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ABSTRACT: This study utilized a synthetic gas test bench (SGB)
and two engine test benches (ETBs) to evaluate the periodic
operation of an industrially relevant three-way catalyst formulation.
The goal was to bridge the gap between laboratory-scale testing and
real-world applications, ensuring the reliability of catalysts in engine
environments under periodic conditions. SGB testing showed
significant increases in NO, CO, and hydrocarbon conversion and
N2 selectivity under dynamic operation compared to stoichiometric
steady-state conditions. Despite differences in ETB testing due to
the realistic conditions, notable improvements in pollutant
conversion were achieved. Challenges included inaccurate control
of the mean air−fuel equivalence ratio (AFR) by the engine control
unit and the AFR sensor. The findings underscore the importance
of harmonizing engine operation with formulation-governed catalyst properties to minimize tailpipe emissions. Periodic operation
emerges as a promising technique for enhancing catalyst efficiency in varying engine conditions.

■ INTRODUCTION
In light of tightening global emission standards, dynamic
operation of three-way catalysts (TWCs), specifically the
forced alternating lean-rich cycles referred to as λ-dithering,
has become a promising approach to enhance the conversion
of CO, NO, and unburned hydrocarbons (HCs) from gasoline
engines. Pioneering research in the 1980s by General
Motors1−5 and Toyota6−10 focused on the periodic modu-
lation between lean and rich exhaust gas compositions as an
alternative to the conventional steady-state operation at
stoichiometric air−fuel equivalence ratio (AFR) conditions.
The above-mentioned studies demonstrate that an optimal
frequency of lean-rich switches enhances pollutant conversion,
especially that of NO, compared to the steady-state operation.
The beneficial effects of periodic operation on TWC
performance are most pronounced at low temperatures,
below the light-off threshold of the exhaust gas pollutants,11,12

where the reaction rate is strongly influenced by catalyst
surface processes and thus chemical kinetics.2 This aspect
makes periodic operation particularly interesting for hybrid
electric vehicles (HEVs), whose frequent start−stop cycles
result in exhaust temperatures lower than those of conven-
tional internal combustion engines (ICEs). However, conven-
tional ICE vehicles can also benefit from the improved
pollutant conversion of periodic operation, especially for short
urban journeys when the catalyst rarely reaches its optimal
operating temperature.

Although the periodic operation of TWCs has been known
for some time, it is gaining popularity, as underscored by a
number of recent publications.13−19 Compared to other
already fully developed emission reduction strategies, the use
of advanced catalyst control strategies such as λ-dithering
offers a high potential for reducing pollutant emissions without
affecting the existing engine settings and run conditions;
consequently, a complex feedback control system will not be
required.20 Synthetic gas test bench (SGB) experiments
showed that the optimal catalyst operation and thus the
maximum pollutant conversion enhancement on the catalyst
are strongly influenced by operating conditions such as
temperature and exhaust mass flow, parameters of the periodic
operation, including frequency and amplitude, back-mixing
upstream of the catalyst, and oxygen storage capacity.17,21

However, in real-world applications, operation conditions such
as exhaust gas mass flow, composition, and temperature are
influenced by the operation conditions of the engine.
Therefore, transferring results from the SGB to the real-
world application in an engine test bench (ETB) required
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careful adjustment and validation of test conditions to account
for the differences between controlled laboratory conditions
and realistic engine operating conditions.

Previous SGB experiments utilized hot wire anemometry to
assess amplitude deterioration due to axial dispersion at
increasing frequencies.5,22 Herz et al.3 further demonstrated
that during real engine operation, the amplitude initially
decreases during lean-rich switches due to fuel spray wetting of
the inlet manifold during the rich phase and subsequent
evaporation during the lean phase. Additionally, Cho1 found
that the CO light-off temperature in steady-state experiments
on Pt/Al2O3 catalysts differed by approximately 200 °C
between SGB and ETB experiments, likely due to the
inhibiting effects of additional components present in the
real exhaust gas. Toyota researchers also investigated the
influence of modulation frequency on Pt/Al2O3, Pd/Al2O3,
and Rh/Al2O3 model catalysts in both SGB8 and ETB10

experiments, but meaningful comparisons between these
studies remain difficult without considering differences in
boundary conditions such as temperature, gas hourly space
velocity (GHSV), and amplitude deterioration. Among these,
Pd-based catalysts are particularly important due to their high
oxidation activity for CO and unburned hydrocarbons and
their sufficient NOx reduction capability,23 making them a
cost-effective alternative to the rarer and more expensive Rh.24

Additionally, their high hydrothermal resistance to sinter-
ing25,26 makes Pd-based catalysts particularly suitable for close-
coupled applications near the engine, where they help
minimize amplitude deterioration during periodic operation.

In this context, the present study examines the periodic
operation of a well-defined, industry-relevant Pd-only TWC in
various sample sizes in an SGB, allowing dynamic reactor
operation with a realistic exhaust gas mixture; additionally, two
ETBs with different configurations are assessed. The objective
is to address differences between the periodic operations of the
catalyst in the SGB and ETBs, providing insights relevant to
optimizing the operating strategy and confirming the efficacy
of the process under real-world applications. With this, our

study contributes to the efficient transfer of lab-scale
knowledge into full-scale applications.

