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Methane abatement pathways in Pd/Rh three-way catalysts have been investigated in three scales ranging from a
vehicle application size catalyst, a model gas reactor and the catalyst in powder form. A special test rig was
designed for the investigation of vehicle size catalysts, allowing sampling along the catalyst at discrete spatial
locations, which are subject to different feed compositions. Dependent on the history of chemical environment of
the catalyst, significant differences in methane conversion rate at identical feed have been identified. At steady
state methane conversion rate was low and the reaction pathway was identified as limited to only direct
oxidation by oxygen. Following a rich-to-lean transition, the catalyst exhibited more than 8 times higher
methane conversion rates compared to steady state. The high methane conversion rates have been identified and
attributed to the activation of methane steam reforming (SR) related to transient reduction of ceria. Methane SR
efficiency decreased with time and the conversion rate finally converged to steady state levels. The findings were
validated using a model gas reactor enabling analysis under well-defined feed compositions. The deactivation of
SR was further analyzed with infrared spectroscopy (DRIFTS). Evidences from DRIFTS measurements showed
that the deactivation was linked to the formation of carbonaceous species on the catalyst surface, most likely
carbonates. The coherent results from engine exhaust analysis, model gas reactor and DRIFTS study give
important insights in the activation and deactivation of methane reaction pathways. The results of this study
suggest that catalyst formulation and operation strategies of methane conversion should focus on the stimulation
of SR and the maintenance of catalyst activity towards SR through targeted periodic lean/rich transitions.

1. Introductions
Natural gas is an important alternative fuel for conventional internal
combustion engines. Unburnt methane in the exhaust gas remains
however a concern, because it is a strong greenhouse gas with a global
warming potential of 27 to 28 based on a 100-year period [1]. Due to its
stable tetrahedral molecular structure, conversion of methane is more
difficult than hydrocarbons with longer chains.
Compressed natural gas (CNG) internal combustion engines can
either operate under stoichiometric or lean conditions, depending on the
engine design. Lean burn engines have in general higher fuel efficiency,

but require more sophisticated and expensive exhaust aftertreatment
systems due to difficulties in removing NOx under oxygen excess envi
ronment. Moreover, due to the above mentioned low reactivity of
methane, oxidation of unburned methane emissions requires high
amounts of palladium. Extensive studies have been conducted on lean
methane conversion with Pd-based catalysts [2–5], which is the most
active noble metal for oxidation of methane [6–8]. Stoichiometric en
gines have the advantage of a simple aftertreatment system consisting of
only a three-way catalyst (TWC), which removes NOx, CO and unburnt
hydrocarbons at the same time. The TWC reduces effectively NOx at rich
fuel–air mixtures (λ < 1), while oxidizes CO and THC at lean fuel–air
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mixtures (λ > 1). Thus, the operating window for the TWC is confined to
the narrow range near stoichiometric conditions. In stoichiometric
gasoline engines, the conversion of total hydrocarbons follows a similar
behavior to CO [9]. Methane conversion, however, shows a complex
behavior near stoichiometric conditions with low conversion at both
fuel-rich and fuel-lean conditions [10,11].
Despite that methane direct oxidation has been the focus of some
studies [12,13], the important role of methane steam reforming (SR)
was demonstrated under net reducing environments [14]. A methane SR
zone following the initial oxidation zone was found in lab-scale mea
surements using spatially-resolved mass spectrometry (SpaciMS)
[15,16]. Studies focusing on SR have reported that Rh is one of the most
active transition metals for this reaction, while Pd and Pt are less active
than the former [17,18]. Ceria doping was reported to significantly
improve methane SR [19,20] and to lower light-off temperatures [21].
Ceria also proved to be beneficial for the water–gas-shift (WGS) reaction
[22]. From the proposed kinetics for methane SR and WGS reaction, the
importance of ceria reducibility and oxidability was demonstrated
[23–26].
The transient operation of catalytic reactors has shown the potential
for improving methane conversion. However, the dependency of the
methane conversion from the history of the chemical environment of the
catalyst is poorly understood. Depending on the direction of oxygen feed
sweep, a high conversion branch was observed [27,28], while the
opposite direction gives a low conversion branch. A transient high
methane conversion peak was demonstrated upon introducing and then
cutting off oxygen [29]. The same observation of enhanced conversion
was made for<2 min when oxygen feed is suddenly introduced resulting
in a switch from a net reducing environment to a net oxidating envi
ronment [30]. This short transient conversion increase was explained by
the increased oxygen vacancy in freshly oxidized palladium.
In this work, we studied the behavior of a commercial Pd/Rh threeway catalyst system mounted downstream of a turbocharged heavy-duty
stoichiometric CNG engine. In comparison to model gas reactors
implemented in the majority of catalytic studies, catalytic converters in
engines are exposed to more complex concentration profiles with
extremely high water content. The changes of reaction environment
during transient operations are difficult to reproduce precisely in a
model gas reactor. For the purpose of following spatial concentration
profiles, similar to the SpaciMS method in model gas reactors [15,16],
we designed and implemented a real-size reactor system that enables
measurements of the spatial concentration profiles in discrete locations
along the catalytic converter. The catalytic performance was investi
gated in steady and transient operation conditions over a range of
different temperatures, leading to insights on reaction pathways.
Important findings from the engine experiments were further investi
gated in a model gas reactor with simulated exhaust gas for the flexi
bility of changing concentration of individual gas compositions. The
catalyst surface was investigated with infrared spectroscopy for evi
dences of surface species evolution. The combination of real-size test
bench experiments with spatially resolved gas phase analysis and model
gas studies in the lab with surface spectroscopy provided clear evidence
for the chemical reaction pathways of methane abatement over Pdbased oxidation catalysts in natural gas vehicles.

