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Abstract: This paper presents results obtained for the thermal and hydrothermal ageing of seven com-
mercial precious metals-based catalysts for the combustion of methane. Experiments are performed
in a large excess of oxygen representing lean conditions. Temperatures used are those typically found
in lean burn compression ignition engines. The precious metals used were platinum, palladium and
rhodium, present either singly or in combination. The most active catalyst contains a platinum and
palladium mixture, with palladium being dominant. This catalyst was also the least affected by both
thermal and hydrothermal ageing. The second most active catalyst contained only palladium, but
this catalyst also demonstrated more susceptibility to ageing. The least active catalyst contained only
platinum, although this catalyst was also the least affected by hydrothermal ageing. The addition of
rhodium to either palladium or platinum–palladium catalysts caused a more rapid loss in activity at
higher temperatures, although the loss in activity at lower temperatures was similar in magnitude to
those catalysts without rhodium. In some cases, cycling the reactor temperature between high and
low restored some activity to the catalyst. In all cases, the catalyst activity was observed to be lower
in the presence of water, after both thermal and hydrothermal ageing.
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1. Introduction

Catalytic combustion has been known since the original observations of Sir Humphry
Davy, and it can be used as an alternative to conventional (homogeneous) combustions in
cases where low temperature combustion is desired, or the fuel content lies outside of the
flammability limits [1–3]. Catalytic combustion can be used in a wide variety of applications.
For example, catalytic combustion can be used as a means of lowering NOX emissions [4],
and during the 1990s there was a considerable interest in the use of catalytic combustion
for gas turbine applications [5–7]. As the century turned, interest was growing in the use
of catalytic combustion as a means of controlling fugitive emissions of VOC, especially
methane, in a large part because of the large global warming potential of methane. Fugitive
methane emissions are present in fossil fuel development, and catalytic combustion has
been suggested as a means to destroy them [8]. Emissions from this sector may be dry or
contain small amounts of water.

Another major focus for the catalytic combustion of methane is the desire to use
methane as a replacement for either diesel or gasoline as a fuel in internal combustion
engines. There is a similar problem of methane slip from engines powered by biogas,
which also require an emission control solution. This interest is found not only in Europe
and North America, but also in large markets such as India and China. Natural gas is an
alternative fuel for low emission transportation because it burns the most cleanly of all of
the fossil fuels, with near zero particulate matter, and lower greenhouse gas emissions [3].
Natural gas can be used effectively in compression ignition (CI) engines, which typically
operate in the lean combustion regime, and also in spark ignition (SI) engines which usually
run with stoichiometric air to fuel ratios.
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Because of incomplete combustion, the exhaust from natural gas-fuelled vehicles
contains an unacceptable level of methane which must be oxidized by using a catalytic
convertor. Methane is a regulated emission; therefore, the development of a high efficiency
catalytic convertor for a natural gas engine is required. This task is a challenge, owing to the
low reactivity of methane and the presence of large amounts of water vapour in the exhaust.
SI and CI engines operate in quite different modes, and the exhaust gas after treatment
systems are quite different in each case. In this work, the focus is on CI engines, which
typically operate with lower combustion temperatures (300 to 500 ◦C) than SI engines, and
the trend is to push for lower temperatures to reduce emissions, especially of NOX. Exhaust
gas recirculation may also be used.

Some exhaust system designs have been proposed in which recuperative heat transfer
or energy addition is used as a means of increasing the temperature of the catalytic converter
to enhance the reaction rate [9–11], although these methods add complexity to the exhaust
system. To avoid this complexity, a catalyst that is active at low temperatures and is
resistant to deactivation both in the presence and the absence of water is desirable.

