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Josh A. Pihl b, William P. Partridge b

a Institute of Chemical Technology, Prague, Department of Chemical Engineering,
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Abstract

The dynamics and selectivity of N2 and N2O formation during and after the
regeneration of a commercial NOx storage catalyst containing Pt, Pd, Rh, Ba on
Ce/Zr, Mg/Al and Al oxides was studied with high-speed FTIR and SpaciMS an-
alyzers. The lean/rich cycling experiments (60 s/5 s and 60 s/3 s) were performed
in temperature range 200–400◦C, using H2, CO, and C3H6 individually for the re-
duction of adsorbed NOx. Isotopically labeled 15NO was employed in combination
with Ar carrier gas in order to quantify N2 product by mass spectrometry. N2 and
N2O products were formed concurrently. The primary peaks appeared immediately
after the rich-phase inception, and tailed off with the breakthrough of the reductant
front (accompanied by NH3 product). The secondary N2 and N2O peaks appeared at
the rich-to-lean transition as a result of reactions between surface-deposited reduc-
tants/intermediates (CO, HC , NH3, -NCO) and residual stored NOx. At 200-300

◦C,
up to 30% of N2 and 50% of N2O products originated from secondary peaks. The
N2O/N2 selectivity ratio as well as the magnitude of secondary peaks decreased with
temperature and duration of the rich phase. Among the three reductants, propene
generated secondary N2 peak up to the highest temperature. The primary N2 peak
exhibited a broadening shoulder aligned with the movement of reduction front from
the zone where both NOx and oxygen were stored to NOx-free zone where only
oxygen storage capacity was saturated. N2 formed in the NOx-free zone originated
from the reaction of NH3 with stored oxygen, while N2O formation in this zone was
very low.
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1 Introduction

NOx storage and reduction catalyst (NSRC), also known as Lean NOx trap
(LNT), is one of the technologies for aftertreatment of exhaust gas from lean
gasoline and diesel engines in automotive applications. It enables NOx adsorp-
tion under lean conditions when the amount of reducing species in the exhaust
gas is not high enough to provide a sufficient NOx reduction. Due to a limited
NOx storage capacity, the catalyst needs to be regenerated periodically by rich
pulses containing excess of CO, H2 and hydrocarbons from fuel.

The NOx adsorption processes taking place under lean conditions are rela-
tively slow. Over last two decades they have been studied extensively and
are quite well understood [3,4,5,6,7]. On the other hand, the mechanisms of
highly dynamic reduction of stored NOx during the regeneration pulse are
much less explored, particularly under few-seconds time scales relevant to real
operation [12] when all processes are highly transient and catalyst is far from
steady state conditions. The regeneration products include N2 (desired final
product), desorbed NOx, NH3 and N2O.

When H2 is used as the NOx reducing agent, NH3 is the main product of NOx

reduction in the fully reduced part of the catalyst. However, at the leading
edge of the reduction front H2 initially reacts with the surface-deposited NOx

over incompletely reduced PGM (platinum group metal) sites with a high lo-
cal NOx:H2 ratio, and N2O is likely to form under such conditions [20]. As
the reduction front travels along the monolith channel, the primary N2O peak
is observed at the reactor outlet continuously before the breakthrough of the
reduction front [17]. The NH3 formed in the already reduced front part of the
catalyst is transported by convection downstream into the still oxidized zone,
where it reacts with the stored oxygen and NOx to give N2 and N2O. This leads
to a delayed breakthrough of ammonia at the reactor outlet [9,18,10,11,19].
After switch back to the lean conditions, a secondary N2O peak can be ob-
served at the reactor outlet at low-intermediate temperatures. This secondary
peak comes from the reactions of the adsorbed reductants and reduction inter-
mediates with the residual NOx remaining on the surface after an incomplete
regeneration [20]. During the regeneration with H2 in the absence of CO and
CO2, the main reduction intermediate is adsorbed NH3. The accumulation of
NH4NO3 is not a major pathway for secondary N2O formation at low temper-
atures because most stored NOx are in the form of nitrites [8]. The secondary
peak diminishes with a longer and more complete regeneration that does not
leave enough residual NOx and reduction intermediates on catalyst surface

∗ Corresponding author, tel: +420 22044 3293, fax: +420 22044 4320.
Email addresses: petr.koci@vscht.cz (Petr Koč́ı), partridgewp@ornl.gov

(William P. Partridge).
URL: http://www.vscht.cz/monolith (Petr Koč́ı).
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[20].