regularly controlled by gas chromatography. The grid fuel contains
roughly 90 vol% methane, 6.5 vol% other hydrocarbons, 1 vol% CO2,
and 1 vol% N2. Natural gas was injected at each cylinder port. After incylinder combustion, exhaust gas passed the turbine of the turbocharger
before reaching the aftertreatment system.
Two stages of aftertreatment catalysts were mounted downstream of
the turbocharger, both commercial Pd/Rh three way catalysts. The twostage setup and catalysts were inherited from serial production engine
model. In both stages, the catalysts were cylindrical in shape and had a
cell density of 400 cpsi. The first stage catalyst (diameter 105 mm; total
volume 0.65 L) was based on a metallic substrate coated with Pd/Rh
supported on alumina ceria-zirconia (250 g/ft3; Pd/Rh ratio = 24:1).
The second stage catalyst (diameter 172 mm; total volume 2.3 L) con
sisted of a ceramic substrate with Pd/Rh supported on alumina ceriazirconia (70 g/ft3; Pd/Rh ratio = 14:1). In commercial applications,
these catalysts are mounted as whole pieces for each stage. On our en
gine test bench, the catalysts were cut in three slices of equal volume in
each stage, in order to follow concentration evolution along the catalyst
axis at discrete locations. The total catalyst volume of each stage is
identical to the serial production catalyst of that stage. The distances
between each slice are minimized in order to neglect heat losses caused
by the new assembly. Sampling points and thermocouples have been
mounted between each slice as well as upstream and downstream the
entire catalyst system (in total eight measurement positions as indicated
by numbers 1 to 8 in Fig. 1).
At each measurement point, the temperature was measured with a Ktype thermocouple. A Horiba MEXA-7400 two-line exhaust gas mea
surement system (combined system of nondispersive infrared sensor,
chemiluminescence detector, paramagnetic oxygen analyzer and flame
ionization detector) was attached to all measurement points. In addi
tion, all measurement points were connected to an AVL infrared spec
trometer (FTIR) and an H-Sense mass spectrometer (MS), which
measures H2 concentration. The MEXA measurement system provided
fast response for a limited number of species (10 Hz), while the FTIR
spectrometer delivered information on more species but at slower
response time (around 1 Hz). Two Bosch LSU4.9 lambda sensors were
mounted before the first stage catalyst slices and downstream of second
stage catalyst slices. Each instrument measured only one sample point at
a time (each line of MEXA one position), but simultaneous measure
ments with several instruments at each sample point is possible. The
switch between measurement points is controlled electronically by hy
draulic valves.
The air-to-fuel (AFR) equivalence ratio, lambda (λ), is defined as the
ratio of actual AFR to stoichiometry AFR:λ = AFR/AFRstoich . The exact λ
estimation is fundamental for this investigation. Though used by the
engine system control, the λ sensor signal shows non negligible de
pendencies on the mounting location and fuel type [31,32]. A wide
range of investigations agree that the most exact λ definition is based on
the equation proposed by Brettschneider et al. [33], which contains an
empirical term for the estimation of water in the exhaust gas. In this

2. Experimental
2.1. Steady and transient measurements in engine exhaust
2.1.1. Engine test bench setup
The catalysts studied in this work were mounted in the exhaust line
of an original equipment manufacturer (OEM) heavy-duty 4-cylinder
natural gas engine operated under stoichiometric conditions. The en
gine had a bore diameter of 95.8 mm and a stroke of 104 mm. Engine
torque was regulated by a Horiba DYNAS asynchronous electric ma
chine. Natural gas from grid was used as the fuel and components were

Fig. 1. Scheme of transient λ step measurements. Top: Engine operation λ
targets over time. Bottom: Scheme of sliced catalyst system and measurement
points 1 to 8.
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study, this equation was modified as follows, as water concentration was
obtained by FTIR and MS data:
[ ]
[ ]
+[O2 ]+ NO
+(Hcv ×([CO2 ]+[CO])− 3×[NH3 ]− 2×[H2 ])/4
[CO2 ]+ CO
2
2
(
)
λ=
1+ H4cv − O2cv ×([CO2 ]+[CO]+(n×[HC]))

content is compensated with N2. The outlet of the reactor was analyzed
using a FTIR spectrometer (iS50, Thermo) using a 2-m cell heated to
180 ◦ C and a mass spectrometer (Pfeiffer, Omnistar). A series of λ steps
from lean to rich were performed. The feed gas compositions initially
resembled the composition of the engine exhaust gas with elevated ox
ygen levels (similar to the exhaust gas from slightly lean combustion)
and are listed in Table 1 (Lean). The feed gas was kept for 10 min in
order to condition the catalyst before performing the step change in λ
value to a gas composition resembling the exhaust gas from a rich
combustion mixture. The rich phase was maintained for 10 min before
the feed gas was shifted again to lean exhaust mixture and continued
with the next λ step change. The corresponding gas compositions were
derived from engine exhaust concentration profiles at λ = 1.03 and λ =
0.98 and an inlet temperature of 520 ◦ C. The water vapor concentration
was kept at 5 vol% throughout all experiments due to technical limita
tions imposed by the model gas setup. In the λ steps examined with the
model gas reactor, the CO and H2 concentrations in the feed gas were
varied as follows: In the first step (R1), the feed gas after the step borne
the CO concentration of the engine at λ = 0.98. In the second step (R2),
the CO concentration was reduced by 50%; in the third step (R3), CO
was not present in the feed gas and H2 was dosed at the same concen
tration throughout the steps R1-R3. In the fourth step (R4), no CO was
introduced in the feed and H2 was added to the same concentration of
CO in R1 in order to keep the same amount of reducing agent, thus the
same λ. A fifth step (R5) served as repetition of R1. All experiments were
performed at a volumetric gas hourly space velocity (GHSV) of 75,000
h− 1 and at an inlet temperature of 520 ◦ C. The GHSV is temperature
dependent and calculated based on the reactor inlet temperature.