Many catalysts have been reported in the literature for methane oxidation, which can
be broadly classed into those based on non-noble metals and those based on the use of
precious group metals (PGM) [12]. For reasons of both cost and high temperature durability,
interest has been continuous in earth abundant elements, see for example [13–21]. Many
applications, and especially automotive catalytic converters, must have a reactor with a
small physical size, and therefore a very active catalyst is required. Thus, the use of various
PGM group metals has been actively explored, as summarized in several reviews over the
past decades [22–26]. Platinum, which is widely used in automotive catalytic converters
for gasoline and diesel engines, has also been studied for the catalytic combustion of
methane [27–33]. Platinum has also been combined with earth common metals [34]. A
notable industrial application of Pt catalysts in methane combustion are the fibre-supported
catalysts used in counter diffusive catalytic heaters [35,36]. The most commonly used
uni-metallic methane combustion catalyst is palladium, and papers using it account for the
majority of the papers extant, as can be observed from the reviews cited above. A wide
variety of factors that affect the activity of Pd (and other PGM) catalysts have been studied,
and some references are given in the following paragraphs.

Whilst the active catalytic ingredient is clearly important, the role of the catalyst support
has long been recognized [37–40] and recently the subject of a comprehensive review [41].
A wide variety of materials has been used, with alumina being common [42–49]; however,
zirconia [50–54], silica [55–57], aluminosilicates [58], cobalt oxide [59,60], ceria [61,62], nickel
compounds [63] and tin are also used [64,65]. The support material is important, but so also is
the preparation method [66–68]. In addition to the main ingredient and the support, other
materials have been added as promoters [69–71].

Introducing a second metal component into a heterogeneous has been widely accepted
as one of the ways to increase activity, selectivity and/or stability. Other PGM have been
incorporated into methane combustion catalysts. For example, rhodium, which is used in
the three-way catalyst, has been combined with Pd [72–74] and Pt [75,76]. Gold has also
been reported for Pd [77,78] and Pt [79], although to the best knowledge of the authors
has not been commercially applied. Arguably, the most commonly reported bimetallic
PGM catalyst is the mixture of Pd and Pt [73,80–86]. The use of the bimetallic introduces
as a variable the ratio of Pd and Pt used, and this variable has been studied [80,87–90].
Generally speaking, the addition of Pt to Pd gives a more active catalyst that is less prone to
deactivation [91–93]. As with Pt, non-PGM metals have also been added to Pd catalysts [94].

The exhaust gas from a natural gas engine contains of the order of 10 to 15% by volume
water. The activity of the catalyst in the presence of water is thus of the utmost importance, and
is related to the deactivation of the catalyst [37,95–103]. It has been suggested that the water
inhibition is only significant up to approximately 450 ◦C [24,103–106]. It has been suggested
that this temperature limit results from the formation of inactive Pd(OH)2 [52,107]. Water may
also affect the oxidation state of Pd during the reaction, reducing the speed of reoxidation of
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Pd to PdO [92,108]. The sintering of the metal particles as a result of temperature and/or the
atmosphere also affects the catalyst activity [109]. It has been reported that the oxidation of
methane over Pd is structure-sensitive [49]. As noted, water affects catalyst deactivation, and
also inhibits the oxidation reaction. The work reported here follows from two publications
that considered the combustion of methane over Pt:Pd catalysts. Abbasi [110] reported some
kinetic models over two Pt-based catalysts, one of which was a Pt:Pd blend containing 20%
by weight palladium. Abbasi [111] investigated the effects of a catalyst pre-treatment on the
activity and stability of the same catalysts, and compared their behaviour to pure Pd. The aim
of the present study is to investigate the catalytic properties of a series of catalysts composed
of mixtures of platinum, palladium and rhodium, with an emphasis on their resistance to
thermal and hydrothermal ageing. Hydrothermal ageing is essential for automotive exhaust
applications, and thermal ageing is more relevant to fugitive emission combustion in the oil
and gas industry. In addition to the study of catalysts not reported earlier, we have extended
the work to include thermal ageing and the effects of ageing temperature.

This paper adds value to the literature in showing the results from the ageing of
commercial catalysts. There is a lack of such data in the literature, and these results will be
especially valuable for those wishing to compare their “in-house” formulations with several
industry standards. Furthermore, we highlight the positive effect of the Pt addition, and
the negative effect of the Rh addition. Furthermore, most ageing studies do not compare
the relative effects of dry and wet ageing, which is of interest.