In case when CO is used as the reducing agent (or produced in situ from H2

and CO2 by reverse water gas shift), the mechanism of the stored NOx reduc-
tion proceeds through an isocyanate (-NCO) surface intermediate [26,27,28,14]
that can further react with NO, O2, stored nitrites/nitrates and H2O to form
N2O, N2 or NH3. Ammonia formed by hydrolysis of -NCO can further react
with NOx stored on the catalyst surface and thus further contribute to the
overall NOx conversion [29]. Despite the relatively fast rate of -NCO hydroly-
sis a substantial accumulation of isocyanates on catalyst surface was observed
during rich phase also in presence of water and it was proposed that the de-
composition of isocyanates can be responsible for the secondary N2 and N2O
formation at the transition from rich to lean conditions [12,20,13]. The exper-
imental study [31] demonstrated high selectivity of -NCO reaction with O2

to molecular nitrogen, therefore the NOx presence seems to be an important
parameter driving the selectivity to N2O [36]. However, in our recent publica-
tion [20] we have shown that the magnitude of the secondary N2O peak does
not depend on the presence of NO in the lean feed after the regeneration, and
that the secondary N2O peak (though smaller) can be formed even in the ab-
sence of oxygen. Therefore we proposed that the main source of the secondary
N2O peak is the reaction of residual stored NOx with adsorbed reductants
and reduction intermediates remaining on catalyst surface after the short rich
phase.

In the case of reduction with hydrocarbons, a wider variety of organic species
produced during rich conditions can contribute to the secondary N2O forma-
tion upon the return to lean phase [30]. A parallel, indirect pathway of NOx re-
duction by CO and hydrocarbons involves water gas shift and steam reforming
reactions where hydrogen formed from CO and hydrocarbons in the presence
of water acts as the NOx reducing agent [16,33]. From the above-discussed
observations it is obvious that the global NOx reduction selectivity depends
on many factors, e.g. temperature, spatiotemporal distribution of NOx storage
along the catalyst channel, reductant type, length of the rich period, and also
on the actual state of platinum group metals (PGM) [15,16,17].

Even if tailpipe ammonia slip is generally undesired, NH3 is a reactive by-
product that can be utilized in further NOx reduction, e.g. in the case of
combined NOx storage and NH3-SCR catalytic systems [24,25]. In contrary,
N2O is an undesired by-product with low reactivity — although not toxic, it
possesses a high global warming potential. Evolution of NOx, NH3 and N2O
can be readily measured with FTIR analyzers, however, the main N2 product
dynamics is more difficult to capture in full mixture and therefore it is usually
not followed in detail.

In this paper we present the results of experimental study aiming to further
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clarify the NOx regeneration mechanisms over a fully formulated commercial
NOx storage catalyst under practical operating conditions with few seconds
long rich phase. The catalyst contains platinum group metals (Pt, Pd, Rh) and
Ba, CeZr, MgAl and Al oxides (lean-GDI, BMW 120i, Model Year 2009), which
is a reference catalyst within the CLEERS research community [22]. Dynamics
and selectivity of NOx reduction towards all relevant N-products (N2, N2O and
NH3) were measured in dependence on temperature, reductant (H2, CO, C3H6)
and regeneration length relevant to practical application. To achieve that, a
novel approach was developed that combines FTIR analysis with SpaciMS
experiments using isotopically labeled 15NO and Ar as carrier gas. Particular
attention was given to N2 and N2O double-peak behavior first reported in [12]
and further explored in recent studies [20,13]. These studies suggest that a
significant part of the NOx reduction products can be actually formed after
the end of rich phase, which is enabled by the reactions of adsorbed reduction
intermediates upon transition back to lean conditions. This effect has become
a key part of the recently developed technology Di-Air [1,2] that uses high-
frequency lean/rich cycling with very short rich pulses.