Hcv , Ocv and n is the number of H, O and C atoms in the fuel. In this
equation, the numerator is representing the number of O atoms, while
the denominator C atoms.
The pre-measurement assessment showed that the temperature
immediately upstream of the first stage catalyst was between 340 ◦ C and
725 ◦ C throughout the entire engine map. Four operating points were
selected for the detailed measurements with inlet temperatures of
approximately 430 ◦ C (engine speed: 1600 rpm, torque: 70 Nm), 520 ◦ C
(600 rpm, 150 Nm), 590 ◦ C (2200 rpm, 150 Nm), and 660 ◦ C (2800 rpm,
220 Nm) respectively. These operating points will be later referred to
only by their inlet temperature.
The compositions of THC in the exhaust was analyzed by FTIR
spectroscopy. Approximately 90% of the THC in the exhaust were CH4
(and only small deviations with λ). The next abundant hydrocarbons
(HC) were C2H6, and C2H4. To better match transient results, THC
concentrations measured with MEXA-7400 were used to assess the hy
drocarbon conversions unless otherwise specified.
2.1.2. SEM/EDX catalyst characterization
SEM/EDX analysis was performed on the second stage ceramic
catalyst with a Hitachi TM3030Plus to characterize the catalyst surface
and show the ceria/zirconia oxygen storage compounds in the support.

2.3. Diffuse reflectance infrared spectroscopy

2.1.3. Steady state λ-sweep measurements
The engine was first stabilized at λ = 0.9 at the designated engine
speed and torque. After stabilization, sequential measurements at each
available measurement point were performed. The target λ value was
then increased to 0.95. Thereafter the target λ was increased by in
crements of 0.01 until λ = 1.05 is reached. At around λ = 1, the step
resolution is further refined to 0.001 to capture more details near stoi
chiometry. The species concentrations were averaged over 1 min at each
position. Engine speed and torque were kept constant throughout each λ
sweep.

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of the
second stage catalyst were obtained using a Vertex 70 spectrometer
(Bruker) equipped with a diffuse reflectance mirror unit (Praying
Mantis, Harrick) and a MCT detector. The catalyst was crushed to obtain
a powder and was filled in the sample cup of the commercial DRIFT cell
(Harrick). The cell was closed with a flat CaF2 windows (2.5 cm) sealed
by graphite. The gas feed manifold used for the model reactor study was
used to deliver gases to the cell, but the cell was inserted in a side line of
the main line to the reactor so that only 100 mL/min of feed could be
used while maintaining the same gas composition. Prior to the DRIFTS
analysis, the fresh catalyst was conditioned at 420 ◦ C under lean con
ditions for at least 2 h and purged with N2. Spectra were acquired at 4
cm− 1 resolution and 10 kHz scanning rate by accumulating 20 scans
resulting in a time resolution of 27 s. Background spectra were collected
in N2 at the reaction temperature of 420 ◦ C. 5 vol% H2O was added first
followed by sequential addition of the different gases to produce the lean
feed (1507 ppm CH4, 7923 ppm O2, 2144 ppm CO, 2441 ppm NO, 1227
ppm H2). After signal stabilization (ca. 10 min), a step change to rich
was made and the rich feed (1830 ppm CH4, 4496 ppm O2, 8365 ppm
CO, 1690 ppm NO, 5944 ppm H2) was maintained for 10 min. The gas
compositions were derived from engine exhaust concentration profiles
at inlet temperature 430 ◦ C.

2.1.4. Transient λ step measurements
To obtain a defined initial state of oxygen storage, the ceria was
either completely reduced and/or oxidized before each transient mea
surement. The engine operation procedure was defined as follows: the
engine first run under rich conditions at λ = 0.9 for 2 min. This pro
cedure ensured defined conditions of the ceria storage at the start of
each transient. Then a transient λ step measurement from fuel rich (λ =
0.98) to fuel lean (λ = 1.03) was recorded. After operating at λ = 1.03 for
120 s, the next λ step measurement from lean to rich was prepared by
running the engine at λ = 1.1 for 2 min. A lean (λ = 1.03) to rich (λ =
0.98) transient step was then recorded. As only one sampling line could
be measured at one time, this procedure was repeated several times
while sampling at a different measurement point. A scheme of the
transient λ step measurement procedure is presented in Fig. 1.

Table 1
Feed composition of the different step experiments in the model gas reactor. The
composition of the exhaust gas was switched from Lean to rich with the com
positions R1 to R5, followed again by the lean exhaust gas composition.