2. Materials and Methods

The experimental procedures used are described elsewhere [110,111], and the basic
description is included here for completeness. Catalyst activity measurements were made
using a small reactor system consisting of a reactor, furnace, thermocouples and tempera-
ture controller, flow meters, gas and water supply, as shown in Figure 1. The reactor had an
inner tube of 0.76 cm (3/8′′) diameter with an outer sleeve of 2.22 cm (7/8′′) diameter, both
made from 316 stainless steel. The role of the outer sleeve was to provide a constant tem-
perature along the wall of the reactor. The reactor assembly was installed inside a tubular
furnace. The catalyst was located in the middle of the reactor, and quartz wool was placed
before and after the catalyst to contain the bed. Three thermocouples (K-type from Omega)
were used to monitor the temperature in the reaction system. Thermocouples were placed
in the inner tube of the reactor (before and after the catalyst sample), touching each end of
the catalytic bed, as shown in Figure 1. The average of the temperatures recorded by these
two thermocouples is reported as the reaction temperature. The maximum temperature
difference between the two thermocouples was about five degrees. A thermocouple placed
in the outer sleeve was used to control the reactor temperature via a PID controller on the
reactor furnace.
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The reactor effluent was analysed with a gas chromatograph (GC HP-7890-A type
from Agilent Technologies Incorporation, Santa Clara, CA, USA). The GC column was
19095 P-Q4. The carrier gas was helium (Ultra high purity 5.0 from Praxair, Danbury, CT,
USA) with a flow rate of 11 cm3/min.

The desired methane concentration was obtained by mixing 10 vol. % CH4 in N2
with extra dry air (Praxair). Methane and air flow rates were controlled by flow meters in
separate lines (line 1 for extra dry air controlled by a Matheson Modular DYNA-blender
model 8250 and line 2 for methane in the nitrogen mixture controlled by an MKS Type
1479). The gases were mixed before entering the reactor. For all experiments, the flow rate
of air was 225 ± 1.5 cm3/min, while the flow rate of methane balanced in nitrogen was
9.62 cm3/min to obtain a concentration of 4100 ppm by volume. For the experiments with
added water, 5 vol. % water vapour was added to the feed by the injection of liquid water
from a syringe pump (KDS100L). The reactor feed line was heated to evaporate the water
and to avoid condensation. All reported gas flow rates are based on 0 ◦C and 1 atm. The
oxygen concentration was always about 20% by volume (plus or minus 0.3%) and thus
represents a lean operation.

The experimental conditions and the temperature controller, GC and water syringe
pump system were controlled by the LabView software connected to an Opto-22 system.

Catalyst samples were commercial products provided by Umicore AG in the form
of washcoated 400 CPSI square channel monoliths. Seven catalysts were used in the
investigation, containing various combinations of precious metals. In the following, the
metal loadings are reported as g/ft3 of PGM based on the monolith volume, prior to it
being crushed. These loading levels are typical for catalytic converter applications for
compression ignition engines fuelled by natural gas. The mass percent of the PGM in
the catalyst samples was calculated assuming a monolith bulk density of 544.5 kg/m3

and a washcoat density of 1100 kg/m3. The washcoat was assumed to occupy 12% of the
monolith volume, which is a typical value [111]. The catalyst compositions are summarized
in Table 1. In addition to the PGM loading in the monolith, the estimated mass percent of
PGM in the washcoat is also given, to better to compare with literature results.

Table 1. Precious metals loadings of the seven catalysts studied in this investigation. The number in
the catalyst designation gives the total PGM loading on the monolith.

PGM Loading on Monolith g/ft3 Mass % PGM in Washcoat

Designation Pt Pd Rh Pt Pd Rh
Pt 95 95 2.54

Pt:Pd 95 76 19 2.03 0.51
Pd 150 150 4.01

Pt:Pd 150 25 125 0.67 3.34
Pd 122 122 3.26

Pd:Rh 120 117.15 2.85 3.13 0.076
Pt:Pd:Rh

95 19 73 2.85 0.51 1.95 0.076

The monoliths were crushed, ground and screened using sieves to form particles in the
range of 300–400 microns. Approximately 66% by mass of the reactor charge is Cordierite,
which serves to dilute the bed and to preserve a more uniform temperature. The total
catalyst charge was 0.5 g to give a GHSV of 27 100 h−1.