■ EXPERIMENTAL SECTION
Catalyst Materials and Characterization. The Pd-based

monolithic catalysts (2 gPd L−1) subject to the present study
have already been investigated in previous studies27,28 and
were prepared using incipient wetness impregnation followed
by dip coating of a cordierite honeycomb (105.7 mm diameter,
114.0 mm length, 600 cpsi, 4.3 mil from NGK Insulators). The
noble metal (precursor, aqueous solution of Pd(NO3)2;
Tanaka Precious Metals, Japan) is supported on a mixture of
CeO2-based mixed oxide (CZ, 98 g L−1, consisting of 40 mol %
Ce, 50 mol % Zr, 4 mol % La, and 6 mol % Nd; Daiichi
Kigenso Kagaku Kogyo, Japan) and γ-Al2O3 (10 g L−1,
comprising 97% Al2O3 and 3 mol % La2O3; Sasol Chemical).
The detailed catalyst preparation procedure is described
elsewhere.27

To calculate the dispersion of palladium for the monolithic
Pd/CZ catalyst sample, low-temperature CO chemisorption
measurements based on the work of Tanabe et al.29 were
conducted in a custom-built apparatus equipped with an IR
detector (X-Stream, Emerson). The sample was oxidized in a
quartz glass tubular reactor (Qsil) at 500 °C with atmospheric
oxygen for 20 min and subsequently reduced at 400 °C for 60
min by using 5% H2 in N2. Subsequently, the reactor was
cooled to −77 °C in a dry ice−isopropanol bath under N2
flushing, after which a calibration gas (100 ppm of CO in N2)
was dosed onto the catalyst. In order to evaluate the dispersion
of the precious metal, the adsorption of CO was monitored.
The obtained data were evaluated assuming that the
adsorption ratio of CO to Pd is 1:1.30 The average particle
diameter of palladium was calculated on the assumption of a
hemispherical particle geometry.31

Complete oxygen storage capacity (OSCC) was measured
by initially oxidizing the monolithic catalyst at 550 °C with 2%
O2 in N2 for 20 min in the SGB described below.
Subsequently, the sample was cooled to different temperatures
(150−550 °C) in N2 and then reduced with 1% CO in N2. The

Figure 1. Overview of the research approach.
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OSCC at the respective temperature corresponds to the
amount of CO2 formed during reduction and is specified per
mass of the catalyst.

Experimental Setups. Figure 1 provides an overview of
the research approach chosen herein, which employs three
different test benches to investigate the influence of periodic
operation on the TWC. SGBs are widely used to study the
catalytic activity of mini-sized catalyst samples under well-
defined boundary conditions. These setups provide model-like
exhaust gas compositions, allowing for a controlled evaluation
of catalytic reactions without the complexities of real engine
exhaust. This approach is particularly useful for investigating
fundamental catalytic behaviors, addressing isolated, specific
catalytic phenomena, and understanding reaction kinetics. On
the other end of the spectrum, full-scale ETBs allow for the
investigation of full-size TWC samples under realistic exhaust
gas compositions and boundary conditions. This setup
replicates actual engine operating environments, providing a
direct assessment of catalyst performance in practical
applications. However, due to the inherent variability of
engine conditions, isolating specific catalytic effects can be
more challenging compared to laboratory-scale experiments.

To bridge the gap between precisely controlled laboratory
experiments in well-defined conditions and real-world engine
testing, an adaptive engine test bench (AETB) was employed.
This hybrid system combines the strengths of both the SGB
and ETB, enabling the testing of research-sized catalyst
samples under realistic exhaust gas conditions while maintain-
ing well-defined boundary conditions. By doing so, the AETB
allows for a more precise evaluation of catalyst behavior under
operationally relevant conditions, offering a balance between
experimental control and real-world applicability.

For the experimental investigation, two identical full-size
catalysts were prepared according to the methodology
described in the previous section. One of these full-size
catalysts was evaluated in the ETB under real engine operating
conditions. From the second full-size catalyst, the research-size
(50 mm length, 25 mm diameter) and mini-size samples (30
mm length, 16 mm diameter, 156 cells) were extracted from
the front circumference. These extracted samples were then
tested in the AETB and SGB, respectively.

Engine Test Bench. The full-size catalyst was subjected to
testing on an in-line four-cylinder naturally aspirated ETB
(A25A-FKS Nonhybrid, Toyota Motor Corporation) with a

Figure 2. Schematic of the engine test bench with a full-size catalyst.

Figure 3. Schematic of the synthetic gas test bench with a mini-size catalyst.
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2.5 L displacement and a 13.0 compression ratio (cf. Figure 2).
Both port injection and direct injection were used as fuel
supply methods. Table S1 presents the fuel properties of the
unleaded regular gasoline used in the ETB experiments. The
full-size catalyst was wrapped with an insulation mat to prevent
exhaust gas leakage, press-fitted into the canning case, and
installed at the close-coupled position just below the exhaust
manifold. The frequency and amplitude of dithering were
controlled by adjusting the fuel injection and intake air volume
with the engine control unit (ECU). Prior to testing, the
catalyst was subject to an initial degreening process at an
excess air ratio controlled by ECU; this process included 40
min of idle operation, followed by 1 h at 2000 rpm and 72 N
m, 1 h at 2600 rpm and 139 N m, and 1 h at 3300 rpm and 175
N m.