2 Experimental setup

The dynamics of products evolution was examined during lean/rich cycles in
a bench flow reactor with synthetic exhaust gases. The lean and rich mixture
composition is described in Table 1. The gas hourly space velocity (GHSV) was
30 000 h−1 and the tested temperature range was 200-400 ◦C. Two different
regeneration lengths (3 or 5 s) were used while the lean phase length was kept
constant (60 s).

Table 1
Inlet gas composition.

Component Concentration

Lean Rich

Nitrogen oxide (NO) 300 ppm 0 ppm

Oxygen (O2) 10 % 0 %

Hydrogen (H2) 0 % 3.4 %

Carbon monoxide (CO) 0 % 3.4 %

Propene (C3H6) 0 ppm 3780 ppm

Water (H2O) 5 % 5 %

Carbon dioxide (CO2) 0 % 0 %

The catalyst sample (2.1 cm in diameter, 3.8 cm long) was wrapped in Zetex
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insulation tape and inserted into a horizontal quartz glass tube reactor, which
was heated by an electric furnace. Inlet gas mixtures were prepared from pres-
surized gas cylinders (ultra high purity grade, Air Liquide) and pre-heated be-
fore entering the reactor. Precise amounts of desired gases were dosed through
mass flow controllers (Unit Instruments Series 7300, Kinetics Electronics).
Water was introduced by a high pressure liquid metering pump (Eldex) to
a heated zone, vaporized instantly and added to the simulated exhaust mix-
ture. A rapid switching 4-way valve was used to promptly alternate between
the lean and rich gas mixtures [20,15].

First, temporally resolved evolution of products at the reactor outlet was an-
alyzed by a high-speed FTIR gas analyzer (MKS 2030HS) in lean/rich cycling
experiments using unlabeled NO and N2 as carrier gas. The sampled gas was
diluted after the reactor outlet to increase the flow-rate through the analyzer
and to improve its dynamic response. The spatiotemporal profiles inside the
catalyst channel were then obtained with the in-house developed spatially re-
solved capillary inlet mass spectrometer (SpaciMS) [23]. In order to enable
accurate quantification of produced N2 and N2O in the SpaciMS experiments,
standard 14NO was replaced by isotopically labeled 15NO and Ar was used as
carrier gas. Gas was sampled from different axial locations inside a catalyst
channel using a small capillary probe (200-µm outer diameter, 100-µm inner
diameter) and fed (through an orifice) into a mass spectrometer for speciation.
A relative longitudinal coordinate 0.00L–1.00L is used to denote location of
the probe (0.00L corresponds to the inlet, 1.00L corresponds to the outlet of
the catalyst sample).

To further simplify the quantitative analysis of MS signals, CO2 was excluded
from the feed in all experiments (both FTIR and SpaciMS). Although CO2

parent ion is identified at m/z 44, it contributes also to many other signals
(e.g. m/z 16, 22, 28, 45, 46 [21]), particularly at high CO2 levels around several
percent. Even if certain amount of CO2 was formed in the reactor in case
of regeneration by CO and C3H6, this concentration was still an order of
magnitude lower than that usually present in full exhaust mixture. We have
shown in our recent paper [20] that CO2 affects the catalyst performance in
two ways: (i) decreases the NOx storage capacity by competitive formation of
carbonates on NOx storage sites, and (ii) inhibits the regeneration with H2 by
reverse water gas shift reaction forming carbonyls on PGM sites and eventually
gaseous CO. Despite these effects, we believe that the absence of CO2 in our
feed gas does not alter the conclusions we reach from this study. Considering
the isotopically labeled 15N, the species of interest were then measured by
SpaciMS as follows: N2 at m/z 30, N2O at m/z 46, and NO at m/z 31.
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3 Data processing

The processing of spatiotemporal data from SpaciMS experiments involved
averaging of three lean/rich cycles obtained after a stationary cycling condition
had been achieved to improve the signal/noise ratio and to minimize the errors
in local maxima of narrow and sharp peaks where the measurement could
become limited by sampling period. The following procedure was then used
to convert the MS signals into concentrations.

