH4 conversion contour plots, which
are grouped according to temperature. It should be noted that although
we supplied the same amount of sulphur at each temperature, the
poisoning durations at different SO2 concentrations were not identical.
Consequently, CH4 conversion is presented as the percentage of poi-
soning progression. This way, at a given point on the x-axis, the amount
of sulphur entering the catalyst is the same. The error of the FTIR device
was 2%, but the error bars are not presented for the sake of clarity.
Measurements performed near the light-off region (400 °C and 430 °C)
showed large variations in CH4 conversion due to high-temperature
sensitivity (Fig. 1). This is especially visible in Fig. 3a, in which the
conversion starting points at the three SO2 concentrations differ.
Overall, the conversion curves in Fig. 3a and b overlapped rather well
with only small deviations. We speculated that less SO2 desorbed at
400 °C and 430 °C, which in turn promoted the oxidation of SO2 to SO3

and ultimately to PdSO4. Thus, most of the sulphur remained in the
catalyst at these temperatures regardless of SO2 concentration.

Measurements performed at higher temperatures indicated greater
catalyst stability, so the CH4 conversion starting points were similar.
Additionally, the conversion curves diverged at an earlier stage of
progression. It was noted that in Fig. 3c (450 °C) and Fig. 3d (500 °C),
conversion at the end of the measurements was higher with 10 ppm SO2

than with either 50 ppm or 100 ppm SO2. Furthermore, the greatest
extent of deactivation was observed at a SO2 concentration of 50 ppm.
Thus, catalyst deactivation was intriguingly non-linear with respect to
SO2 concentration. The rate of deactivation was evidently bound to SO2

concentration. These observations led us wonder whether dissimilar
SO2 concentrations could lead to formation of different SOx structures
on the catalyst. In other words, could the SO2 concentration possibly
affect the poisoning mechanism via spillover? During spillover, SO2 or
SO3 molecules migrate from the precious metals into the support ma-
terial and form sulphates. Prior studies have noted spillover to be a
plausible mechanism for reducing deactivation of Pd/Al2O3 catalysts
[10,18,27] and it has also been studied on Pt/Al2O3 based Diesel oxi-
dation catalysts [30–32]. To enable further predictions, the next step
was to determine how much sulphur bound to the catalysts during the
poisoning process.

3.2. Elemental analysis

Elemental analysis of the samples was performed after the ageing
treatments. In Fig. 4a, the quantity of bound sulphur following treat-
ment at each temperature is shown according to SO2 concentration. The
average standard deviation of the mean of the sulphur measurements
was 0.01, while the largest individual error was 0.05. The error could
thus be considered insignificant, which is why error bars are not shown
in the figure. Catalysts poisoned with 10 ppm SO2 gathered the least
amount of sulphur. This was consistent with the results shown in Fig. 3c
and d from samples in which conversion with 10 ppm SO2 remained the
highest. The sulphur content varied less with temperature in the sam-
ples poisoned with 50 ppm and 100 ppm SO2, although samples treated
with 50 ppm SO2 at 400 °C and 450 °C contained slightly more sulphur.
The same results are plotted in Fig. 4b with respect to reaction tem-
perature. The highest amount of sulphur accumulated on catalysts that
were poisoned at 400 °C. In general, the sulphur content decreased

Fig. 2. Correspondence between CH4 conversion results obtained from la-
boratory light-off experiments (solid lines) and an engine test stand (points)
using fresh catalyst (blue) and a catalyst poisoned under 50 ppm SO2 (yellow)
(For interpretation of the references to colour in this figure Legend, the reader is
referred to the web version of this article).
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gradually with increasing temperature. Gremminger et al. previously
observed more vigorous catalyst poisoning at 400 °C than at higher
temperatures [26]. Our measurements were in accordance with these
results.

To acquire additional insight into sulphur accumulation, we ex-
amined the relationship between the amount of bound sulphur in our
catalysts and the amount of sulphur that was introduced to them via the
gas stream. These results are summarized in Table 2. The percentage of
sulphur in the gas stream that was retained by the catalysts varied from
13.0% to 25.7%. We also compared the amount of sulphur gathered by
the catalysts with the quantity of sulphur in 65 μmol of PdSO4, the
theoretical maximum. The latter values spanned from 58.8% to over
116.1%, as can be seen in the table. Catalysts poisoned with 50 ppm
and 100 ppm SO2 at 400 °C and 430 °C contained especially large
quantities of sulphur, even though conversions in the Fig. 3 are similar
with a catalyst poisoned with 10 ppm SO2. The 50 and 100 ppm samples
actually exceeded 100% of the theoretical maximum, which was the
upper limit of the amount of sulphur that could be bound to Pd. This
could be attributed to formation of Al2(SO4)3, which can form directly
or as a spillover product. The 10 ppm samples gathered the smallest
quantities of sulphur, and the amounts became even smaller with in-
creasing temperature.