In order to analyze the gas at the catalyst inlet and outlet, the
gas analyzer (MEXA-ONE-FTIR, HORIBA) was equipped
with a heated flame ionization detector (HFID), a para-
magnetic detector (PMD), and a Fourier transform infrared
(FTIR) spectrometer. Direct insertion-type AFR sensors
(MEXA-730, HORIBA) were installed upstream and down-
stream of the catalyst to observe the AFR switches with a
higher temporal resolution. The front AFR sensor of the ECU
serves as the control device for square wave changes of the
AFR value during the periodic operation. Since typically a
temperature distribution in the radial direction can be
expected, thermocouples were inserted at three points at the
catalyst inlet (0, 24, and 48 mm from the center) and at one
point at the catalyst outlet, each with a distance of 15 mm from
the catalyst.
Synthetic Gas Test Bench. The mini-size monolith was

evaluated in a dynamically operated in-house built synthetic
gas test bench (cf. Figure 3) under precisely set reaction and
exhaust gas input conditions, which is described elsewhere.17

The mini-size monolith was wrapped in quartz glass wool and
placed in a quartz glass tubular reactor (19 mm OD, 17 mm
ID, 720 mm length, Qsil). The catalyst inlet temperature was
measured with a thermocouple (1 mm OD, type N, TCdirect);
it simultaneously served for precise control of the furnace
(Gero) via a PID controller (Eurotherm). The inlet and outlet
thermocouples are placed 5 mm upstream and downstream of
the catalyst. The gaseous reactants and steam of the simulated
exhaust gas were supplied by mass flow controllers (MFC,
Bronkhorst) and a controlled evaporation mixing device
(CEM, Bronkhorst), respectively, with the latter being used
along with a liquid flow controller (LFC, Bronkhorst).

Figure 4 shows the O2, CO, NO, and total hydrocarbon
(THC) engine-out emissions of the above-mentioned ETB
that can be equipped with the full-size catalyst during
operation at steady-state conditions in the AFR range of
0.93−1.07 (symbols), along with the reactant concentration
that can be set by the MFCs in the SGB (lines). The AFR
value was calculated by eq 1, which was first formulated by
Padeste and Baiker.32

= + + + +
+ + + + +

2O CO 2CO H O NO
2CO H 2CO H O 9C H 10C H

2 2 2

2 2 2 3 6 3 8
(1)

As underscored by the data shown in Figure 4, the AFR
applied during engine operation strongly governs the raw
emissions of CO and O2. It should be noted that the slight
increase of NO emission and the decrease of THC emissions
with increasing AFR were not considered when simulating the

exhaust gas in the SGB. Therefore, during SGB testing, the NO
and THC concentration was kept constant at 1330 and 1630
ppm, respectively, which is the value obtained at λ = 1. The
absolute error of this assumption within the AFR range of λ =
0.932−1.068 varied between Δλ = − 0.0029 and 0.0026,
corresponding to a relative error of −0.31 to 0.24%. This
minor error is negligible, given that THC and NO
concentrations fluctuate by only a few parts per million,
whereas CO and O2 concentrations are several orders of
magnitude higher. The complex hydrocarbon profile of the
engine exhaust was mimicked by attributing two-thirds of the
THC emissions to fast oxidizing C3H6 and one-third to the
slow oxidizing C3H8.33,34 Additionally, as H2 emissions
measurements from the exhaust gas of the ETB were not
accessible through FTIR and FID analyses, it was assumed for
the SGB tests that the H2 concentration was one-third of the
CO concentration.23,35 The exhaust gas simulation relied on
the H2O and CO2 concentrations from the actual engine
exhaust, which were 13 and 10%, respectively.

The forced periodic dosing of the components CO, H2, and
O2 was achieved by using two fast-switching three-way two-
position valves (Type 6624, Bürkert). These valves alternately
introduce lean and rich mixtures with a frequency of up to 2.5
Hz into the reactor and the ventilation system, respectively.
The test environment and capabilities of the SGB were
evaluated in a previous study,17 which excluded the occurrence
of gas-phase reactions in stoichiometric exhaust gas mixtures
by conducting light-off experiments up to 600 °C. Additionally,
the response of the AFR sensors and the FTIR analyzer to a
step change in CO concentration was studied with an uncoated
honeycomb. The results showed that an almost ideal step
change could be achieved and that the applied frequency did
not influence the average CO concentration supplied to the
reactor.

As proposed by Rappe ́ et al.,36 prior to the evaluation of the
catalytic activity, the monolithic catalyst was degreened at 600
°C for 4 h in 10% CO2 and 10% H2O. The cycle-averaged
conversion of the species CO, NO, C3H6, C3H8 and the
selectivity to the products NH3, N2O, and NO2 were calculated
by integration of the concentration profiles measured by FTIR
spectroscopy (MultiGas 2030, MKS Instruments), and the

Figure 4. Comparison of CO, O2, H2, NO, and THC raw emissions
of the ETB (symbols) and the SGB (lines) at different AFRs. f → ∞
denotes the fully mixed and λ = 1 the conventional stoichiometric
steady-state that is accessible by the engine. Irrespective of the AFR,
the exhaust gas mixture contains 13% H2O and 10% CO2 and is
balanced by N2 to keep the gas hourly space velocity of 100,000 h−1

during SGB testing.
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selectivity of the IR-inactive species N2 was calculated from a
balance of all nitrogen-containing species. Changes in the AFR
applied to the catalyst were monitored by using AFR sensors
(LSU4.9, Bosch) at the inlet and outlet of the reactor.

In order to assess whether the periodic operation is
beneficial, the catalyst was analyzed under conventional
stoichiometric steady-state conditions (λ = 1) and fully
mixed stoichiometric steady-state conditions ( f → ∞). The
latter was achieved by feeding the cycle-average inlet
concentration of the lean and rich exhaust into the reactor,
which simulates the catalyst conditions at high frequencies and
complete deterioration of the applied amplitude due to mixing
in the exhaust line.
Adaptive Engine Test Bench. Figure 5 depicts the

schematic of the adaptive engine test bench consisting of the
engine and the sample catalyst partial flow system. The test
engine is based on a 2.2 L, in-line three-cylinder CNG engine
with a compression ratio of 11.0.37,38 Each inlet port of the
engine is additionally fitted with gasoline injectors (EV14,
Bosch) to enable periodic gasoline operation. Table S2
presents the fuel properties of the unleaded premium gasoline
used in the AETB experiments. After the exhaust manifold, a
smaller diameter bypass pipeline was connected to the exhaust
pipe to enable testing of the research-sized catalyst samples.

