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Abstract

Several nitrogen compounds can be produced during the regeneration phase in periodically operated NO, storage and reduction catalyst
(NSRC) for conversion of automobile exhaust gases. Besides the main product N, also NO, N,O, and NH; can be formed, depending on the
regeneration phase length, temperature, and gas composition. This contribution focuses on experimental evaluation of the NO, reduction dynamics
and selectivity towards the main products (NO, N, and NH3) within the short rich phase, and consequent development of the corresponding global
reaction-kinetic model. An industrial NSRC monolith sample of PtRh/Ba/CeQO,/ y-Al,O5 type is employed in nearly isothermal laboratory micro-
reactor. The oxygen and NO, storage/reduction experiments are performed in the temperature range 100-500 °C in the presence of CO, and H,O,
using H,, CO and C;Hg as the reducing agents.

The spatially distributed NSRC model developed earlier is extended by the following reactions: NHj is formed by the reaction of H, with NO,.
and it can further react with oxygen and NO, deposited on the catalyst surface, producing N,. Considering this scheme with ammonia as an active
intermediate of the NO, reduction, a good agreement with experiments is obtained in terms of the NO, reduction dynamics and selectivity. A
reduction front travelling in the flow direction along the reactor is predicted, with the NH3; maximum on the moving boundary. When the front
reaches the reactor outlet, the NH; peak is observed in the exhaust gas. It is assumed that the ammonia formation during the NO, reduction by CO
and HCs at higher temperatures proceed via the water gas shift and steam reforming reactions producing hydrogen. It is further demonstrated that
oxygen storage effects influence the dynamics of the stored NO, reduction. The temperature dependences of the outlet ammonia peak delay and the
selectivity towards NHj; are correlated with the effective oxygen and NO, storage capacity.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

From the reaction-kinetic modelling point of view, the
monolith washcoated by the NO, storage and reduction catalyst
(NSRC) [1] is one of the most complex automobile exhaust gas
converters. Variety of different physical and chemical processes

Abbreviations: GHSYV, gas hourly space velocity (h~'); HC, hydrocarbons;
NM, noble metals; NSRC, NO, storage and reduction catalyst.
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and the number of gas and surface components participating in
typical periodic lean/rich operation form a large and closely
linked system [2-7].

Primary application of the NSR catalyst is the elimination of
the NO, emissions from diesel and lean-burn gasoline engines,
where direct NO, reduction is hindered due to an excess of
oxygen in the exhaust gas. In the course of a longer lean phase
(economical engine operation with lean fuel mixture, typically
lasting for several minutes) the NO, are adsorbed (stored) on
the catalyst surface in the form of nitrites and nitrates. Several
NO, adsorbing components (Ba, K, Na, Ca, Li, Mg, etc.) can be
used simultaneously in the NSRC washcoat, with particular
temperature dependence of the effective NO, storage capacity
related to the basicity of the used components [8]. Then, the
accumulated NO,, are desorbed and reduced within a short rich
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Nomenclature

k reaction rate constant, dimension depends on the
reaction

K, inhibition constant

K thermodynamic equilibrium constant, 1

R reaction rate (mol m> s_l) (related to washcoat
volume)

S reaction selectivity, 1

t time (s)

T gas temperature (K)

y mole fraction of gas component, 1

Z spatial coordinate along the monolith reactor (m)

Greek letters

T time interval (s)

v coverage of the surface-deposited component, 1

/a8 temperature-dependent saturation (equilibrium)
coverage, 1

yeap absolute storage capacity (mol m ) (related to
washcoat volume)

Subscripts and superscripts

eq equilibrium

exp experiment

in inlet

J index of reaction

k index of gas component

index of surface-deposited component
out outlet

red reduction
reg regeneration
sim simulation

phase (excess of reducing components CO, H, and HCs in the
exhaust gas, lasting several seconds). The exhaust gas
enrichment can be realised by controlled (post-)injection of
rich fuel mixture or other techniques that result in temporary
excess of reducing components in the exhaust gas [9].