Overall, the results confirmed that both SO2 concentration and re-
action temperature influenced the amount of sulphur bound by the
catalysts. Earlier, we speculated about the formation of different SOx

structures and reaction mechanisms in relation to SO2 concentration.
The results of the conversion measurements (Fig. 3) and elemental
analysis (Fig. 4) validated this line of thought. We propose that higher
SO2 concentrations may promote spillover of SOx as the competition for
active sites becomes more severe. PdO/Pd ratio has been shown to
decrease due to oxidation reactions already during light-off of the

catalyst [12]. Sulphur in spillover can coordinate with the support to
form Al2(SO4)3, which explains the larger quantities of sulphur in
samples treated with 50 ppm and 100 ppm SO2 (Fig. 4, Table 2). Hon-
kanen et al. observed this experimentally when they detected Al2(SO4)3
on a MOC that was poisoned with 100 ppm SO2 [27] and it has also
been detected on Pd-Pt/Al2O3 model catalysts as well as commercial Pt/
Al2O3 Diesel oxidation catalysts [18,31,33]. In the present study, at
elevated temperatures (450 °C and 500 °C) catalysts poisoned with
10 ppm SO2 gathered less sulphur and retained higher conversion, as
spillover effects were not as likely as with 50 ppm and 100 ppm SO2. At
lower temperatures (400 °C and 430 °C) 10 ppm SO2 gathered similarly
fewer amount of sulphur, however the conversion was equal to that of
the samples poisoned with 50 ppm and 100 ppm. As already speculated
in Section 3.1, this can be explained with the lower desorption rate of
sulphur, which causes active sites to be saturated efficiently also with
low SO2 concentrations.

With regard to the reaction mechanism, reduction of the PdO to
metallic Pd occurs more rapidly at high SO2 concentrations due to
oxidation to SO3. This increases the number of metallic Pd sites. It can
thus be speculated that SO3 cannot readily form PdSO4 in these con-
ditions. Instead, spillover becomes a more optimal route for SO3 to form
sulphates, i.e. Al2(SO4)3. In addition, oxidation of SO2 to SO3 might
become more favourable on the support as well. At low SO2 con-
centrations, however, there are more PdO sites available, on which
these oxidation reactions can proceed. Intuitively, this would lead to
the formation of larger and stabler sulphate structures, namely bulk
PdSO4. Moreover, it has been shown that Al2(SO4)3 may hinder re-
oxidation of Pd to PdO in catalyst regeneration [34]. Assuming the re-
oxidation tendency is connected to oxygen exchange between the
support and the noble metal, this would at least partially explain why
the samples poisoned under 10 ppm SO2 maintain higher conversion

Fig. 3. CH4 conversion curves at (a) 400 °C, (b)
430 °C, (c) 450 °C and (d) 500 °C. The SO2

concentration is indicated by colour: 10 ppm
(blue), 50 ppm (green) and 100 ppm (red). The
base gas mixture contained 10% O2, 6% CO2,
2000 ppm CO, 500 ppm NO and 2000 ppm CH4

(For interpretation of the references to colour
in this figure Legend, the reader is referred to
the web version of this article).
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during poisoning at high temperatures (Fig. 3). There has been previous
research on support-noble metal interactions in oxygen exchange
[35–37]. Motivated by these observations, we subjected every sample
to TPO treatment to learn more about sulphate stability in our poisoned
catalysts.