The adaptive control of the exhaust gas flow, temperature,
and pressure in the bypass line and thus at the research-size
catalyst sample was achieved by means of a flow regulation
valve, electrical heating wires, and a back-pressure valve, which
was controlled by test bench automation. An AFR sensor
(LSU4.2, Bosch) was installed in the main exhaust pipe to
control the periodic operation with the ECU, which provides a
function for automatic AFR variation. A second AFR sensor
was placed directly upstream of the catalyst sample to monitor
the forced AFR fluctuation in front of the sample. Moreover,
thermocouples were utilized to monitor the temperature of the
exhaust gas upstream and downstream of the catalyst probe,
maintaining a distance of 20 mm between the probes and the
sample. The concentration of the exhaust gas upstream and
downstream of the catalyst sample was determined using an
FTIR spectrometer (MultiGas 2030, MKS Instruments) and
an exhaust gas analyzer (AMA 4000, AVL).

Figure 6 illustrates the exhaust gas composition of the engine
equipped with the sample holder within the AFR range of

0.97−1.03. Notably, the NO emissions are elevated, while the
THC emissions are diminished in comparison to the other
ETB, which may be attributed to disparate operational cycles
of the engines. Furthermore, the concentrations of gaseous
species for the fully mixed steady-state ( f → ∞) and the
conventional steady-state (λ = 1) coincide due to the narrow
AFR range in the engine, which can also be observed in the
exhaust gas composition of the other engine at small
amplitude.

■ RESULTS AND DISCUSSION
Catalyst Characterization. It has been reported that

conventional CO chemisorption measurements of noble
metals supported on an oxygen storage material (OSM) result
in an overestimation of the dispersion and thus an under-
estimation of the precious metal particle diameter due to
spillover effects between the noble metal and the OSM.29,39

Figure 5. Schematic of the adaptive engine test bench with a research-size catalyst.

Figure 6. CO, O2, NO, and THC raw emissions of the AETB
(points) at different AFRs. Due to the low amplitude, the pollutant
concentration was similar for fully mixed ( f → ∞) and conventional
stoichiometric steady-state (λ = 1) operations. Irrespective of the
AFR, the exhaust gas mixture contained 13% H2O and 14% CO2.
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Consequently, a low-temperature CO chemisorption method
was employed in this study, which revealed an average particle
size of 11 nm. This is in good agreement with the results
measured by the CO2 preinjection technique at 50 °C (12 nm)
for the same catalyst sample27 and for samples with
comparable Pd loadings.40

Table 1 shows the increasing OSCC with increasing
reduction temperature, which is in line with previous

observations as well.41 Using the same catalyst formulation
as subject to our present study, Machida et al.27 obtained a
dynamic OSC of 410 μmol g−1 when evaluating AFR sensor
data of slow lean to rich switches at 450 °C on an engine
dynamometer. The lower values of the dynamic OSC
measurement at temperatures higher than 300 °C are in
agreement with the literature findings and can be attributed to
the fact that the OSCC is related to the total reducibility
measured at thermodynamic equilibrium, whereas the dynamic
OSC rather corresponds to the rate of oxygen release from the
material, which is a kinetic phenomenon.42 Moreover, the
reductive chemical potential in the presence of H2O and CO2
in a real exhaust gas is lower, which consequently reduces the
available amount of oxygen.43,44 These material properties are
of high relevance during the interpretation of the following
activity data.

SGB Results. An SGB provides a controlled catalyst testing
environment with precisely set inlet temperatures, gas
mixtures, and GHSVs, allowing the evaluation of catalyst
activity under steady-state and transient conditions. Figure 7

compares the pollutant conversion and the selectivity of
species derivatives from NOx at different frequencies and inlet
temperatures at a constant GHSV of 100,000 h−1 and an
amplitude A of 0.06 under the fully mixed stoichiometric
steady-state ( f → ∞) and conventional stoichiometric steady-
state (λ = 1) conditions.

The conversion of CO and C3H6 obtained under fully mixed
and conventional stoichiometric steady-state conditions
exhibits similar behavior. However, full conversion of NOx
and C3H8 can be achieved at 300 °C under fully mixed steady-
state conditions, whereas 400 °C is required under conven-
tional steady-state conditions. These trends are in agreement
with measurements of Padeste and Baiker32 on Pt−Rh/Al2O3
and Pt−Rh/CeO2−Al2O3 TWC samples. The higher partial
pressure of O2, CO, and H2 at the catalyst inlet under the fully
mixed stoichiometric steady-state condition compared to the
conventional stoichiometric steady-state condition (cf. Figure
4) increases the reaction rates of C3H8 and NOx conversion, as
they act as oxidizing and reducing agents, respectively.
Furthermore, higher partial pressures of the reactants result
in a higher adiabatic combustion temperature for f → ∞,
which increases the average catalyst temperature (cf. Figure
8b) and consequently increases pollutant conversion.