2.2. Model gas reactor λ step measurements
For the model gas reactor, cylindrical pieces (1.39 cm2 entrance area,
4.83 cm length; 86 closed cells) of the second stage catalyst were cut
from an identical ceramic monolith. The model gas reactor was equip
ped with a gas mixing unit, which allows separate control of the con
centration of H2 (diluted in N2), CO, NO, O2, CH4 and N2 in the model
gas flow stream. A water evaporator was used, which can generate a
maximum of 5 vol% water vapor in the gas feed. The difference in water
3

[ppm]

CH4

O2

CO

NO

H2

Lean
R1
R2
R3
R4
R5

1144
1376
1376
1376
1376
1376

6613
3453
3453
3453
3453
3453

2342
8654
4327
0
0
8654

2882
1842
1842
1842
1842
1842

1414
6062
6062
6062
14,716
6062
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3. Results and discussion

In order to investigate the conversion efficiency of each catalyst slice,
the methane conversion rate of each slice was computed based on the
methane concentration at the inlet and outlet of the slice. Methane
conversion in the first slice (blue line in Fig. 4a) started to be evident at λ
= 0.991. At this λ value no methane conversion occurred in the second
and in the third slice. At λ = 0.995, methane conversion increased in the
first slice and some methane conversion was observed in the second
slice, while no methane was converted in the third slice. The oxygen
concentrations at the inlet of slice 2 and 3 are plotted together with the
CH4 conversion rates in Fig. 4a. For better illustration of the increase of
oxygen concentration at around λ = 0.99, the oxygen concentrations are
shifted so that the concentrations at λ = 0.973 are aligned to zero. The
methane conversion in slice 2 commenced exactly when excessive ox
ygen started to be available at the inlet of slice 2. Similarly, the methane
conversion in slice 3 started only when excessive oxygen entered slice 3.
This indicates that oxygen is necessary for methane conversion, which
implies that methane is converted through direct oxidation with oxygen.
In Fig. 4b, the hydrogen concentrations are plotted together with
methane conversions. The hydrogen concentrations are almost zero in
the near stoichiometric regions where the methane conversion rate is the
highest. This is an additional indication that SR does not contribute
significantly to methane conversion under these conditions (steady state
operation).
Similar effects were observed at several other catalyst inlet temper
atures, i.e. 430, 520, 590 and 660 ◦ C as plotted in Fig. 5. The different
inlet temperatures were achieved by changing the engine operating
conditions (torque and engine speed). At λ < 1, the conversion rates
were similar in the examined temperature range. Oxygen deficiency
rather than temperature was the limiting factor, because methane was
only converted through direct oxidation. The conversion rates at λ > 1
were clearly temperature dependent, as expected. Despite higher GHSV
at higher engine loads, THC conversion rates on the lean side increased
with increasing temperature.

3.1. SEM/EDX characterization
Fig. 2a shows the SEM image of the second stage ceramic substrate
catalyst. The EDX mapping of the marked red zone in Fig. 2a is
demonstrated in Fig. 2 b-d. The white feature in the size of 1–10 µm
(Fig. 2a) is recognized as ceria/zirconia supported on alumina. Analysis
by means of image processing technique has identified that ceria/zir
conia agglomerates comprise around 14 area% of the catalyst surface.
3.2. Steady state λ-sweep
The concentration profiles of major species at different λ values
(from rich stoichiometry λ < 1, to lean stoichiometry λ > 1) are plotted
in Fig. 3a-f. This experiment was conducted at a catalyst inlet temper
ature of 590 ◦ C and at a GHSV of ca. 350,000 h− 1 for the first stage
catalyst and ca. 99,000 h− 1 for the second stage catalyst. At such high
GHSV, the conversion characteristics are heavily dominated by reaction
rates and mass transfer limits than by thermal equilibrium. Therefore
the following discussion focuses on the interpretations of reaction
pathways and reaction rates. Fig. 3a shows clearly that most of the ox
ygen was consumed in the first catalyst slice. The small amount of ox
ygen remaining for the downstream slices (particularly at λ < 1) was
most likely due to mass transfer limitations in the first slice. At λ values
below stoichiometry, CO was converted in every slice (Fig. 3b) despite
the negligible amount of oxygen remaining after the first slice. This in
dicates that CO conversion at λ < 1 was mainly due to the WGS reaction.
The importance of WGS reaction was additionally evidenced by the in
crease of the hydrogen concentration at measurement point 2 and
downstream (Fig. 3c). As methane concentration stays constant from
measurement point 1 to 8 at λ < 0.975 (Fig. 3f), neither direct oxidation
nor steam reforming of methane occurs. Hydrogen at λ < 0.975 could
stem only from the WGS reaction. A high concentration of ammonia was
formed at λ < 0.99 (Fig. 3e). The exhaust gas contains high H2O content
(18 ± 1 vol%), which varies with different λ values. Several ammonia
reaction pathways could coexist with abundance of H2 (Fig. 3c), CO
(Fig. 3d) and H2O in the exhaust gas mixture, including direct reaction
between H2 and NO [34], water gas shift assisted NH3 formation [35]
and hydrolysis of isocyanate [35,36]. The ammonia formation occurred
predominantly in the first slice and its concentration increased only
slightly in the following slices, because only low concentration of NOx
was detected in the downstream slices. The particular the sensitivity of
methane oxidation to λ deviations from stoichiometry (λ = 1) can be
observed in Fig. 3f. High THC conversion rate is limited to a very narrow
region around stoichiometry and decreases in both the lean and rich
regions. The loss of methane conversion at λ > 1 is generally attributed
to the presence of chemisorbed oxygen on Pd that inhibits CH4 activa
tion [37–39].