3.3. TPO treatment

The literature contains various temperatures at which the sulphur is
desorbed from the catalyst during heating [18,22,33,38]. These varia-
tions result from different poisoning and desorption conditions during
heating. A recent study on PdSO4/Al2O3 model catalysts revealed the
differences in SO4 degradation under various conditions [38]. It was
found that inert conditions destabilases PdSO4 more in respect to oxi-
dizing conditions (TPO). Moreover, Wilburn et al. showed that Pd rich

bimetallic catalysts form sulphates that can stand significantly higher
temperatures than Pt rich catalysts [33]. Our results of the TPO mea-
surements are shown in Fig. 5. The large increases in TCD signal in-
tensity observed above 600 °C originated from decomposition of sul-
phate to O2 and SO2. This was evident in the concurrently obtained
quadrupole mass spectrometry results. The results of O2 and SO2

quantitation by mass spectrometry mirrored the TCD curves. The ob-
served sulphate decomposition can be attributed to PdSO4 as previous
research insinuates that Al2(SO4)3 degradation requires above 950 °C
temperature [39]. The stepwise degradation of SO4 into O2 and SO2 is
in line with TCD and quadrupole mass spectrometry results reported in
a previous study [22]. According to elemental analysis virtually all
sulphur has left the sample in post-TPO samples. Results from analysis
of fresh MOC samples are shown in Fig. 5 for reference. In the plots for
the fresh samples, the peak above 600 °C originated from PdO decom-
position to metallic Pd and was thus associated with O2 desorption. It
was worth noting that the peak maxima of the fresh samples were ob-
served at lower temperatures than those of the poisoned catalysts. This
was in accordance with the mass spectrometry results, which suggested
that O2 began to desorb before SO2 during sulphate decomposition.

The TCD contour plots of samples poisoned at 450 °C and 500 °C are
shown in Fig. 5c and Fig. 5d, respectively. Again, the differences
identified at different SO2 concentrations were most visible in these
samples, since the temperature was clearly above T50. There was an
obvious shift in the TCD peak maxima to higher temperatures with
decreasing SO2 concentration. This implied that catalysts poisoned with
10 ppm SO2 contained stabler sulphates. In Fig. 5a and b, the separation
is more modest. The most likely reason for this was proximity to the
light-off region.

If the same measurements are grouped according to SO2 con-
centration, it can be seen that stabler sulphates form at higher tem-
peratures. This is illustrated in Fig. 6 and corresponds well with the
findings of Gremminger et al. [26]. This trend is especially clear in
Fig. 6a and b, which show the contour plots of the 10 ppm and 50 ppm
samples, respectively. Results from the catalysts poisoned with 100 ppm
in Fig. 6c do not reflect such large variation. A possible explanation for
this may be the spillover of sulphates. As we suggested in Section 3.2,
high SO2 concentrations may promote spillover and lead to the for-
mation of Al2(SO4)3 instead of PdSO4.

We also integrated the TCD curve areas from 500 °C forward. The
area trend was consistent with the results of elemental analysis, and the
curves of the 10 ppm samples had smaller areas than those of samples
poisoned with higher SO2 concentrations. It should be noted that the
TCD curves included the desorption of O2 in addition to SO2, which
affected the integration results.

The results from our investigation of sulphate stability shown in
Figs. 5 and 6 support the elemental analysis results shown in Fig. 4.
This, along with supporting literature suggest that the large peaks
above 600 °C arise from degradation of stable structures that include
sulphur, i.e. sulphates [22,33,38]. Sulphates that decompose below
950 °C are attributed to PdSO4 rather than Al2(SO4)3. Low SO2 con-
centration (10 ppm) yielded PdSO4 sulphates which decompose at
higher temperatures in comparison with samples that are poisoned with
high SO2 concentrations (50 ppm and 100 ppm). According to recent
research, the formation of Al2(SO4)3 due to the spillover destabilizes
PdSO4 [34,39]. Hence, the less stable sulphates that are formed by
using high SO2 concentrations can be explained with the spillover and
larger formation of Al2(SO4)3. In other words, the SO2 concentration
affects the relation in which Al2(SO4)3 and PdSO4 are formed, which
consequently can be seen as a shift in a TCD curve. Furthermore, spil-
lover may also explain why the catalyst poisoned at 50 ppm SO2 ex-
perienced stronger deactivation and have gathered generally more
sulphur in respect to samples poisoned at 10 ppm or 100 ppm SO2. With
higher concentration the formation of Al2(SO4)3 is more optimal route
for SO2 or SO3 to react with oxygen, which leaves larger amount of
precious metal sites unpoisoned, thus explaining the non-linearity of

Fig. 4. Results of sulphur analysis for catalyst samples following ageing treat-
ment as a function of (a) SO2 concentration and (b) temperature.