The secondary emissions of NH3 and N2O are affected by
the different light-off temperatures of NOx. In agreement with
the higher NOx light-off temperature, N2O emissions can be
observed over a larger temperature window for the conven-
tional stoichiometric steady state (cf. Figure 7, T = 150−350
°C) compared to the fully mixed stoichiometric steady state
(cf. Figure 7, T = 150−250 °C). Furthermore, for f → ∞, NH3
emissions can be observed over a wide temperature range.
While at low temperatures, the direct reduction of NO by
hydrogen accounts for NH3 formation,45,46 H2 from the feed
gas becomes increasingly consumed with increasing temper-
atures. The NH3 concentrations at high temperatures are a

Table 1. OSCC of Pd/CZ at Different Reduction
Temperatures

Tred (°C) 150 250 350 450 550

OSCC (μmol g−1) 227 524 616 711 772

Figure 7. Cycle-average conversion of CO, C3H6, C3H8, and NOx and selectivity to N2O, NH3, and N2 derived from NOx reduction at different
inlet temperatures and frequencies in the SGB at GHSV = 100,000 h−1 and A = 0.06 compared to fully mixed ( f → ∞) and conventional (λ = 1)
stoichiometric steady-state operations. Exhaust gas mixtures are depicted in Figure 4.
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result of the reaction between NO and H2 originating from the
steam reforming of hydrocarbons.23 In contrast, during λ = 1
operation, NH3 emissions were observed only at low
temperatures (cf. Figure 7). The absence of NH3 emissions
at high temperatures during conventional stoichiometric
steady-state operation may be due to small deviations in the
set gas concentrations. Although a stoichiometric reaction
mixture can be precisely controlled through the flow rate of
individual species using mass flow controllers, Wang et al.34

and Getsoian et al.47 demonstrated that, besides pollutant
conversion, the secondary emissions of N2O and NH3 are
highly sensitive to slight variations in the AFR around λ = 1.
Additionally, the partial pressure of each species strongly
influences the formation of secondary emissions, as demon-
strated by calculations performed by Qian et al.48

The periodic operation of the monolithic catalyst sample at a
temperature of 200 °C and an optimal frequency of 1.2 Hz
increases the CO and C3H6 conversion by 50 and 90%,
respectively, compared to conventional stoichiometric steady-
state operation. Moreover, C3H8 and NOx conversions are
increased by 90 and 70% at a temperature of 250 °C and an
optimal frequency of 2 Hz. This pronounced activity boost can
be explained by surface phenomena. While the catalyst surface
is poisoned by CO adsorbates49 and O adsorbates50 under
steady-state conditions, periodic operation enables a change
between an oxygen-dominated surface under lean conditions
and a CO-dominated surface under rich conditions; the
periodic lean-rich switches regularly create free surface sites,
thereby increasing the reaction rate for the pollutant gas
conversion.17,49 In our previous study, we investigated a Pd/
Al2O3-based monolithic catalyst under the same conditions as
in the present study and observed the optimal frequency at 1.6
Hz.17 The difference can be attributed to the higher oxygen
storage capacity of the industrially relevant catalyst used in this
study, as previously reported.6,32 This is due to the prolonged
time required for the attainment of the optimal surface
composition on the noble metal, as the storage effects on the
CeO2 support decelerate the desorption process subsequent to
the concentration switch.

Furthermore, periodic operation seems to reduce the N2O
selectivity for temperatures between 250 and 400 °C compared
to the conventional stoichiometric steady-state. While the
formation of NH3 emission is suppressed at 250 °C, periodic
operation promotes the NH3 selectivity at higher temperatures.

Consequently, N2 selectivity reaches only 100% at the
stoichiometric steady-state condition at a temperature of 550
°C. Large amounts of NH3 are generated at low frequencies
due to prolonged periods under rich conditions. At the same
time, NO2 formation (cf. Figure S1) occurs due to extended
durations under lean conditions, but overall low concentrations
of a maximum of 45 ppm of NO2 were observed at low
frequencies. It is possible to enhance N2 selectivity by up to
35% by implementing periodic operation within the temper-
ature range of 250−350 °C. As previously reported, the
optimal frequency for maximal pollutant conversion depends
on the time for the transition between lean and rich
conditions,51,52 which is influenced by various operating
parameters such as temperature, GHSV, amplitude, the oxygen
storage capacity of the catalyst, and back-mixing in the exhaust
gas line.17

The multitude of the mutually overlapping above-mentioned
effects necessitates matching the exhaust tract with the catalyst
formulation when designing a periodically operated exhaust gas
after-treatment system. This becomes particularly evident in
Figure 8a, which depicts the amplitude monitored by front and
rear AFR sensors at the reactor inlet and outlet, respectively.
Note that the front AFR sensor is located upstream of the
furnace and is therefore not affected by different reactor
operating temperatures or reaction heat. Although the 3/2-way
valves that enable the lean-rich switches are mounted only
approximately 30 cm upstream of the front AFR sensor and
both are connected with a comparably small stainless steel pipe
(6 mm OD, 4 mm ID), a significant reduction in the set
amplitude can be observed. This reduction can be attributed to
two factors: the stronger back-mixing of the lean and rich
phase upstream of the catalyst with increasing frequency due to
axial dispersion8 and the nonideal concentration step-changes
caused by the closing and opening time of the valves of
approximately 10 ms. Given a distance of about 80 cm between
the AFR sensor and the catalyst sample, the actual amplitude in
front of the catalyst is expected to be even smaller. The
amplitude of the rear AFR sensor is additionally affected by the
additional passage and mixing of the gas flow through the
reactor and the catalyst honeycomb. As the pollutant
conversions are low at a temperature of 150 °C (cf. Figure
7), the rear AFR sensor shows the deterioration of the
amplitude after the reactor with only minor bias by the
reaction. Consequently, the actual amplitude reaching the
catalyst and governing its activity must therefore be between
the values of the front AFR and the rear AFR sensor at 150 °C
(cf. Figure 8a, black and gray lines). As the temperature
increases, the conversion of pollutants increases, causing the
AFR to reach unity during periodic operation, as the excess
reducing agents and oxidizing agents are converted during the
subsequent rich and lean phases.