Catalysts Pt 95 and Pt:Pd 95 were Diesel oxidation catalysts, and had been de-greened
at 650 ◦C for 16 h prior to receipt. Although these catalysts were not specifically designed
for the combustion of methane, they were included for completeness, and also because we
had previously studied these catalysts to some extent for methane combustion [110,111].
The other catalysts were designed as methane combustion catalysts, and were provided
without any pre-treatment and were de-greened under flowing air either at 650 ◦C or 550 ◦C,
depending on the experiments. That is, the de-greening was conducted at 550 ◦C when
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the subsequent ageing was to be performed at this temperature, and at 650 ◦C for ageing
studies at the higher temperature. Because catalysts Pt 95 and Pt:Pd 95 were previously
exposed to 650 ◦C, few ageing experiments were conducted at 550 ◦C for these two catalysts.
The de-greening of the supported catalyst was performed to obtain a more stable structure
as well as to remove any volatiles remaining from the synthesis process.

To have the same base line in the experiments, all of the catalyst samples were reduced
prior to use. Hydrogen was fed to the reactor at 50 cm3/min, then the temperature of the
reactor was raised at 500 ◦C and held there for 30 min. The hydrogen flow was stopped
and nitrogen was fed to the reactor at 50 cm3/min. The reactor was slowly brought to
room temperature, then nitrogen flow was cut off and air was fed to the reactor overnight
at 50 cm3/min. In [112], it was reported that for palladium-based catalysts, the reduction
step resulted in an increase in activity compared to the unreduced sample. However, the
increased activity rapidly disappeared after heating in an oxidizing atmosphere.

We report three types of tests. The catalyst activity was measured over the temper-
ature range of interest. In these tests, the temperature was increased stepwise, with the
temperature being held constant for at least one hour at each temperature level. Several gas
analyses were performed at each temperature. The temperature was raised in steps of 40 or
50 ◦C up to the maximum, which was either 550 or 650 ◦C. The reactor was then cooled
stepwise in a similar manner, and the activity measured at several points during the process
to obtain extinction curves. The catalyst activities are reported here based on the extinction
curves. Note that the temperature was never raised higher than the ageing temperature
during the activity tests, and thus in some cases 100% conversion was not observed.

The second test set performed were thermal ageing tests. In these experiments, the
catalyst sample was held at the ageing temperature, usually either 550 or 650 ◦C, for
an extended period of time. The temperature was periodically reduced to a specified
temperature to measure the activity for methane conversion, and thus to follow the progress
of the deactivation, and then returned to the higher value. The third set of tests involved
hydrothermal ageing. These experiments were performed in the same manner as the
thermal ageing ones, except that 5% by volume water was added to the feed. See Section 3
for more details on the thermal and hydrothermal ageing protocols.

3. Results

This section presents the results achieved from the thermal and hydrothermal ageing
studies. Four of the catalysts were tested using de-greening and ageing temperatures of
650 ◦C. The four catalysts used were Pt 95, Pt:Pd 95, Pd 150 and Pt:Pd 150. Five of the
catalysts were first tested using de-greening and ageing temperatures of 550 ◦C. The five
catalysts used were Pd 150, Pd 122, Pt:Pd 150, Pd:Rh 120 and Pt:Pd:Rh 95.

Figures 2–9 show the activity curves for all of the seven catalysts for the fresh, thermally
aged (TA) and hydrothermally aged (HTA) cases.
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Figure 4. Activities of fresh and aged catalysts. Pd 150 catalyst with ageing at 550 °C. 