3.3. Conversion characteristics in lean to rich transitions
3.3.1. Engine test bench study
Transient λ shifts activate the transition of the oxidation state of both
ceria and noble metals, and this has been reported beneficial for
methane conversion [29,40]. The two different sized catalyst stages
enable the analysis of phenomena on different time scales. Short time
scale phenomena associated with the ceria oxygen storage can only be
resolved with the larger, second stage catalyst slices. Longer time scale
phenomena (associated to steady state λ changes) can be distinguished
clearly only over the slices of the smaller sized first stage catalysts,
which provide more precise spatial concentration profiles.
Fig. 6 presents λ sensor signals (Fig. 6a) and concentration mea
surements during λ step experiments from lean to rich (from λ = 1.03 to
λ = 0.98) at the measurement points 1 to 8. The λ value at outlet of the
second stage (point 8) only dropped to below λ = 1 ca. 20 s after the inlet
λ (point 1) dropped. This is the time needed to deplete the available
oxygen storage of ceria at this temperature. The sequential depletion of
the oxygen storage capacity was also clearly demonstrated by the
sequential increase of the CO concentration from measurement point 1
to 8 (Fig. 6b). CO concentration increased slowly over time at points 2 to
4, indicating a slow decay in CO conversion in the first stage catalyst
slices. Similar to the steady state result, large amounts of CO were
consumed after the first slice, even though upon lean to rich λ shift, O2
(Fig. 6d) and NOx (Fig. 6c) concentrations immediately decreased to
zero at all measurement points downstream of the first slice. This means
that the WGS reaction continued to play an important role in CO con
version in transient λ shifts. The THC concentration at point 8 (Fig. 6e)
remained below 100 ppm for 110 s after the λ shift to rich. This corre
sponds to a conversion of>90% of THCs, compared to below 10% at the
same λ value under steady state (λcorr = 0.971 for λ sensor value 0.98) in
Fig. 5. It is also clear that a significant part of THCs was consumed

Fig. 2. a) SEM image of stage 2 ceramic catalyst b) EDX Zirconium mapping c)
Cerium mapping d) Aluminum mapping of the marked area in a).
4
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Fig. 3. Concentration profiles of major species at different λ values recorded at measurement points numbered from 1 to 8 (Fig. 1).

Fig 4. Relation between CH4 conversion rate and a) oxygen concentration at the measurement points 2 and 3 and b) hydrogen concentration at measurement points
2, 3 and 4.

downstream of point 2, where neither NOx nor O2 were present. Under
these conditions, SR was the only plausible way for methane conversion
in the downstream slices. This means that the transient lean-to-rich step
activated an additional pathway of methane conversion through SR.
However, THC concentration increased over time, suggesting that the
benefits of SR attenuated with time as the reactor remained under rich
conditions. This is further confirmed by the decrease in H2 concentration
according to the attenuation of both WGS reaction and SR (Fig. 6f).
Similar to the case of steady state conditions at λ < 1, significant

amounts of ammonia were formed, which tightly followed the behavior
of H2 concentration (Fig. 6g). Apart from reaction pathways, valuable
information on reproducibility can be derived from Fig. 6. The con
centration profiles at measurement point 4 and 5 had only little de
viations, even though the measurements were made sequentially by
repeating the λ step (as described in section 2.1.4). Only around 70 ppm
of THC concentration difference was observed between measurements
at point 4 and 5 at 110 s after the step transition, which proves good
reproducibility of the engine test bench experiments.
5
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The transient high THC conversion rate at the lean-to-rich shift sheds
light on possible strategies to enhance methane conversion in natural
gas fueled vehicles. Therefore, it is of importance to analyze the time
scale and the mechanism behind the activation and deactivation of this
conversion enhancement. Local inlet λ values, inlet concentrations and
THC conversion rates of the three slices of the first stage catalyst are
shown in Fig. 7. Because these slices had smaller dimensions and rela
tively lower amount of oxygen storage capacity, the decrease of λ values
at the respective slice inlets were fast. THC conversion rates for all first
stage slices showed similar behaviors, with a fast increase of conversion
rates to about 50% per slice followed by relatively slow decays over
time. After 110 s, the THC conversion rate was still at the level of 10%
per slice, higher than the corresponding steady state values (10% for the
entire system in Fig. 5). For the slices of the second stage catalyst
(Fig. 8), the decay of THC conversion rates, i.e. of the methane SR re
action was much slower. In fact, the slow decay is only subtly visible in
slice 1 of the second stage (Fig. 8b) and not noticeable in slice 2 and 3
(Fig. 8c and d). The start of the conversion increase appeared, however,
at different times for each slice, even though both reactants, water and
methane, were present in the exhaust gas immediately after the λ shift.
The conversion in each slice started exactly at the time when the oxygen
storage in the previous slice was depleted to the extent that λ = 1 could
no longer be maintained at the selected slice inlet (Fig. 8a). This is also
the point in time when CO started to enter the inlet of the selected slice.
Based on Fig. 8, we can propose that the following process occurred
considering that Rh and Pd are catalytically active for SR and ceria is a
promoter. Methane adsorbs dissociatively on Rh and Pd during SR,
while water is adsorbed and reduced on Ce3+ [19,22,23,41]. In a leanto-rich λ step, ceria cannot be used immediately to coordinate water
after the sharp λ shift, because all sites on ceria are fully oxidized to Ce4+
in lean conditions and are not available for reducing water, thus
inhibiting the methane SR pathway. Ce4+ are reduced with the arrival of
oxygen-deprived exhaust gas originating from the rich combustion
mixture. Both Rh and Pd are also reduced to Rh0 and Pd0. Reduced ceria
together with noble metal sites are able to trigger the onset of methane
SR.