Different adsorption mechanisms take part simultaneously
during the NO, storage [2]. The storage process is influenced by
the NO oxidation to NO, and by the transformation of different
forms of the stored NO,(nitrite and nitrate route) [10-12]. A
competitive adsorption of other gases present in the exhaust gas
(namely CO,, H,0, and SO,) occurs on the NO, storage sites
[13,14] which has to be taken into account in the real exhaust
gas system. The NO, storage rate is also inherently influenced
by internal diffusion effects [15—17] and by the proximity of the
NO, storage material and noble metal sites [18].

It is well-known that several nitrogen compounds may be
produced during the regeneration phase, depending on the gas
temperature, composition (red/ox ratio, reduction by H,, CO
and HCs) and the length of the regeneration phase—NO, N,O,
N,, and NH3, cf., e.g. [5,6,19]. The processes within the short
rich phase are highly transient, involving internal transport
effects, interactions between NO, storage components,

catalytic noble metals and oxygen storage materials
[2,3,6,20]. Heat evolution effects also play an important role
under nearly adiabatic conditions in real monolith reactor [21].
The molecular nitrogen is usually the main and desired product
of the NO, reduction. The NO peak at the beginning of the
regeneration phase results from the sudden desorption of the
stored NO, without efficient reduction. Smaller amounts of
N,O are formed mostly below and around the light-off
temperature of the used reducing agent as the product of the
incomplete NO, reduction [2,5,6]. During the rich phase, the
reducing front is travelling along the channel from the inlet to
the outlet [2,3,5,20]. The main ammonia outlet peak then
appears after several seconds, when the catalyst surface along
the monolith channel is reduced and an excess of the reducing
agents occurs at the monolith outlet. Recently it has been
proposed, that the ammonia produced at the front part of the
monolith can react with the NO, deposited on the unreduced
catalyst surface at the rear part of the monolith, producing
mainly N, [5,7]. It was also proved experimentally that
ammonia is an active intermediate in the regeneration of NSRC
with H, [7]: when NH3; was used directly at the reactor inlet
instead of H,, the NO, reduction process was equivalent to the
regeneration by H,.

In this contribution we focus on experimental evaluation of
the NO, reduction dynamics and selectivity towards the main
products (NO, N, and NH3) during the NSRC regeneration by
H,, CO and C;Hg in the presence of CO, and H,O, and the
consequent development of effective global reaction-kinetic
model that is able to describe the observed phenomena.
Particularly, we pay attention to the observed correlation of
NHj; breakthrough time and the effective NO, and O, storage
capacity. The spatially distributed NSRC monolith model with
global kinetics developed earlier [3] is extended by the
ammonia formation and decomposition reactions and the
simulation results are compared with the measurements.

2. Experiments
2.1. Experimental set-up

Lean/rich experiments have been carried out in nearly iso-
thermal, modular steel micro-reactor, containing three (identical)
small NSRC monolith samples in series [22]. The studied
catalyst was an industrial PtRh/Ba/CeO,/ y-Al,O3 washcoated
on 400 cpsi cordierite monolith. The size of each sample was 3
cm (width) x2.5 cm (length) x 0.5 cm (height). Pre-treatment of
the fresh catalyst samples was 1 h on stream at 500 °C with lean
(oxidising) conditions and then 1 h lean/rich operation at 300 °C
(cf. Table 1). No change of catalyst activity or storage capacity
was then observed in the course of experimental series. Before
each experiment, the stored NO, were removed from the catalyst
surface by the reduction using rich mixture of H, + O, at400 °C
(cf. Table 1).

Temperature was measured in front of and behind each
sample. Inlet gas temperature in the course of each experiment
was constant. The reaction mixture was prepared on-line from
synthetic gases, representing basic components in automobile
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Table 1
Conditions in the lean (storage) and rich (regeneration) phase used in experi-
ments and simulations

Variable Lean phase (storage) Rich phase (regeneration)
T 300 s 20 s

GHSV 30,000 h~' 30,000 h™"'
™" 100-500 °C 100-500 °C
¥, 500 ppm * 500 ppm *
Yo, 0 ppm 0 ppm

yi(gz 7% 0.2%

i 0% 3.3%°

yin 0% 3.3%°
yi&Hé 0 ppm 3667 ppm °
YR, 0 ppm 0 ppm

yicf'()2 5% 5%

y}‘{‘zo 5% 5%

inI!]z Balance Balance

Inlet gas composition is given in mol. fractions.