Figure 2. Activities of fresh and aged catalysts. Pt 95 catalyst with ageing at 650 ◦C.
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Figure 9. Comparisons of activities after ageing at different temperatures. (Left): Pd 150 catalyst with
thermal aging at 550 ◦C and 650 ◦C. (Right): Pt:Pd 150 catalyst with hydrothermal ageing at 550 ◦C
and 650 ◦C.

Note that each conversion point on the graphs, and the values given in the following
tables, represents the average of four measurements taken at each temperature. We also
note that the ageing experiments on each catalyst were repeated, often several times, and
very good repeatability was observed. A typical example of the repeatability is shown at
the end of this section.

From the activity plots, it is evident that TA and HTA both cause a loss in activity
over time, as expected, and that the presence of water has an inhibition effect. Considering
Figure 9, it is also observed that the ageing temperature also affects the activity, with
a higher ageing temperature causing greater activity loss. To quantify the activity loss
and the inhibition effect, it is convenient to present a table of results that represent the
temperature required to achieve benchmark conversions, which are often set at 25, 50 and
75% conversion levels. The values at these three conversion benchmarks were calculated
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using linear interpolation between the closest measured conversions. The temperature
required to achieve a 50% conversion is often referred to in the literature as the “light-off”
temperature, although care has to be taken with its use, as the value obviously depends on
the operating conditions, especially the feed flow rate.

Table 2 presents a table of the temperature increase required, compared to the fresh
catalyst activity in the absence of added water, to achieve 50% conversion after TA and
HTA, both in the presence and absence of added water. As can be observed from this table,
the Pt 95 catalyst had the smallest difference in the presence of water. Table 3 then gives the
temperature values for the seven catalysts of the three conversion benchmarks. The activity
results are discussed more fully in Section 4. Note that a different catalyst sample was used
for each TA and HTA test; therefore, there is some difference in the fresh catalyst activity in
each case, as a result of the usual sample-to-sample variation.

Table 2. Temperature increase needed to obtain 50% conversion after TA and HTA for the seven
catalysts investigated. Pt 95 and Pt:Pd 95 were aged at 650 ◦C, and the others at 550 ◦C.

Catalyst TA Dry TA Wet HTA Dry HTA Wet

Pt 95 37 53 48 61
Pt:Pd 95 17 192 26 177
Pd 150 53 143 74 157

Pt:Pd 150 18 103 32 101
Pd 122 51 106 44 106

Pd:Rh 120 52 104 66 119
Pt:Pd:Rh 95 50 106 55 111

The activity of each catalyst after the different ageing treatments provides much useful
information. We now demonstrate the activity behaviour during the ageing. The ageing
protocols were as follows. The temperature was held at either 550 or 650 ◦C for two hours,
and then the temperature was lowered to measure the conversion at either 350 or 450 ◦C
(or, only for the Pt 95 catalyst, 550 ◦C). Four measurements of the effluent composition
were made over a one-hour period, and then the temperature was raised to the ageing
temperature. The cycling was repeated, and then at 22 h it was stopped and the catalyst
held at the same temperature was used to record the activity. For the TA experiments, 5%
water was then added to the feed at a total elapsed time of 30 h. After 33 h of time, the
water in the feed was stopped, for both TA and HTA, and the experiment continued for
about 10 h more. The reactor was then cooled under flowing air.

Figure 10 shows the activity during aging for the Pt 95 catalyst. For both TA and
HTA, the ageing was conducted at 650 ◦C and the activity measured at 550 ◦C. Each data
point represents the average of four measurements, all of which appeared to be randomly
distributed with a range of 1 ◦C.
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Figure 11. Activity during ageing studies of Pd 150 catalyst at 550 °C. (Left): Thermal ageing with 

activity measured at 350 °C. (Right): Hydrothermal ageing with activity measured at 450 °C. 

Figure 12 shows the results of TA and HTA for the Pd 122 catalyst, with 550 °C 

ageing and activity measured at 450 °C. Similar trends to the Pd 150 catalyst were ob-

served. 