Total amount of N2O formed over the cycle was integrated from the FTIR mea-
surements providing N2O concentration at the reactor outlet. Correspondingly,
the SpaciMS signal of m/z 46 (N2O) at the sample outlet was also integrated.
The ratio between those two integrals was then used as a scaling factor for
the conversion of m/z 46 into N2O concentration (constant factor applied to
all spatial locations).

Total amount of N2 product was then calculated from the N-atoms balance
over the cycle, considering that the sum of formed N2, N2O, NH3 and released
NOx during stationary lean/rich cycles has to be equal to the total amount of
NOx fed to the reactor. For a constant flowrate it is then:

2

t2∫

t1

yout
N2

dt =

t2∫

t1

yin
NOx

dt−

t2∫

t1

yout
NOx

dt− 2

t2∫

t1

yout
N2O

dt−

t2∫

t1

yout
NH3

dt, (1)

where t1 is the beginning of the lean phase and t2 is the end of the rich phase
(i.e., one complete lean/rich cycle). All integrals on the right hand side of
Equation 1 were evaluated from FTIR measurements, enabling calculation
of the integral N2 product amount. The MS signal of m/z 30 (N2) at the
sample outlet was also integrated and the ratio between those two integrals
was then used as a scaling factor for the conversion of m/z 30 signal into N2

concentration (again, constant factor applied to all spatial locations).

A comparison of the FTIR and SpaciMS measurements (Figure 1) reveals that
the FTIR signal is somewhat more dispersed than that measured by mass
spectrometer. The broadening of peaks reflects a longer residence time of the
sampled gas in the measurement cell of the FTIR (internal volume ca. 0.2
dm3). Nevertheless, both signals exhibit similar dynamics as well as relative
magnitude of primary and secondary peaks. This justifies the use of FTIR
measured concentrations for scaling the SpaciMS data as well as compatibility
of the experiments with isotopically labeled and unlabeled NO.
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Figure 1. Comparison of the outlet N2O signals from SpaciMS and FTIR analyzers
during 5 s regeneration with C3H6 at 300 ◦C.
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4 Results and discussion

As it has been discussed in Introduction, the NOx reduction dynamics, con-
version and product selectivity during lean/rich cycles largely depends on the
activity of reductant. The integral NOx conversions achieved with H2, CO and
C3H6 are summarized in Figure 2. It can be seen that almost full conversion
is achieved above the “light-off” temperature of each reductant. Pure hydro-
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Figure 3. Spatiotemporal NOx profiles during the lean phase of 60s/5s lean/rich cy-
cles. a) Temperature 250 ◦C, C3H6 reductant (low NOx conversion). b) Temperature
300 ◦C, CO reductant (high NOx conversion).

gen is clearly the most active reductant providing full conversion already at
200◦C. Somewhat lower efficiency of regeneration and a higher light-off tem-
perature can be expected for real exhaust operation where CO2 and CO are
present, inhibiting the H2 reactions [16,20]. The light-off temperature for CO-
rich mixture is between 200-250 ◦C and temperature above 300 ◦C is needed
for efficient LNT regeneration by C3H6. This comparison clearly illustrates
that the effective NOx storage capacity of the LNT sample over the studied
range of temperatures is high enough to provide a complete adsorption of
NOx during 60 s long lean phase, and any loss of efficiency is caused just by
incomplete regeneration during the applied rich phase.

Typical spatiotemporal profiles of NOx in the gas flowing along the monolith
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a) NOx storage zone

L=0 (inlet) (outlet) L=1

b) NOx stor. zone O2 storage only

L=0 (inlet) (outlet) L=1

Figure 4. Schematics of stored NOx profile along the catalyst length at the lean
phase end. a) Low NOx conversion, cycles with incomplete regeneration. b) High
NOx conversion, cycles with efficient regeneration.

channel during the lean/rich cycling are shown in Figure 3. The situation
with an incomplete regeneration is shown in Figure 3a (C3H6 at 250

◦C). Here
the NOx breakthrough at the catalyst outlet (1.00L) can be observed during
the lean phase, because the adsorption efficiency is limited by a substantial
amount of NOx remaining on the surface from the previous cycles (consequence
of incomplete regenerations). The corresponding spatial profile of the stored
NOx at the end of the lean phase is schematically depicted in Figure 4a. In
contrast, when the regeneration is efficient (Figure 3b, CO at 300 ◦C), there is
no lean NOx breakthrough already at one half of the catalyst length (0.50L).
It means that all NOx is fully adsorbed within the first half of the catalyst
(0.00L-0.50L), most of it in the first quarter (0.00L-0.25L). The corresponding
spatial profile of the stored NOx at the end of the lean phase is schematically
depicted in Figure 4b.