? In the case of oxygen storage and reduction experiments, the inlet NO,
concentration is zero.

® Just one reducing agent (either H,, or CO, or C3Hg) was used in each
experiment. The propene concentration is equivalent to those of CO and H, with
respect to the redox reactions stoichiometry.

exhaust gas: CO, O,, C3Hg, Hy, NO, CO, and H,0, which were
admixed to N, (carrier gas). Concentrations of the individual
components were continuously set by fast mass-flow con-
trollers with response time to the lean/rich step change
approximately 1 s. The flow-rate was GHSV = 30,000 h™' and
the inlet gas always contained 5% H,O and 5% CO,. The
conditions used in the experiments and simulations are
summarised in Table 1. On-line IR absorption analysers
(ABB Advanced Optima Uras) were employed for CO and CO,
measurements in the outlet gas. The concentrations of nitrogen
compounds NO, NO, and NH; were detected by UV absorption
analysers (ABB Advanced Optima Limas). The O,, HC and H,
concentrations were analysed by mass spectrometer (Pfeiffer
Vacuum Omnistar GSD301). The sampling lines were heated to
180 °C to minimise the adsorption or condensation of the gas
components, and to prevent the formation of solid compounds.

2.2. Experimental results

Dynamic behaviour of the NSRC samples was studied
during periodic lean/rich (300/20 s) operation at temperatures
100, 150, 200, 250, 300, 350, 400, 450 and 500 °C. All three
reducing agents (H,, CO and C3He) were examined individu-
ally. Stoichiometry-equivalent concentration levels of the
reducing agents were used (cf. Table 1, all three rich mixtures
provide the same red/ox ratio) in order to enable direct
comparison of their NO, reduction activity. Examples of the
measured evolution of the NO, concentrations at two different
temperatures are depicted in Fig. 1. At the lower temperature
(Fig. 1a) the activity of the reducing agents in NO, reduction
decreases in the order H, < CO < C3Hg, hence different
reaction rates have to be considered for NO, reduction by H,,
CO and C3Hg [3]. At the higher temperature (Fig. 1b) the NO,
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Fig. 1. Experimentally observed evolution of the outlet NO, concentrations
during periodic lean/rich operation (300/20 s)—comparison of the NO, redu-
cing agents (H,, CO, and C3Hg) at 7=200 °C (a) and T"=350 °C (b). Inlet
concentrations are given in Table 1.

reduction efficiency is almost the same for all three reducing
agents, which can be explained either by mass-transfer limited
operation and/or by the transformation of CO and C3Hg to H,
via the water gas shift and steam reforming reactions [3,4]. At
the lower temperature (Fig. 1a) we can observe the effect of
gradual stabilisation of the periodic operation in the case of
incomplete reduction of the stored NO, with CO and C3Hg
[3.20].

The detail of the dynamic evolution of NO, and NHj3
concentrations at the reactor outlet during the regeneration
phase is given in Fig. 2 a. First the NO desorption peak is
observed, and then the main ammonia peak appears at the later
part of the regeneration. Concurrently with the increase of the
NHj; concentration, the NO concentration gradually decrease to
zero. This sequence is quite general and holds for all three
reducing agents in the studied temperature range, but with
varying NHj breakthrough time, different NO and NHj; peaks
maxima and wider or narrower overlaps between the outlet NO
and NHj3 peaks.