Table 2
The amount of sulphur bound by the catalysts as a percentage of sulphur en-
tering during the poisoning process and as a percentage of the theoretical
maximum (PdSO4) in a MOC.

% Sulphur in the gas mixture
retained by the catalyst

% Theoretical maximum (PdSO4)

10 ppm 50 ppm 100 ppm 10 ppm 50 ppm 100 ppm

400 °C 21.5% 25.7% 21.6% 97.2% 116.1% 97.5%
430 °C 20.3% 23.7% 23.6% 91.7% 106.8% 106.5%
450 °C 13.8% 20.2% 18.4% 62.5% 90.9% 83.2%
500 °C 13.0% 17.4% 17.5% 58.8% 78.4% 78.7%
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deactivation in respect of SO2 concentration. Based on these findings,
we could postulate that SO2 at high concentrations formed less stable
sulphates that bound to the catalyst surface and support, while low SO2

concentrations generated stabler bulk PdSO4.

4. Conclusions

We studied the rapid ageing process under different simulated
ageing conditions to better understand how real-engine results could be
reproduced in a laboratory environment. To address this question, we
gathered data via multi-gas FTIR analysis, elemental analysis, and TPO
tests. Based on our results, we suggest that SO2 concentration and re-
action temperature have a crucial impact on the poisoning mechanism
of PdO in MOCs. According to the FTIR measurements, MOC poisoning
with lower concentrations of SO2 resulted in higher CH4 conversion at
the end of the poisoning process. This was in agreement with the ele-
mental analysis results, which suggested the catalysts poisoned with
high SO2 concentrations (50 and 100 ppm) retained a larger quantity of
sulphur. Additionally, the TPO data indicated that sulphates formed at
higher SO2 concentrations were less stable than those formed in sam-
ples poisoned with a lower SO2 concentration (10 ppm). This might be
related to a spillover phenomenon occurring at higher SO2 concentra-
tions. At high SO2 concentrations (50 ppm and 100 ppm), the number of
PdO sites available for SO2 oxidation to SO3 and ultimately PdSO4 is
limited. In other words, reduced PdO/Pd ratio in the MOC makes
spillover to alumina a more feasible route for the oxidation reaction,
which leads to more abundant formation of Al2(SO4)3. According to
literature, Al2(SO4)3 destabilizes PdSO4. In contrast, SO2 in low con-
centration forms stabler sulphates, which can be attributed to the for-
mation of bulk PdSO4 and only minor amount of Al2(SO4)3.
Furthermore, these samples gather less sulphur and are less subject to

the spillover mechanism. A paucity of spillover leads to higher bypass
of SO2, which results in accumulation of less sulphur in the poisoned
catalyst. The results of elemental analysis indicated that some PdO re-
mained in the catalysts after poisoning for 10 h with 10 ppm SO2. To
summarise, SO2 concentration affects the ratio in which PdSO4 and
Al2(SO4)3 are formed. We also confirmed the previous observations that
reaction temperature affects the sulphur poisoning. According to TPO
measurements, stabler sulphates are formed at high temperatures (450
and 500 °C) in contrast to temperatures near light-off region (400 and
430 °C).

These findings provide information with regard to how SO2 con-
centration and reaction temperature can affect the outcome of rapid
ageing in laboratory simulations. Because natural gas contains ap-
proximately 1 ppm SO2, it can be deduced that low concentrations
produce similar sulphates. But poisoning times in simulations are pro-
longed. Thus, to obtain accurate ageing results in the laboratory, the
SO2 concentration should be similar to that of the specific fuel of in-
terest. However, this approach removes the time-savings benefit of si-
mulation. Ultimately, performing a rapid ageing simulation is a com-
promise between chemical accuracy and poisoning time. The lower the
SO2 concentration, the higher the accuracy. Then again, the fact we
were able to achieve satisfactory conversions with 50 ppm SO2 in-
dicates sufficient conversion could be realized with lower SO2 con-
centrations. Overall, our findings can be used to fine-tune laboratory
rapid ageing techniques to improve real-engine simulations.
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Fig. 5. TPO contour plots of poisoned samples
grouped according to temperature. (a) 400 °C,
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and 100 ppm (red). Peaks shown on the shaded
background correspond to O2 and SO2 deso-
rption (For interpretation of the references to
colour in this figure Legend, the reader is re-
ferred to the web version of this article).
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