Fig. 5. THC conversion rate of the complete aftertreatment system at different
inlet temperatures (430 ◦ C, 520 ◦ C, 590 ◦ C and 660 ◦ C).

Fig. 6. Concentration profiles at measurement points 1 to 8 during a λ step
from 1.03 to 0.98.
Fig. 7. Transient λ step from 1.03 to 0.98. a) Response of corrected λ, b)-d)
transient concentration profiles and THC conversion rates for slices of the
first stage catalyst.
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Fig. 8. Transient λ step from 1.03 to 0.98. a) Response of corrected λ, b)-d)
transient concentration profiles and THC conversion rate for slices of second
stage catalyst.

The decay of THC conversion rates, however, cannot be explained by
the reaction mechanism of different adsorption sites of methane and
water alone. The gradual decay continued for the complete measure
ment time of 110 s, while reduction of bulk ceria lasted for<20 s. It is
worth noticing that the CO conversion also shows clear decay over time
(Fig. 6b), which resembles methane conversion decay. The WGS reac
tion is reported to have similar reaction kinetics as methane SR [22]:
water dissociates on Ce3+, while CO dissociates on noble metal sites. It is
therefore reasonable to assume that the mechanisms of the attenuation
of WGS reaction and methane SR are similar.
Methane SR catalysts for hydrogen production are normally working
at temperatures above 500 ◦ C. However, deactivation is in general not a
major concern. The two widely suggested explanations for the deacti
vation of SR catalysts are sulfur poisoning [42], carbon deposition [43]
or their combination [44–46]. The two processes are both extremely
slow, in particular on noble metal catalysts and deactivation is hardly
visible over 10 h measurement time [46,47]. The WGS catalysts are
reported to operate at lower temperature and deactivate much faster
[48,49]. It is proposed that the deactivation of Ce-containing catalysts
relies on the blockage of active sites due to the formation of surface
carbonaceous compounds [48,50,51].
To confirm the THC conversion trends and study the temperature
effects, the same lean-to-rich λ step procedure was repeated for different
catalyst inlet temperatures as shown in Fig. 9. At all temperatures, an
increase of THC conversion upon shifting to rich conditions was
observed. However, the decay of conversion rates after the transient
increase took place at different rates. At 430 ◦ C, the decay was so slow
that the decrease in THC conversion was hardy visible in the initial 110 s
in both the first stage catalyst and in the complete system. As temper
ature increases, the decay was more pronounced. The fast decay rate at
higher temperatures is a result of both higher mass flow rates at the
higher engine loads and the acceleration of SR decay due to the tem
perature effect. At 720 ◦ C, the THC conversion rate of the first stage
catalyst stabilized at 10% after 110 s, which is the typical THC con
version rate at this λ for steady state measurements. This confirms that

Fig. 9. THC conversion rate of stage 1 catalyst and the complete system (stage
1 and 2 catalysts) for different engine operating points with different inlet
temperatures.

the transient high conversion rate will finally recede to the low con
version rate recorded at steady state. It is widely agreed that PdO
reduction completes within seconds above 400 ◦ C [30]. However, in
Fig. 9, the enhanced methane conversion via SR lasts for minutes. This
indicates that PdO/Pd transformation has limited impact on SR reaction
in the transi-ent λ step studies and is unlikely the cause for the enhanced
methane conversion.
3.3.2. Model gas study
Given the complex components of engine exhaust and the complexity
in changing individual parameters during engine operation, various λ
steps from lean to rich were reproduced in a lab-scale reactor with
synthetic gas. The aim was to conduct the experiments at similar con
ditions to the engine experiments introducing specific variations of λ.
Fig. 10 shows that methane conversion increased suddenly after each
lean-to-rich step and then decreased with time in all experiments. The
behavior is very similar to the behavior observed in Figs. 6-9 in the case
of engine experiments. The deactivation was clearly a reversible process
and the catalyst regenerated in the lean period prior to the next shift to
rich conditions. As sulfur was absent in the reactor feed and the catalyst
had no history of operating under sulfur-containing environment, the
sulfur-related deactivation hypothesis can be ruled out. The only
reasonable deactivation effect is based on the accumulation of carbo
naceous compounds on ceria that are oxidized by oxygen in the lean
period. The almost identical methane conversion profiles for steps R1
and R5 indicate that the 10-min regeneration under lean conditions was
sufficient to restore the catalyst to the original state. It is also an evi
dence of good reproducibility for model gas reactor measurements.
However, the decay rate of methane conversion was different for steps
R1 to R3 and in the order R1 > R2 > R3 in agreement with the
decreasing CO concentration in the feed gas. This supports the
7
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the step change of reaction conditions. Assignment of signals in the
spectra is difficult due to the complexity of the catalyst, the presence of
cordierite and incomplete knowledge about the composition of the
catalyst. While spectra in the lean period were relatively simple and
were characterized by signals at 2050, 1639 and 1524 cm− 1, their
complexity increased significantly after the step indicating the coordi
nation of various species to the components of the catalyst. Assignment
can be ambiguous, for example as in the case of the signal at 2169 cm− 1
that can be attributed to isocyanates coordinated to noble metals
[55–57] or alternately to the presence of CO coordinated to Ce3+ [58].
The signals at 2230 and 2053 cm− 1 are unambiguously assigned to
isocyanates adsorbed on the support [56,59] and to CO coordinated to
noble metals [60], most likely reduced Pd. While all signals appeared
very stable after the step, only the shoulder at 1595 cm− 1 exhibited a
slow intensity increase (inset of Fig. 11a). The temporal behavior of this
signal is compared to signals at 2053 and 2169 cm− 1 in Fig. 11b. In
marked contrast to the signal at 1595 cm− 1, the intensity of these two
signals stabilized immediately after the step. It is reasonable to associate
the slow decay process observed both in the engine and the model gas
reactor measurements with the slow intensity increase of this signal.
This spectral region is typical of carbonyl compounds such as adsorbed
formates and carbonate species [52,54,61]. Signals of carbonates were
reported at 1581 cm− 1 [52], 1598 cm− 1 [61] and 1600 cm− 1 [62].
Meunier et al. [63] showed that in a ceria-containing WGS catalyst, two
types of formates accumulate on the surface at different rates, which
evolve then to carbonates eventually causing catalyst deactivation.
Similar correlation between deactivation and carbonates was reported
for other WGS catalysts [48,50,51,64]. The transition from formates to
carbonates is significantly faster at higher temperature [65], in agree
ment with the faster decay of methane conversion at higher temperature
in our engine and model gas reactor experiments. Finally, carbonate
species are stable at high temperature in reducing conditions, but can be
oxidized by oxygen in lean environments [61,66], regenerating the
catalyst in the lean periods. All these features of carbonates are in line
with the deactivation behavior observed in the present work at different
scales, from engine test bench to DRIFT measurements, confirming that
the catalyst indeed deactivated due to an increasing surface coverage
with carbonates.