The evolution of key component concentrations in the outlet gas during the
5 s regeneration with CO-rich mixture at 300◦C can be seen in Figure 5. The
time range shows the very end of lean phase (from 50 to 60 s), entire rich
phase (from 60 to 65 s) and the very beginning of subsequent lean phase
(from 65 s). There is no NOx breakthrough at the end of the lean phase so
that a high overall NOx conversion is achieved at these operating conditions
(cf. Figure 2). Immediately upon the switch to rich conditions, a minor NOx

slip peak appears as a residual of the rapidly released and unreduced NOx.
However, the major part of stored NOx is reduced to N2 (note the scale of
two y-axes in Figure 5). The third peak that appears concurrently with NOx

and N2 is N2O. All these three primary peaks achieve their maxima shortly
after the start of regeneration (around 61 s) and then start to decrease. The
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primary N2 and N2O peaks then exhibit an interesting feature — a broadening
shoulder from ca. 61.5 s to 62.5 s. This will be discussed in more detail later.

Around two seconds after the start of regeneration, NH3 appears at the cata-
lyst outlet together with CO, indicating breakthrough of the reduction front
— the PGM and fast OSC (oxygen storage capacity) sites along the entire
catalyst have been reduced as well as large part of the previously stored NOx.
From this moment until the end of rich phase, the remaining part of NOx on
the catalyst surface is converted selectively to NH3.

After the rich phase termination and switch back to lean conditions (time
65 s), NH3 and CO concentrations fall down quickly. 1 At the same time,
secondary N2 and N2O peaks appear at the reactor outlet as the products
of reactions involving adsorbed reductants and reduction intermediates with
residual stored NOx under increasingly lean conditions. For CO-rich mixture
at this temperature, the most relevant reduction intermediates are isocyanates
[12,20,13]. It is known that isocyanates can be hydrolyzed to NH3 (relevant
mainly to rich conditions), oxidized readily by O2 with a high selectivity to
N2 ([31]) or react with NOx, the last reaction being the most probable source
of N2O by-product [20]. These reactions are completed within ca. 1-1.5 s so
that from the time 66.5 s no more N-containing products are detected in the
outlet gas and the catalyst returns fully to lean NOx adsorption regime.

Spatiotemporal concentration profiles of N2 and N2O products (Figure 6) pro-

1 The measured tails of NH3 and CO peaks are extended by the signal dispersion
in FTIR (measurement artifact, cf. the comparison of MS and FTIR signals in
Figure 1).
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NOx conversion).

vide further details of the regeneration process. It can be seen that the main
part of primary N2 and N2O peaks in the time interval 60.0–61.5 s is formed
in the first quarter of the catalyst (0.25L) with no increase in the product
concentrations at 0.50L–1.00L. This is in line with the spatial distribution of
stored NOx prior to the rich phase (cf. Figure 4) and the fact that both N2

and N2O are formed during the reduction of stored NOx at the rich regener-
ation front over incompletely reduced PGM sites (high O and NO coverage
remaining from the lean phase) [17].

A progressively delayed and less intensive evolution of N2 and N2O products
can be then observed at the locations 0.50L–1.00L during 61.5–63 s (Figure 6),
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conversion).

leading to a broadening shoulder of the primary peaks. Two main factors need
to be considered when identifying the source of these delayed N2 and N2O
products: First of all, the stored NOx concentration is negligible in the zone
0.50L–1.00L (Figure 4). At the same time (61.5–63 s in Figure 6), no more N2

and N2O formation is detected in the first quarter of the catalyst where the
NOx are stored. The reason is that the sole local product of the NOx reduction
in that zone is already NH3, as could be expected under fully established
rich conditions on the catalyst surface. This is consistent with gradual NH3

and CO breakthrough observed later at the catalyst outlet (Figure 5). Based
collectively on these observations, we can conclude that the source of N2 and
N2O products in the zone 0.50L–1.00L during 61.5–63.0 s (Figure 4) is the
oxidation of NH3 that has been formed upstream in the first quarter of the
catalyst.