Figure 10. Activity during ageing studies. (Left): Pt 95 catalyst with ageing at 650 ◦C and activity
measured at 550 ◦C. (Right): Pt:Pd 95 catalyst with aging at 650 ◦C and activity measured at 450 ◦C.
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Table 3. Temperatures required to achieve 25, 50 and 75% conversion.

Pt 95 catalyst aged at 650 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 493 529 550 506 562 584
50 543 580 596 558 606 619
75 583 614 621 595 632 650

Pt:Pd 95 catalyst aged at 650 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 344 351 507 354 370 511
50 373 390 565 386 412 563
75 405 428 608 421 448 608

Pd 150 catalyst aged at 550 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 301 353 435 304 372 459
50 323 376 466 334 410 491
75 345 399 486 363 442 515

Pd 122 catalyst aged at 550 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 333 388 450 342 389 456
50 367 418 473 373 417 479
75 394 444 498 405 445 507

Pt:Pd 150 catalyst aged at 550 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 283 302 379 277 311 381
50 313 331 416 309 341 410
75 337 362 449 332 368 432

Pd:Rh 120 catalyst aged at 550 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 345 387 454 345 400 458
50 370 422 474 372 438 491
75 396 456 495 402 477 527

Pt:Pd:Rh 95 catalyst aged at 550 ◦C

Conversion Fresh TA dry TA wet Fresh HTA dry HTA wet

25 365 410 472 363 409 473
50 405 455 511 401 456 512
75 436 489 543 430 496 545

Figure 10 also shows the activity decline for the Pt:Pd 95 catalyst. The activities were
measured at 450 ◦C. Significant differences were observed compared to the Pt 95 catalyst.
The same protocol of taking four measurements at 450 ◦C was followed. In this case,
however, we show all four of the points, because there appears to be a trend of an increase
in activity (albeit small) over the one-hour period. After 22 h of TA, when the temperature
was then held constant at 450 ◦C, there is a marked recovery in activity. The addition of
water causes a very large drop in conversion, which is then largely recovered when the
water was switched off. The same behaviour was observed for HTA, with a small but
noticeable recovery in activity at 450 ◦C, and then a significant recovery in activity when
the water flow was terminated.

Next, we present the results for the two catalysts containing only palladium, Pd 150
and Pd 122. Figure 11 shows the results of TA and HTA with ageing at 550 ◦C for catalyst Pd
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150. The activity was measured at either 350 ◦C (TA) or 450 ◦C (HTA). Four measurements
of effluent concentrations were made over an approximately one-hour period.
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Figure 11. Activity during ageing studies of Pd 150 catalyst at 550 °C. (Left): Thermal ageing with 

activity measured at 350 °C. (Right): Hydrothermal ageing with activity measured at 450 °C. 

Figure 12 shows the results of TA and HTA for the Pd 122 catalyst, with 550 °C 
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served. 

Figure 11. Activity during ageing studies of Pd 150 catalyst at 550 ◦C. (Left): Thermal ageing with
activity measured at 350 ◦C. (Right): Hydrothermal ageing with activity measured at 450 ◦C.

Figure 12 shows the results of TA and HTA for the Pd 122 catalyst, with 550 ◦C ageing
and activity measured at 450 ◦C. Similar trends to the Pd 150 catalyst were observed.
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Figure 12. Activity during ageing studies of Pd 122 catalyst at 550 ◦C. (Left): Thermal ageing with
activity measured at 450 ◦C. (Right): Hydrothermal ageing with activity measured at 450 ◦C.

Figure 13 presents the ageing curves for the Pt:Pd catalyst for 550 ◦C ageing with
activity measured at 350 ◦C, and also for 650 ◦C ageing with activity at 350 ◦C. In this case,
it can be observed that the higher ageing activity results in more rapid catalyst deactivation,
which is also observed in the activity plots of Figure 9.

Processes 2023, 11, x FOR PEER REVIEW 11 of 18 
 

 

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

20

40

60

80

100

Thermal ageing

water 
added

water 
stopped

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

20

40

60

80

Hydrothermal ageing

water 
stopped

 

Figure 12. Activity during ageing studies of Pd 122 catalyst at 550 °C. (Left): Thermal ageing with 

activity measured at 450 °C. (Right): Hydrothermal ageing with activity measured at 450 °C. 