The effect of the periodic operation on the catalyst
temperature can be seen in Figure 8b, which shows the
cycle-average temperature difference between the catalyst
outlet and the inlet at different inlet temperatures and
frequencies. The temperature difference of 10 K at the lowest
inlet temperature of 150 °C can be attributed to a
nonisothermal temperature profile in the catalyst sample. At
a temperature of 200 °C, the highest temperature difference
between the inlet and outlet of 89 K is achieved at 1.2 Hz,
which is the optimal frequency for maximal conversion of CO
and C3H6 (cf. Figure 7). The system undergoes self-
amplification as the reaction rate further increases due to the

Figure 8. (a) Real amplitude at the front (temperature independent)
and rear AFR sensor at different temperatures and frequencies. (b)
Cycle-average temperature difference between outlet and inlet
thermocouples at different frequencies and temperatures at GHSV
= 100,000 h−1 and A = 0.06.
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elevated average temperature within the monolith. Thus,
periodic operation allows for rapid heating of the catalyst
during a cold start, ensuring that operating temperatures
sufficient for effective pollutant conversion are reached more
quickly. At a temperature of 250 °C, a temperature difference
plateau of 110 K evolves with increasing frequencies because
almost full conversion of all pollutant gases is achieved. As the
inlet temperature further increases, the maximum temperature
difference decreases due to greater heat loss from the furnace
to the environment at higher temperature levels but the
aforementioned plateau remains.

ETB Results. To gain a comprehensive understanding and
validation of the periodic operation under real-world
conditions, testing has been conducted with the full-size
catalyst mounted in a close-coupled position in the ETB.
Figure 9 compares the pollutant conversion at different
frequencies and mean AFR values λm at an amplitude of 0.06
set on the ECU with the conventional steady-state operation at
high load conditions of 77.5%, resulting in a GHSV of 130,000
h−1 and an exhaust gas inlet temperature of 580 °C averaged
across the diameter. In accordance with the findings of
previous research,47 the conversion of pollutant gases is
significantly influenced by the mean AFR value at conventional
steady-state conditions. For instance, under slightly lean
steady-state conditions (cf., Figure 9, λm = 1.005), only 11%
of NO can be converted. Conversely, under slightly rich
conditions (λm = 0.995), CO and THC slip occurs and the CO

and THC conversion decreases below 90 and 95%,
respectively.

In contrast to the conventional stoichiometric steady-state
results of the SGB (Figure 7, λ = 1, T = 550 °C), it is not
possible to achieve NO full conversion in the ETB (Figure 9,
λm = λ, T = 580 °C) under comparable conditions, as it was
not possible to precisely set a mean AFR value of λm = 1.000
under conventional stoichiometric steady-state conditions with
the ECU. This is underlined by the data shown in Figure 10a,
which compares the calculated mean AFR values of the cycle-
average catalyst outlet concentration using eq 1 with the set
mean AFR values (straight lines). Consequently, the higher
actual mean AFR value resulted in a particularly low NO
conversion of 60% (cf. Figure 9) due to the excess of oxygen.
Operating the engine around true stoichiometry is challenging,
especially due to sensor deception resulting from the different
diffusion rates of H2 and hydrocarbons, which can mislead the
sensor into measuring an AFR value different from the true
chemical AFR.53,54

During periodic operation, the ETB with the full-size TWC
shows the same general trends as the SGB results at T = 550
°C. The data substantiate that the THC conversion is largely
independent of the applied frequency, whereas the conversion
of CO and NO is significantly affected by frequency. As a
consequence of the prolonged exposure to lean and rich
conditions at low frequencies, CO slip occurs under rich
conditions and NO slip occurs under lean conditions due to

Figure 9. Cycle-average conversion of CO, THC, and NO at different frequencies and mean AFR values over the full-size monolith in the ETB at T
= 580 °C, GHSV = 130,000 h−1, and A = 0.06 compared to conventional steady-state conditions λ = λm. Exhaust gas mixtures are depicted in
Figure 4.

Figure 10. (a) Comparison of set mean AFR values (lines) and calculated mean AFR values (points) of the cycle-average catalyst outlet
concentration using eq S1. (b) Set-point of ECU and real amplitude at the front and rear AFR sensors. (c) Cycle-average temperature difference
between the average inlet temperature of the inlet thermocouples and the outlet temperature at different frequencies and mean AFR values at
GHSV = 130,000 h−1, T = 580 °C, and A = 0.06.
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the deficiency of oxidizing and reducing agents, respec-
tively.4,9,55,56 Conversely, at elevated temperatures, hydro-
carbons can be oxidized under lean conditions and converted
via steam reforming under rich conditions.23,47 As the
frequency increases, the conversion of CO and NO initially
improves, with NO conversion under periodic conditions
notably surpassing the performance observed under a conven-
tional stoichiometric steady-state operation. A further increase
of the frequency leads to a decrease in the NO conversion for a
mean AFR value of λm = 1.000 and λm = 1.005 for frequencies
above 0.6 Hz. However, SGB data and literature11,12 suggest
that at elevated temperatures, full conversion of the reactant is
already achieved under stoichiometric steady-state conditions.
As a result, periodic operation of the system does not lead to
any further improvement in catalyst performance, and no
optimal frequency exists.

The observed optimal frequency of NO conversion during
the ETB experiments can be explained by the variation in the
mean AFR value with frequency (cf. Figure 10a). Note that
NH3 measurements were not possible in the ETB and thus a
NH3 selectivity of 0% was considered for the mean AFR
calculation of the ETB data. However, in order to account for
the potential influence of NH3 formation at low frequencies,
which was observed in the SGB experiments, the maximum
error was estimated. In particular, 100% NH3 selectivity was
assumed and the resulting mean AFR of the ETB data was
calculated according to eq S1; a significant impact of the mean
AFR values that would change the interpretation can be
excluded (cf. Figure S2).