It was already demonstrated that the reaction of NH3 with oxygen stored on
Ce oxides (oxygen storage sites) is highly selective to N2, while the reaction
with stored NOx significantly increases the selectivity to N2O [15,20]. This is
consistent with the relative magnitude of the product shoulder (61.5–63.0s)
in Figure 5: The N2 shoulder is two orders of magnitude higher than the N2O
shoulder.

It should be noted that even if all NOx during the lean phase is trapped
within the first quarter of the catalyst, the zone 0.50L–1.00L is not absolutely
free from NOx because the NOx slip peak passed to the catalyst outlet at the
beginning of the rich phase (cf. Figure 5) [15]. Partial re-adsorption of this NOx
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slip peak is evident from NOx spatiotemporal concentration profiles shown in
Figure 7. The re-adsorbed NOx then contributed to minor N2O formation from
0.50L to 1.00L during 61.5–63.0 s in Figure 5 as a by-product of NH3+NOx

reaction.

After complete breakthrough of reduction front along the catalyst to the out-
let (time 63.0 s in Figures 5 and 6), NH3 is the sole product of NOx reduction.
Fully rich conditions are established at all locations — OSC is reduced, PGM
sites are covered by excess of reductant species and substantial amount of
isocyanate intermediates is accumulated on catalyst surface [20,13]. The re-
duction of NOx stored on less accessible Ba sites farther from PGM as well as
hydrolysis of isocyanates under these conditions is not completed within few
seconds of rich regeneration.

Therefore, at the moment of switch back to lean conditions (time 65.0 s in
Figures 5 and 6) the catalyst surface is generally covered by a residual amount
of unreduced NOx (relatively low in this case), adsorbed reductants (-CO) and
reduction intermediates (-NCO). We can see in Figure 6 that the reactions of
these species under increasingly lean conditions lead to formation of secondary
N2 and N2O peaks mainly in the first quarter of the catalyst (0.25L). This
spatial distribution is again in line with the fact that mostly the first quarter
of the catalyst is used for NOx storage under these cycling conditions (Fig-
ures 3b and 4b) so that the highest surface concentration of NOx reduction
intermediates is produced here during the rich phase.

Qualitatively similar spatiotemporal patterns were observed with all reduc-
tants in high conversion mode (above their light-off temperature, cf. Figure 2).
A different type of product concentration profiles, typical for less active re-
ductant and/or lower temperatures around the rich regeneration light-off, is
shown in Figure 8 (reduction by C3H6 at 250◦C). Before interpreting the re-
sults, let us remind that under these operating conditions the NOx conversion
is relatively low (Figure 2) and NOx breaks through during the lean phase
(Figure 3a) so that the NOx storage zone covers entire catalyst length, even
if most of NOx are still stored in the front half of the catalyst (Figure 4a).

When the regeneration begins (time 60 s in Figure 8, N2 and by-product N2O
are formed initially in the front quarter of the catalyst (0.25L) but with a
small delay also at further locations (0.50L–1.00L) so that both N2 and N2O
primary peaks grow along the entire catalyst length. Such a gradual build-up
of products is in line with the profile of the stored NOx prior to the regenera-
tion. The progressive delay in product formation in downstream zones corre-
lates with the movement of C3H6 reductant front towards the outlet, which is
relatively fast under these conditions (low temperature, low effective oxygen
storage capacity, slow reactions leading to incomplete C3H6 consumption).
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Figure 8. Spatiotemporal concentration profiles of a) N2 and b) N2O products during
LNT regeneration. 60s/5s lean/rich cycling with C3H6-rich mixture at 250◦C (low
NOx conversion).