Figure 13 presents the ageing curves for the Pt:Pd catalyst for 550 °C ageing with 

activity measured at 350 °C, and also for 650 °C ageing with activity at 350 °C. In this 

case, it can be observed that the higher ageing activity results in more rapid catalyst de-

activation, which is also observed in the activity plots of Figure 9. 

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

20

40

60

80

Thermal ageing
Hydrothermal ageing 

water 
added

water
stopped

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

20

40

60

80

100

Thermal ageing
Hydrothermal ageing

water 
added

water
stopped

 

Figure 13. Activity during ageing studies of Pt:Pd 150 catalyst. (Left): Thermal and hydrothermal 

ageing at 550 °C with activity measured at 350 °C. (Right): Thermal and hydrothermal ageing at 

650 °C with activity measured at 350 °C. 

Figure 14 shows the results for the Pd:Rh 120 catalyst. In this case, for comparison 

purposes, the activity during TA was measured at both 350 and 450 °C. For HTA, the ac-

tivity was recorded at 450 °C. As before, water is observed to cause a large reduction in 

activity, which recovers after the water is switched off. In addition, there appears to be 

some activity recovery at each high temperature cycle. 

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

20

40

60

80

100

Thermal ageing - 350
Thermal ageing - 450

water 
added

water
stopped

Time on stream, h

0 10 20 30 40 50

M
e
th

a
n

e
 C

o
n

ve
rs

io
n

, 
%

0

10

20

30

40

50

60

Hydrothermal ageing

water
stopped

 

Figure 13. Activity during ageing studies of Pt:Pd 150 catalyst. (Left): Thermal and hydrothermal
ageing at 550 ◦C with activity measured at 350 ◦C. (Right): Thermal and hydrothermal ageing at
650 ◦C with activity measured at 350 ◦C.

Figure 14 shows the results for the Pd:Rh 120 catalyst. In this case, for comparison
purposes, the activity during TA was measured at both 350 and 450 ◦C. For HTA, the
activity was recorded at 450 ◦C. As before, water is observed to cause a large reduction
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in activity, which recovers after the water is switched off. In addition, there appears to be
some activity recovery at each high temperature cycle.
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Figure 14. Activity during ageing studies of Pd:Rh 120 catalyst at 550 ◦C. (Left): Thermal ageing
with activity measured at 350 ◦C and 450 ◦C. (Right): Hydrothermal ageing with activity measured
at 450 ◦C.

The deactivation plots for the final catalyst, Pt:Pd:Rh 95, are given in Figure 15. The
protocols were the same as the other catalysts, however, in this case there was a significant
difference in the behaviour for the HTA. The activity at 550 ◦C fell below 100% during the
ageing process, and therefore, for the HTA results, Figure 15 shows the activity at 550 ◦C as
well as at 450 ◦C.
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As an example of the experimental repeatability, Figure 16 shows the repeatability of
the HTA experiments for the Pt 95 catalyst carried out at 650 ◦C. The deactivation curves
are similar. After ageing, both catalyst tests show a minimal inhibition effect by water.
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4. Discussion

Having presented the results, we provide some general discussion regarding their
significance. Considering the research in methane catalysts that we have reported over
the past few years, and the consensus in the literature, many of the trends observed are
expected. The pure platinum catalyst, Pt 95, had the lowest overall activity, as expected for
the fuel lean environment. It had the best relative resistance to deactivation in HTA, and
the effect of water on the conversion for the fully hydrothermally aged catalyst is relatively
small, compared to the other catalysts in the series.