The outlet ammonia peaks observed at different tempera-
tures with H, as the reducing agent are compared in Fig. 2 b. For
the given lean/rich timing, the largest NH; peaks are emitted at
lower temperatures (100-200 °C). The NH; breakthrough time
increases with the increasing temperature and reaches
maximum at 350 °C. Then, at high temperatures (400-
500 °C), the ammonia breakthrough time decreases again,
but the maxima of the peaks are relatively low. The
breakthrough time of the reducing agent was found to be
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Fig. 2. Observed dynamics of the redox processes during the rich phase. The
timing and the inlet concentrations are given in Table 1. (a) Standard lean/rich
operation, NO, + oxygen storage and reduction, 7"=350 °C, comparison of H,
and CO as the reducing agent. (b) Standard lean/rich operation, NO, + oxygen
storage and reduction, H, as the reducing agent, comparison of different
temperatures; the outlet H, breakthrough (not shown here) is synchronised
with the NH; breakthrough at all studied temperatures. (c) Lean/rich operation
without NO,, only oxygen storage and reduction, H, as the reducing agent,
comparison of different temperatures.

synchronised with the main NH; peak at all studied
temperatures.

Not only the stored NO, but also the oxygen deposited on the
catalyst surface is involved in the redox processes during the
regeneration phase. The results of the lean/rich operation
without NO, are shown in Fig. 2 c. In this case the amount of the
consumed reducing agent is directly proportional to the
effective oxygen storage capacity. Higher oxygen storage
capacity then results in a longer delay of the reducing agent
breakthrough.

If we assume the N, and NHj as the only products of the NO,
reduction, then the integral selectivity of the NO, reduction
towards NHj; over stabilised periodic lean/rich operation with a

constant flow-rate can be calculated from the following
formula:

s yl‘i}‘}‘h dr
(1/2) [ (38, — Y%, — yi,) de

Here #; and 7, correspond to the beginning and the end of a
stabilised lean + rich period, respectively. The Sng, value thus
represents the overall NO, reduction products ratio NH;3:N,.
The calculated temperature dependences of the Snu, for the
individual reducing agents (H,, CO and C;Hg) are summarised
in Fig. 3. It can be seen that the highest integral NHj selectivity
is met at low temperature, but above the light-off temperature
for the used reducing agent; the order of the light-off
temperatures is H, i CO j C3Hg (cf. Fig. 1 a and [3,23]).
For very low temperatures (j200 °C) no ammonia formation is
observed with CO and C3Hg as the reducing agents. On the
other hand, the highest NH; selectivity is reached with
hydrogen at the temperature 100 °C'. From these results it
follows that hydrogen is the main active component responsible
for the NH; formation. At higher temperatures (above 350 °C)
the NHj selectivity is similar for all the reducing agents (cf.
Fig. 2a), thus it is likely that the other reducing agents (CO and
C3Hg) produce NH; mostly via their transformation to
hydrogen that takes place at higher temperatures (water gas
shift and steam reforming) [3,4].

After looking at Fig. 3 and examining the temperature
dependences of (i) the integral selectivity of the NO, reduction
towards NH3 with the H, as the reducing agent (Snm;» Ho), (i)
the effective NO, storage capacity (Wx§ Iﬂ ), and (iii) the
effective oxygen storage capacity (llfcap w D, one may realise
that these three curves are correlated in the followmg way: The
integral NH; selectivity decreases with the increasing effective
NO, and oxygen storage capacity. This observation is
consistent with the assumption that the main outlet NH; peak
appears when the complete reduction of the catalyst surface is
reached and the excess of reducing components occurs at the
reactor outlet [5,7]. Thus, the higher effective NO, and oxygen
storage capacity of the catalyst result in a higher consumption
of the reducing agent and a longer time till the NH;j
breakthrough, so that a lower integral NHj selectivity is
reached for the constant lean/rich timing.