After the N2 and N2O primary peaks reach their maxima (time 61.5 s in Fig-
ure 8), the product formation rates decrease but still remain relatively high
in comparison with the peak values. The N2 and N2O production continues
along the entire catalyst length until the end of the rich phase. This indicates
a kinetically controlled regeneration regime, i.e., the product formation is not
locally limited by the presence of stored NOx nor the availability of the reduc-
tant. The NOx reduction rate correlates with the magnitude of primary N2

peak (main product) and it is obviously much lower than with CO at 300◦C
(Figure 6). The NOx reduction rate with C3H6 at 250◦C is also much lower
than the corresponding release rate of stored NOx which leads to a significant
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Figure 9. Spatiotemporal concentration profile of NOx slip peak during LNT re-
generation. Lean/rich cycling 60s/5s with C3H6-rich mixture at 250◦C (low NOx

conversion).

rich-phase NOx slip peak under these conditions (Figure 9).

Due to low NOx reduction rate during the C3H6-rich regeneration at 250◦C,
the residual NOx coverage at the end of rich phase is still quite high along the
entire catalyst length. Furthermore, the catalyst surface is covered by adsorbed
reductant (-C3H6) and reduction intermediates specific for hydrocarbons (not
isocyanates). Even if there is no general agreement about the exact structure
of these hydrocarbon-related intermediates [30,1], it can be concluded that
their reactions after the switch back to lean conditions lead to the formation
of secondary N2 and N2O peaks (time 65.0–67.0 s in Figure 8).

This behavior is qualitatively similar to CO-rich mixture (Figure 6) where iso-
cyanates were key intermediates. Because in this case (Figure 8) the amount
of residual unreduced NOx is much higher and the lower temperature allows
more reductant-related species to accumulate on the surface, the magnitude
of secondary peak is comparable (N2, Figure 8a) or even significantly higher
(N2O, Figure 8b) than that of primary one. This is further promoted by the
fact that the reactions under rich conditions become self-inhibited by the re-
ductant excess (PGM sites blocking), while under lean conditions the reactions
accelerate because the PGM sites are freed from excessively high reductant
coverage by reactions with oxygen [32]. However, this peak NOx reduction
rate is only transient and falls down again within one second (65.0–66.0 s in
Figure 8) as all the adsorbed reductant/intermediate species are oxidized and
there is no more driving force for NOx reduction.

The relative contribution of secondary peaks to overall N2 or N2O product
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Figure 10. Relative contribution of secondary peak to overall yield of a product
depending on operating conditions. a) N2 product, b) N2O product.

formed in dependence on the operating conditions is summarized in Figure 10.
It can be seen that the importance of both N2 and N2O secondary peaks gener-
ally decrease with temperature, with N2O exhibiting steeper dependence than
N2. For each reductant, the largest secondary peaks are generally observed
at the regeneration light-off temperature (compare with NOx conversions in
Figure 2). At the light-off temperature, secondary peaks of N2O represent up
to 50 % of total N2O emissions, while the contribution of secondary N2 peaks
to overall N2 formation is around 30 % for the examined lean/rich timings.
However, the contribution of secondary peaks to N2O formation diminishes
relatively fast with the increasing temperature, while secondary N2 peaks de-
crease more slowly, indicating a change in the product selectivity.
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Figure 11. Spatiotemporal concentration profiles of a) N2 and b) N2O products
during LNT regeneration. 60s/3s lean/rich cycling with CO-rich mixture at 300◦C
(high NOx conversion, shorter regeneration).

The results in Figure 10 also show that relative contribution of both N2O and
N2 secondary peaks increases with the decreasing rich phase length, which
trend holds in the entire examined temperature range. The dependences on
temperature and rich phase length are in line with the previously discussed
mechanism of secondary peaks formation — lower temperature and shorter
rich phase favor high coverages of both residual unreduced NOx and adsorbed
reductant intermediates. An example of the measured spatiotemporal con-
centration profiles for the shorter rich phase (3 s) is given in Figure 11. In
comparison with the corresponding profiles at the same temperature and re-
ductant but with a longer rich phase (Figure 7), it can be seen that the first
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Figure 12. Spatiotemporal NOx profiles during the lean phase of 60s/3s lean/rich
cycles with CO-rich mixture at 300 ◦C (high NOx conversion, shorter regeneration).