Replacing a relatively small amount of the Pt by Pd, as is conducted for catalyst Pt:Pd
95, gave a quite dramatic increase in activity. On the other hand, this latter catalyst is very
strongly inhibited by water, after either TA or HTA. The dry activity after TA or HTA was
also reduced by a smaller amount compared to the pure Pt case, based on the temperature
increase required to maintain a 50% conversion (see Table 2). The extreme sensitivity of the
Pt:Pd catalyst to water can also be observed by comparing the deactivation plots. When
water was added to the Pt:Pd catalyst during TA, the activity dropped to a value close to
the conversion observed at the same time for the catalyst during HTA. Another interesting
point was the behaviour of the catalyst during the ageing process. As mentioned earlier,
for the Pt 95 catalyst, the measured activity for the four data points collected during the
reduced temperature portion of the ageing curve was the same. That is, the conversion
was essentially the same at each of the four points. For the Pt:Pd 95 case, the situation was
different. The conversion for each of the four points demonstrated a small but noticeable
increase over the one-hour period. Although small, it was a consistent trend.

The two Pd only catalysts behaved in a similar manner, with Pd 150 being more
active than Pd 122, as expected. Both Pd-only catalysts showed a strong inhibition effect
when water was present. Another result observed for both catalysts relates to the activ-
ity measured during the ageing process. Each time the temperature was lowered from
550 ◦C to the measurement temperature, four measurements were made. In each case, the
four measurements demonstrated a systematic decline over the approximately one-hour
measurement time. Furthermore, the first data point had a higher conversion than the last
data point of the previous measurement cycle. Therefore, we observe that although there
is a systematic decline in activity over the ageing period, it would appear that there is a
recovery of some activity at each 550 ◦C portion of the cycle. This behaviour is observed
for all of the catalysts that contained predominantly palladium. We also observed that,
although the Pd 122 catalyst was less active in general than the Pd 150 one, it was less
affected by water inhibition after both TA and HTA, as measured by the temperature
increase required to achieve a 50% conversion, as shown in Table 2. We speculate that this
effect might be the result of the increased sintering with HTA for the Pd 150 catalyst, as it is
known that the sintering of Pd increases with Pd loading.

Overall, the most active catalyst was the Pt:Pd 150 catalyst. It had the highest overall
activity, both in the fresh state and after TA and HTA. We have previously observed (for
other catalysts) that a pure Pd catalyst is more active than at a Pt:Pd bimetallic catalyst
for dry methane combustion [92]; however, in that case, all other variables of the catalyst
composition were the same, making a direct comparison easier. The increase in reactor
temperature required to achieve a 50% conversion after TA or HTA in the presence of
water was, however, similar to the values obtained for the catalysts Pd 122, Pd:Rh 120 and
Pt:Pd:Rh 95. We also note that ageing at a higher temperature (650 ◦C compared to 550 ◦C)
gives a higher loss in catalyst activity.

The addition of Rh to the other PGM does not have a huge positive effect on the
methane combustion activity. Indeed, for the catalyst Pt:Pd:Rh 95, the catalyst would not
maintain 100% conversion at 550 ◦C throughout the HTA process.

We also comment on the effect of the water addition during TA. Water was added
for a short period, which resulted in a quick drop in activity, as expected. After the water
was terminated, the activity returned slowly to the value observed without water. For the
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HTA process, at the end, when the water flow was terminated, the activity increases slowly,
although in most cases not to the level of the catalyst exposed to a TA process.

We examined several of the catalysts before and after the ageing using transmission
electron microscopy (TEM). Figure 17 shows the Pt 95 catalyst before and after HTA.
Figure 18 shows the result for the Pt:Pd 95 catalyst before and after HTA, whilst Figure 19
shows the before and after HTA TEM pictures for the Pt:Pd 150 catalyst. An increase in
particle size can be observed as a result of sintering in all cases.
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5. Conclusions

We have studied the thermal and hydrothermal ageing of a series of PGM-based cata-
lysts for the catalytic combustion of lean methane mixtures in the presence and absence of
added water. The best catalyst tested was pre-dominantly palladium, with some platinum
added. This catalyst demonstrated the highest overall activity, and the best resistance to
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deactivation and inhibition by water. The addition of rhodium to the catalyst caused a
more rapid deactivation. These tests on the commercial catalysts should provide a useful
benchmark for other researchers in the area of the catalytic combustion of methane.
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