(D

SNH; =

3. Mathematical modelling

In this section, a mathematical model is developed and
employed for the solution of the reaction and transport
processes inside the NSRC monolith. The aim of the model is to
describe and predict the NO, reduction dynamics and
selectivity in the NSRC converter with minimum set of
reactions and kinetic parameters that need to be evaluated from

! The highest amount of the emitted NH; is observed during the experiments
at the temperature 150-200 °C, not the 100 °C. Note that the Sy, is just the
ratio of the NO, reduction products (NH3:N»), thus the absolute amount of the
emitted NH3 is not determined solely by the Sy, but also by the integral NO,
conversion, which is rather low at the lowest temperatures.
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Fig. 3. Temperature dependences of the NO, and oxygen storage capacity, and
integral selectivity of the NO, reduction towards NHj for periodic lean/rich
operation (300/20 s) with H,, CO or C;H¢ as the reducing agent. Inlet
concentrations are given in Table 1.

experimental data, while keeping the essential level of
reliability.

3.1. Model of catalytic monolith

Spatially pseudo-1D, heterogeneous model of monolith
channel with plug-flow and surface deposition of gas
components is employed in the simulations [3,24]. Within
this model, possible internal diffusion effects are lumped into
effective reaction rate parameters for given washcoat structure.
The following balances are considered: (i) component mass
balances in the flowing gas, including accumulation, convec-
tion, and external mass transfer; (ii) component mass balances
in the washcoat pores, including accumulation, external mass
transfer, and catalytic reactions; (iii) mass balances of the
components deposited on the catalyst surface, including
accumulation, adsorption/desorption and catalytic reactions;
(iv) enthalpy balance of the flowing gas, including accumula-

tion, convection, and gas—solid heat transfer; and (v) enthalpy
balance of the solid phase, including accumulation, axial heat
conduction, gas—solid heat transfer, and heat source from
catalytic reactions.

The finite differences method with semi-implicit approx-
imations of time derivatives, first-order Taylor’s expansion of
reaction rates, and adaptive time-step control has been used to
solve the model. The model has been implemented in Fortran
into the versatile software package for dynamic simulations of
interconnected systems of reactors and adsorbers, developed at
the Institute of Chemical Technology, Prague [3,20,22,25-30].

3.2. Reaction modelling

The objective of global reaction model development is to
construct the minimum set of reactions and kinetic parameters
that need to be evaluated from experimental data, while keeping
the adequate level of details to describe the experimentally
observed phenomena. In this paper we focus on the dynamics
and selectivity of the NO, reduction in the NSRC monolith
towards NHj. The basic set of model reactions for NO, storage
and consequent reduction by H, is given in Table 2. The
reaction scheme is derived from the spatially distributed NSRC
model developed earlier [3], where N, was considered as the
only product of the NO, reduction. That reaction scheme has
been modified and extended by the reactions involving NHjy
formation and decomposition.

In this extended model we consider that ammonia is formed
by the reaction of H, with the NO, from the inlet gas and the
NO, stored on the NSRC surface (r7 and r8 in Table 2). The
formed NH; can further react with oxygen and NO,, either
coming from the inlet gas (r10 and r12), or deposited on the
catalyst surface (r11 and r13). All the ammonia decomposition
reactions are assumed to produce N, only (N,O is not
considered in this approximation). It is important to note that

Table 2
Model NSRC reactions with NH; as an active intermediate of the NO, reduction by H,
No. Reaction Model reaction rate
rl NO +10,=NO ”
1N R = (oot ~52)
2 2NO, + BaCO; + 10, — Ba(NO3), + CO, Ry = ka WX§, Yno, Yo (Yo, — Yo,
3 2 NO + BaCOs + 20, = Ba(NO3), + CO, Rs = k3 W6, yno Y8, (¥, — ¥no,)
1 Caj &
r4 Ce205 +30; = Ces04 Ry = ks W5, yo, <””0qz - WOz)
r5 H, + Ce», 04 — H,O + Ce, O3 Rs = ks ,J,E)EZP YH, 1//02
16 Hy +10, = H,0 Rs = koY, Yo, &
17 3H, + NO — NH; + H,0 Ry = k7 yu, Y%
8 Ba(NO3), + 8H, — 2NH; + 5H,0 + BaO Ry = ks W5ib vy, Yo, &
9 Ba(NO3), + 3H, — 2NO + 3H,0 + BaO Ry = ko W& yit, ¥no, 2
rl0 2NH3 430, — N, + 3H,0 Rio = kioynn, Yo,
rll 2NH3 + 3C6204 — N2 + 3C6203 + 3H20 Rll = kll lllz)dzp yNH3 Iﬂoz
rl2 4NH; + 6NO — 5N, + 6H,O Riz = k12 Y, w
r13 19NH; + Ba(NO3), — N, + 5H,0 + BaO Ri3 = ki3 X6 Inws Yno, o
rl4 BaO + CO, — BaCO; R4y =Rg + Ry + Ri3