Fig. 10. a) CH4 conversion rates and concentrations of b) H2, c) O2 and d) CO
in the transient λ steps in the model gas reactor.

conclusion that CO concentration affected the deactivation rate most
probably through the formation of carbonaceous adsorbates. CO is
frequently associated to carbonaceous surface species [52–54], espe
cially carbonates. The fact that methane conversion decayed more
slowly in the absence of CO, regardless of H2 compensation (steps R3
and R4) rules out the influence of λ values. Repetition of the same
experiment at the inlet temperature of 430 ◦ C (not shown) produced
very similar results, except for the methane conversion decay that was
slower, in line with the engine experiments of Fig. 9.
Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy
was used to monitor the evolution of surface species at a lean-to-rich λ
step corresponding to R1 in the model gas reactor experiments and to
identify the relative slow deactivation process on the catalyst surface.
After alignment of all spectra at 2600 cm− 1 in order to remove the strong
baseline shift due to the changes in the oxidation state of the catalyst
(Fig. 11a), we selected some signals to show their kinetic behavior upon

3.4. Conversion characteristics of rich-to-lean transitions
Fig. 12 shows the concentration profiles in the engine exhaust gas in
a transient rich-to-lean λ step from 0.98 to 1.03. The CO concentrations
decreased immediately to nearly zero at all measurement points

Fig. 11. a) DRIFTS spectra obtained during transient λ step from lean to rich feed at 430 ◦ C. b) Temporal signal intensities at 1595 cm− 1, 2053 cm−
(after λ step change at t = 0).
8

1

and 2169 cm−

1

M. Wang et al.

Chemical Engineering Journal 422 (2021) 129932

Fig. 13. Transient λ step from 0.98 to 1.03. a) Response of corrected λ, b)-d)
transient concentration profiles and THC conversion rate for the slices of the
second stage catalyst. e) H2 concentration. f) CO concentration.
Fig. 12. Concentration profiles at measurement points 1 to 8 during a λ step
from 0.98 to 1.03.

downstream of the first slice. The NOx and O2 concentrations increased
sequentially from upstream to downstream, reflecting the gradual
oxidation of Ce3+ obtained during the rich period. The THC concen
tration after the slices of the second stage catalyst (measurement points
6, 7, 8) showed a more complex behavior: the initial decrease directly
after the λ step was followed by an increase to a stable value. The same
behavior was discernible at measurement point 4 of the first stage
catalyst, although much less pronounced. A high THC conversion was
observed lasting for around 15 to 20 s. H2 only decreased slowly
compared to CO, due to the remaining SR reaction, which will be dis
cussed in the next paragraph. Traces of ammonia were detected when
both NOx and H2 were available and N2O appeared sequentially after
each catalyst slice. These transient peaks were surprisingly intensive, as
the N2O concentration measured in steady state λ sweeps and lean-torich jumps did not exceed 10 ppm. At each measurement point, the
N2O concentration reached a maximum when H2 at the same point
decreased to zero, indicating that NO experienced a two-step reduction,
first to N2O and then to either N2 or NH3.
Concentrations and THC conversion rates for all slices of the second
stage catalyst are shown in Fig. 13. The transient conversion increase in
all slices started immediately after the rich-to-lean λ step and passed
through a maximum value. For slice 2 and 3, the increase in conversion
rate occurred earlier than the arrival of oxygen. Therefore, the transient
conversion increase was unlikely to occur due to reoxidation of