three seconds of regeneration (60–63 s) are similar. Only minor differences can
be identified for 3 s rich phase in Figure 11: slightly slower movement of re-
duction front and thus more N2 formed at 0.25L–0.50L, and somewhat higher
primary N2O peak. These minor differences indicate a bit higher amount of
NOx stored on catalyst surface in the first half of catalyst length as a result of
previous less complete regenerations. This is confirmed by the corresponding
spatiotemporal NOx concentration profile during the lean phase (Figure 12)
showing a higher NOx breakthrough at 0.25L than was observed in the case of
5 s regeneration (Figure 3b). Nevertheless, the NOx capture is still complete
at 0.50L so that a high NOx conversion is maintained also with the shorter
regeneration.

Indeed, the main difference between the dynamics of 3 s regeneration (Fig-
ure 11) and 5 s regeneration (Figure 6) relies in a higher magnitude of sec-
ondary peaks after the shorter regeneration. The magnitude of N2 secondary
peak appears to be more sensitive to rich phase length than that of N2O. In
the case of 3 s regeneration, the rich phase ended just at the beginning of NH3

and CO breakthrough (compare with time 63 s in Figure 5) and the remaining
surface NOx and accumulated isocyanates were converted under increasingly
lean conditions mostly to N2 instead of NH3 that would be the main product
under continuing rich conditions.

The fraction of N2O product in the sum of N2 and N2O (indicating the se-
lectivity of NOx reduction to products excluding NH3) is shown in Figure 13.
This fraction was calculated separately for primary and secondary peaks. At
the rich regeneration light-off temperature (200◦C for CO, 250◦C for C3H6)
the fraction of N2O in secondary peak is significantly higher than in the pri-
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Figure 13. Fraction of N2O product in the sum of N2 and N2O formed in primary
and secondary peaks during lean/rich cycling 60s/5s.

mary peak, while at higher temperatures the N2O fractions in both peaks are
similar. The increased N2O selectivity in secondary peaks around the light-off
temperature is promoted by high residual coverage of stored NOx as well as
by gas-phase NOx slip due to incomplete regeneration during rich phase —
a high NOx-to-reductant ratio generally favors N2O formation. At higher tem-
peratures, the NOx reduction during rich phase is much more effective so both
residual coverage of stored NOx and gas-phase NOx slip decrease. At 400 ◦C
the N2O formation in both primary and secondary peaks is further suppressed
by increasing NO dissociation rate on PGM sites and fast interactions with
reductants (preventing N2O formation) as well as by an increasing rate of N2O
decomposition, so that the N2O selectivity generally reaches negligible values
for any reductant used.

5 Conclusions

The reported spatiotemporal concentration patterns of NOx and NOx reduc-
tion products during and after the LNT regeneration enabled to formulate
general reaction mechanism leading to the formation of secondary N2 and N2O
peaks. The results collectively suggest that the secondary peaks are formed by
the reactions of adsorbed reductants and reduction intermediates with residual
stored NOx. Even if the exact nature of the adsorbed reduction intermediates
may differ with temperature and the rich mixture composition (e.g., adsorbed
NH3 at lowest temperature during reduction with hydrogen, isocyanates dur-
ing reduction with CO, and hydrocarbon-related intermediates with C3H6),
this basic principle seems to hold over the entire range of operating condi-
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tions. Lower temperatures and shorter rich phases favor high coverages of
both residual stored NOx and the reduction intermediates that together lead
to formation of large secondary peaks upon the transient back to lean condi-
tions.

During conventional lean/rich cycling using few seconds long rich phase, these
secondary peaks are responsible for a significant part of N2 and N2O products
formed at lower and intermediate temperatures (up to 30 and 50 %, respec-
tively). With the increasing temperature the relative importance of secondary
peaks decrease due to decreasing amount of adsorbed reductant intermediates
as well as low residual coverage of stored NOx, however, it is quite proba-
ble that with one order of magnitude shorter regeneration times and rapid
lean/rich cycling strategy [1] the mechanisms for secondary peaks formation
can still play an important role up to the highest temperatures.
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