Gr = (14 Ka1 yeo + KazVesny )5 -(1+ Ka3 oo Youn,) - (14 Kaa RO )Ts G2 = 1+ Kug¥0,5 G3 = (1+ 0.1 Kag Yo, ) (1 + Ka7 ¥no,)- The form of the inhibition
term G is taken after [33]. The rate laws R|;— Re, Rg, and R4 are taken from the global NSRC model without explicit consideration of NH; [3].
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the stored components influence the redox balance during the
rich reduction phase to a large extent. This reaction sequence is
in agreement with our experimental data, as well as with the
observations reported recently by other researchers studying
the NSRC regeneration by H,[5-7,19].

Two NO, storage pathways are distinguished in the model
(Table 2): the NO, adsorption and the slower NO adsorption via
the nitrite route [11](the summary reactions r2 and 13,
respectively). The reversible NO oxidation is described by
the reaction rl. The oxygen storage and reduction effects,
important for the balance of the reducing agent during the
NSRC regeneration, are included in the form of reactions r4 and
15, respectively. Hydrogen oxidation by the spare oxygen in the
rich phase has to be also counted in (cf. the reaction r6). In
addition to the “direct’ reduction of the NO, stored on the Ba
sites enabling spill-over to the noble metal sites (described by
the summary reactions r8 and r13), the reducing-agent induced
desorption of the stored NO, in the form of NO is considered
(19). The desorbed NO can be then further reduced over noble
metal sites (r7 and r12).

In the complete NSRC model with H,, CO and C3Hg as the
reducing agents, the following reactions are considered in
addition with individual reaction rates and light-off tempera-
tures (cf. [3]): CO and C;Hg oxidation, desorption and
reduction of the stored NO, by CO and C;3Hg, interaction of
CO and C3;Hg with the stored oxygen, and the water gas shift
and steam reforming reactions. We assume that the ammonia
formation observed during the NO, reduction by CO and C3Hg
in the presence of water at higher temperatures (cf. Fig. 3) can
proceed via the water gas shift and steam reforming reactions,
producing hydrogen. This assumption is supported by the
measured light-off curves for these reactions (cf. [3])—the
temperatures for the start of H, production from CO and C3Hg
correspond approximately to those for the start of NH;j
formation (cf. the NH; selectivity curves for CO and C3Hg in
Fig. 3). However, this hypothesis needs to be proved yet by the
calculations with the complete NSRC model.

In the proposed global reaction-kinetic scheme (Table 2), a
combination of pseudo-stationary kinetics and transient
kinetics with the explicit consideration of the most important
surface-deposited components (NO, and O,) is used. Several
rate laws have been kept from the older models (cf. the footnote
in Table 2). The storage phenomena are characterised by the

maximum storage capacities ¥;.F, temperature dependences of

P. Koci et al./Catalysis Today 137 (2008) 253-260

the relative saturation (equilibrium) coverages ¥$3(7T) and
global rate constants for the reaction processes k;(T). In
comparison with more detailed NSRC micro-kinetic models
(e.g. [31]), this approach gives a lower number of reaction steps
and unknown kinetic parameters that need to be evaluated from
experimental data. The resulting model then enables NSRC
monolith simulations with the real exhaust gas in comfortable
computation times, but with reasonable reliability and
robustness [3,24,32]. The estimation of model kinetic para-
meters was done by adaptive simplex optimisation method,
minimising the weighted sum of squares of differences between
the experimental data and the model predictions.