palladium as oxygen was not yet present. The lack of oxygen indicates
that it was caused by methane SR rate rather than direct methane
oxidation by oxygen. One possible explanation for the increase of
methane conversion rate is that the sudden drop of CO concentration
allowed more sites on the catalyst to contribute to methane SR, because
WGS and methane SR have similar reaction mechanisms and compete
for active sites. The occurrence of SR was evidenced by the slight in
crease in CO concentration (up to 20 s) and positive hydrogen produc
tion rate (from measurement point 5 to 8). CO was simultaneously
consumed through the WGS reaction under the oxygen deficient envi
ronment. In the absence of the reoxidation of ceria after the λ step, the
observation of CO production on an engine is extremely difficult.
Methane SR is always associated with rich conditions and with high CO
concentration. Under these conditions, the WGS reaction consumes CO
and obscures CO production. The oxidation of ceria during the first 20 s
after the λ shift provided a unique environment where the CO produc
tion via methane SR could be observed. After the initial THC conversion
enhancement, the THC conversion rate returned and stayed at a constant
low level (after 20 s). Methane SR was no longer possible with oxidized
ceria and excess oxygen. The reaction pathway was limited to methane
direct oxidation, where the dissociation of methane was hindered by the
excess oxygen absorbed on the noble methane surfaces [37–39].
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In this study, a detailed analysis of the behavior of a three-way
catalyst in methane combustion exhaust under steady and transient
operation with different λ values is presented. Different reaction path
ways of methane were identified under steady and transient operation.
The special designed sliced catalyst system allows distinguishing re
actions in individual slices, which are subject to different feed compo
sitions. In parallel, targeted experiments in a model gas reactor and in
operando DRIFTS allowed further analysis and interpretation of the
reaction pathways involved.
In steady state, the low methane conversion was identified as the
result of only direct oxidation by oxygen in both rich and lean condi
tions. A large part of CO was consumed under rich conditions through
the water gas shift reaction evidenced by the generation of hydrogen.
In transient measurements, extremely high methane conversion rates
were identified under rich conditions after shifting from lean conditions
for a limited time. The large increase of methane conversion rate
compared to steady state measurements could be attributed to methane
SR. The onset of SR occurred at different instants following depletion of
oxygen storage, which is related to ceria oxidation state. The reaction
rates of methane SR decayed over time at temperature-dependent rates.
Faster deactivation of SR was observed at higher temperatures. After a
moderate time (minutes), methane conversion rates converged to low
numbers corresponding to the steady state measurements. Model gas
reactor experiments and operando DRIFTS confirmed the methane
conversion increase and the deactivation and link the deactivation with
surface carbonaceous functional groups (most likely carbonates) related
with CO.
In transient λ step from fuel rich to fuel lean conditions, a short
conversion increase was detected immediately after the switch, caused
by a sudden increase of the methane SR rate. Findings of the present
study have notable implications on natural gas engine catalyst devel
opment and the further optimization of engine control strategies.
Particularly, transient engine control strategies, e.g. λ periodic oscilla
tions, have the potential to promote the methane conversion by pro
moting methane SR. The attention of catalyst development should as
well be focused on SR characteristics. However, this may require an
additional oxidation catalyst to oxidize the subsequent hydrogen and
ammonia.
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[55] F. Solymosi, J. Raskó, The effect of chemisorbed oxygen on the stability of NCO on
platinum, rhodium and palladium supported by silica, Appl. Catal. 10 (1984)
19–25, https://doi.org/10.1016/0166-9834(84)85002-2.
[56] S. Chilukoti, F. Gao, B.G. Anderson, J.W.H. Niemantsverdriet, M. Garland, Pure
component spectral analysis of surface adsorbed species measured under real
conditions. BTEM-DRIFTS study of CO and NO reaction over a Pd/γ-Al2O3
catalyst, Phys. Chem. Chem. Phys. 10 (2008) 5510, https://doi.org/10.1039/
b806890a.
[57] G. Bampos, P. Bika, P. Panagiotopoulou, X.E. Verykios, Reactive adsorption of CO
from low CO concentrations streams on the surface of Pd/CeO2 catalysts, Appl.
Catal. A Gen. 588 (2019), 117305, https://doi.org/10.1016/j.
apcata.2019.117305.
[58] M. Chrzan, D. Chlebda, P. Jodłowski, E. Salomon, A. Kołodziej, A. Gancarczyk,
M. Sitarz, J. Łojewska, Towards methane combustion mechanism on metal oxides
supported catalysts: ceria supported palladium catalysts, Top. Catal. 62 (2019)
403–412, https://doi.org/10.1007/s11244-019-01143-8.
[59] F. Solymosi, L. Völgyesi, J. Raskó, The effects of different supports on the formation
and reactivity of surface isocyanate on Pd, Ir, Ru and Rh, Zeitschrift Fur Phys.
Chemie. 120 (1980) 79–87, https://doi.org/10.1524/zpch.1980.120.1.079.
[60] N.M. Martin, M. Skoglundh, G. Smedler, A. Raj, D. Thompsett, P. Velin, F.
J. Martinez-Casado, Z. Matej, O. Balmes, P.A. Carlsson, CO oxidation and site
speciation for alloyed palladium-platinum model catalysts studied by in Situ FTIR
spectroscopy, J. Phys. Chem. C. 121 (2017) 26321–26329, https://doi.org/
10.1021/acs.jpcc.7b07611.
[61] A. Kaftan, F. Kollhoff, T.-S. Nguyen, L. Piccolo, M. Laurin, J. Libuda, Sensitivity of
CO oxidation toward metal oxidation state in ceria-supported catalysts: an
operando DRIFTS-MS study, Catal. Sci. Technol. 6 (2016) 818–828, https://doi.
org/10.1039/C5CY00827A.
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