Maintaining a constant mean AFR value was not possible,
thereby influencing the results at each frequency. For instance,
the highest NO conversions observed at mean AFR values of
λm = 1.005 and λm = 1.000 and a frequency of 0.6 Hz (cf.

Figure 9) agree with the minima in the calculated mean AFR
values (cf. Figure 10a). Therefore, it is evident that parts of the
enhancement in the NO conversion during periodic operation
can be attributed to deviations in the mean AFR value when
the frequency varies. Conversely, a portion of the observed
increase in NO conversion cannot be attributed to the different
mean AFR values set in the ECU but is instead caused by the
enhancing effect of periodic operation, which is apparent when
comparing the NO conversion (cf. Figure 9) at steady-state
conditions with periodic operation at the same calculated mean
AFR value (cf. dotted lines, Figure 10a). When mean AFR
values of 1.005, 1.000, and 0.995 are set, an increase in NO
conversion of 57−67% at 0.3−0.4 Hz, 22−29% at 0.4−0.5 Hz,
and 5−7% at 0.7−2 Hz can be observed, respectively,
compared to the conventional steady-state. Therefore, periodic
operation can significantly increase the AFR window,11 which
reduces the reliance on the AFR sensor and feedback control
and minimizes the pollutant slip when the control erroneously
deviates from the stoichiometric point.

Figure 10b depicts the amplitude measured at the front and
rear AFR and the set-point of the ECU. At high frequencies,
the set-point of the amplitude decreases slightly, which can be
attributed to the limited temporal resolution of the inlet AFR
function. The amplitude at the front AFR, which is mounted
directly in front of the catalyst and used for ECU control,
decreases due to axial dispersion in the exhaust manifold. The
ETB equipped with the full-size catalyst mounted in a close-
coupled position results in less back-mixing of the rich and lean
exhaust gas at high frequencies compared to the SGB. For
example, at 2 Hz, an amplitude of 0.03 can still be achieved,
whereas, only an amplitude of 0.022 arrives at the front AFR
sensor with the SGB, with the actual amplitude arriving at the
catalyst being between 0.005 and 0.022 (cf. Figure 8a, black

Figure 11. Cycle-average conversion of CO, THC, and NO and selectivity to N2O, NH3, and N2 derived from NO reduction at different inlet
temperatures and frequencies over a research-size monolith in the AETB at GHSV = 125,000 h−1 and A = 0.03 compared to the stoichiometric
steady-state operation ( f → ∞). Exhaust gas mixtures are depicted in Figure 6.
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and gray lines). The close coupling of the catalytic converter
thus ensures low-mixing operation even at very high
frequencies, making a wide frequency range accessible for the
exhaust gas after-treatment system, which is important due to
the dependence on the operating conditions and formulation
of the catalyst.17 Analogous to the results obtained during SGB
testing, high pollutant gas conversions are accompanied by
high outlet temperatures originating from the exothermic
nature of the chemical reaction (Figure 10c). This
exothermicity allows the full-scale catalyst to heat up more
quickly during periodic operation compared to conventional
steady-state operation (cf. Figure 10c), which makes periodic
operation an interesting approach, especially for reducing
emissions during cold start.

AETB Results. In order to investigate periodic operation at
lower temperatures while still facilitating the utilization of real
exhaust gas and precise control of GHSV, as well as
temperature and pressure at the catalyst, a research-sized
catalyst was tested in an AETB under low load conditions
(18.5%). Figure 11 displays the pollutant conversion and
product selectivity of NO derivatives at inlet temperatures of
310 and 390 °C and different frequencies at a GHSV of
125,000 h−1 and an amplitude A of 0.03. It is important to note
that the exhaust gas composition of the AETB (shown in
Figure 6) differs from the ETB and SGB exhaust gas
composition (cf. Figure 4) due to the different combustion
cycles. Moreover, as a result of the convex nature of the AFR-
dependent exhaust gas concentration (cf. Figure 4), the
exhaust gas concentration at fully mixed steady-state
conditions approaches the concentration at conventional
steady-state conditions with a decrease in amplitude.

Despite the different exhaust gas compositions, the light-off
temperatures of THC and NO in the AETB experiments
correspond to the light-off temperatures of C3H8 and NO
found during SGB testing of the mini-size catalyst under
conventional stoichiometric steady-state conditions. In con-
trast, CO is already fully converted at 250 °C during the SGB
tests (cf. Figure 7), whereas in the real exhaust gas mixture full
CO conversion is not yet achieved at 390 °C. The literature
discusses differences in light-off temperatures of up to 150 °C
between real and simulated exhaust gases.1 The differences
observed herein may be attributed to varying pollutant gas
concentrations, different water concentrations, and the
presence of catalyst poisons, such as sulfur, in the fuel.1,57 In
addition, using solely the hydrocarbons propane and propylene
in the synthetic exhaust gas cannot accurately replicate the
complex light-off behavior of the hydrocarbon mix present in
the real exhaust of gasoline engines that typically comprises
long- and short-chain alkanes, alkenes, carbonyls, and
aromatics.58 As the temperature increases from 310 to 390
°C, the selectivity to N2O decreases from 26 to 20% and that
to NH3 decreases from 20% to 8% at the AETB at
stoichiometric steady-state conditions. Although the actual
values differ, the decline in N2O and NH3 selectivity is
consistent with the findings of the SGB under conventional
and fully mixed stoichiometric steady-state conditions within
the same temperature range. The varying selectivity can be
attributed to different NO conversions in AETB and SGB and
the sensitivity of secondary emission formation on the AFR
value around stoichiometry,34,47 which enables water gas shift
reactions to take place at slightly rich conditions.23

At 310 °C and a frequency of 1.1 Hz, an increase of more
than 24% in the pollutant conversion of CO, NO, and THC

and 8% in the N2 selectivity can be observed compared to the
stoichiometric steady-state conditions (cf. Figure 11), which is
consistent with the observed temperature and frequency range
for conversion enhancement induced by periodic operation in
the SGB. At 390 °C, the enhancement resulting from periodic
operation at 1.1 Hz in comparison to stoichiometric steady-
state conditions is reduced to 5% for the NO conversion,
whereas N2 selectivity is increased by 15%. It should be noted
that the AETB can only be operated up to a frequency of 1.1
Hz, as the amplitude at the ECU set-point deviates by more
than 10% from A = 0.03 above this frequency, as can be seen in
Figure 12a (black line). The observed increase in pollutant

conversion up to 1.1 Hz, along with the significant decrease in
NH3 selectivity and the nearly frequency-independent N2O
selectivity (cf. Figure 11), aligns with the findings from the
SGB experiments. Although the improvement to the fully
mixed stoichiometric steady-state indicates the existence of an
optimal frequency, no optimal frequency can be determined
due to the limited frequency range of the AETB. The optimal
frequency of 2 Hz observed in the SGB results at 250 °C
indicates that the optimal frequency on the AETB must be at
an even higher frequency due to the higher temperatures and
GHSV in the AETB experiments. Furthermore, the diminished
volume between the engine and the catalyst results in a
reduction in back-mixing within the exhaust gas line of the
AETB compared to the SGB and ETB. For instance, the
amplitude deterioration at the catalyst inlet for the AETB is
27% at 1.1 Hz (cf. Figure 12a, gray line); this is less severe than
the amplitude deterioration in the ETB with the full-size
sample of 46% (cf. Figure 10b, gray line) at 1.2 Hz and in the
SGB of 45−70% at 1.2 Hz (cf. Figure 8a gray and black lines).
It has been demonstrated that reduced back-mixing of the lean-
rich switches upstream of the catalysts also results in an
increase in the optimal frequency. This is due to the fact that
the optimal frequency of the intrinsic kinetic is superimposed
with amplitude deterioration.17,59 Moreover, the 35 K higher
temperature difference between the inlet and outlet of the
AETB, as illustrated in Figure 12b, at an inlet temperature of
310 °C underscores the high potential of periodic operation for
rapid heating of the catalyst to operational temperature.

Figure 12. (a) Control amplitude of ECU and real amplitude at the
front AFR at different frequencies. (b) Cycle-average temperature
difference between outlet and inlet thermocouples at inlet temper-
atures of 310 and 390 °C and different frequencies.
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■ CONCLUSIONS
In this study, a synthetic gas test bench, an engine test bench,
and an adaptive engine test bench were employed to assess the
periodic operation of an industrially relevant three-way catalyst
sample. Herewith, the present study aims at bridging the gap
between laboratory-scale and real-world applications, which
ensures that theoretical expectations and model-like exper-
imental knowledge can be translated into practical, reliable
results in actual engine environments.

The testing of a mini-size catalyst in the SGB provided a
controlled environment with precisely set inlet temperatures,
gas mixtures, and GHSV, allowing for the evaluation of catalyst
activity and rate enhancement from periodic operation. It was
observed that periodic operation with an optimal frequency of
1.2 Hz led to a 50% increase in CO conversion and a 90%
increase in C3H6 conversion at a temperature of 200 °C.
Additionally, at a temperature of 250 °C and an optimal
frequency of 2 Hz, C3H8 conversion increased by 90% and NO
conversion by 70% compared to conventional steady-state
operation. At the same time, it was possible to enhance N2
selectivity in a temperature range from 200 to 350 °C by up to
35%.

Despite the elevated exhaust temperature and mass flow,
which result from high load conditions and the close coupling
of the TWC converter, lower optimal frequencies are observed
in the engine test bench that was equipped with the full-size
catalyst. The deviations between what was expected based on
lab-scale testing and the measurements in the actual engine
and tailpipe configurations can be attributed to the inaccurate
control of the mean AFR value by the ECU and AFR sensor.
Nevertheless, a NO conversion enhancement of 22−29% could
be attributed to periodic operation at near stoichiometric
conditions. Moreover, the close coupling of the catalyst is
highly effective in minimizing amplitude mixing due to axial
dispersion in the exhaust tract, thereby enabling a wide
frequency range for periodic operation of the TWC.

In order to test the catalyst at low temperatures with
minimal back-mixing upstream of the catalyst and under
precisely controlled conditions, an AETB was utilized. This
setup allows for the measurement of periodic catalyst operation
using real exhaust gases at low temperatures, which is
particularly important because periodic operation at low
temperatures is considered highly effective in the abatement
of pollutant emissions during cold starts. The data from the
engine test bench corroborate the enhanced pollutant
conversion at low temperatures and demonstrate, in line with
the data from the two other test benches, that in addition to
the direct effect of enhanced pollutant conversion, periodic
operation is also advantageous for rapidly reaching operating
temperatures that are sufficiently high for ensuring high
catalytic activity.

In conclusion, periodic operation offers a promising avenue
to enhance exhaust gas catalyst efficiency because it ensures
optimal pollutant conversion while adapting to varying engine
conditions. The transition from synthetic gas test bench testing
to engine test bench testing is a pivotal step in the
development of catalyst operation procedures. Consequently,
it is of utmost importance to harmonize the operation
characteristics of the engine in conjunction with the catalyst
formulation and its optimal operating point when developing a
periodically operated TWC. By understanding and overcoming
the challenges of this transition, we can drive advancements in

catalyst technology, ultimately contributing to cleaner and
more efficient automotive engines.
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