3.3. Model results

Comparison of the simulation results with the experimental
data is given in Fig. 4. The developed model describes correctly
the slow NO, adsorption during the lean phase, as well as the
dynamics of the shorter rich phase, including the consequent
evolution of the NO and NHj outlet peaks. The maxima of the
peaks predicted by the model are higher and sharper than those
observed in the experiments, however, it has to be considered
that the measured concentrations are burdened by the signal
dispersion occurring in the analysers. Total amount of the NO,
and NH; emitted during the peaks should be considered rather
than the sharp peak maxima, and this criterion is matched quite
well.

The corresponding evolution of spatially distributed con-
centration profiles inside the NSRC monolith reactor during the
20 s regeneration phase is depicted in Fig. Sa—f. Here the time
treg 18 counted from the switch from the lean to the rich gas
composition. At the end of the lean phase (Fig. 5a, treg=0 s), the
catalyst surface is oxidised—the oxygen storage capacity is
saturated uniformly, while the NO, are stored mostly in the
front part of the monolith, as the NO, adsorption front
proceeded from the reactor inlet to the outlet and the
regeneration came before the complete NO, breakthrough.

After 5 s of the regeneration (Fig. 5b), the front part of the
monolith is already reduced, i.e., the NO, and oxygen
coverages are close to zero. A minor decrease of the hydrogen
concentration can be observed just close to the monolith inlet.
This decrease is caused by the H, reactions with the spare
oxygen and NO (16 and r7 in Table 2). The major H;
consumption takes place on the boundary between the reduced
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Fig. 4. Evolution of the outlet NO, and NH; concentrations during periodic lean/rich operation (300/20 s)—comparison of experiment and model. Regeneration by

H,, T=300 °C, inlet concentrations are given in Table 1.
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Fig. 5. Evolution of concentration profiles inside the reactor during the NSRC regeneration by H, (after 300 s of the NO, storage) predicted by the model. Time of the
regeneration f, is counted from the lean — rich switch. 7"=300 °C, inlet concentrations are given in Table 1. The position z = 0 cm corresponds to the reactor inlet,

z=".5 cm corresponds to the reactor outlet.

(front) part and the non-reduced (rear) part of the monolith.
Here the H, is employed in the reduction of the surface-
deposited NO, and oxygen (15, r8 and r9) and its concentration
drops to zero.

The gas-phase NO, concentration decreases first to zero due
to the NO, reduction by H, (17), but then it increases again on
the redox boundary, because of the NO desorption from the
stored NO, (r9). The ammonia concentration increases from
zero at the reactor inlet, first to the level corresponding to the
reduction of gas-phase NO by H, (7). Much higher increase is
then caused by the reduction of the stored NO, (18) at the redox
boundary. Behind the sharp maximum the NH3 concentration
decreases again, as the NH; is consumed by the reactions with
the stored oxygen and NO, (r11 and r13) in the rear, unreduced
part of the monolith. In that moment, no NH; nor H, peak is
observed yet at the monolith outlet.

From the following evolution of the concentration profiles in
time it can be seen that the reduction front (represented by the
redox boundary) is travelling along the monolith channel

towards the reactor outlet. The speed of the front movement is
not constant, it depends on the local coverage of the stored NO,
and oxygen. The higher initial NO, coverage at the front part of
the monolith results in a slower movement of the reduction
front (higher amount of the reducing agents is consumed for the
reduction of the catalyst surface), while the lower initial NO,
coverage speeds-up the reduction front in the rear part of the
monolith—compare the position of the reduction front in
Fig. 5a—c and (e) (in 5 s intervals). The redox front is also
becoming more dispersed during the travelling along the
monolith.

When the head of the redox front reaches the monolith
outlet, the ammonia and reducing agent peaks appear in the
outlet gas (cf. Figs. 4 and 5d and e). From the described
mechanism of the NH; formation and decomposition dis-
tributed along the monolith it follows that the quantity of the
NHj; emitted into the outlet gas is influenced mainly by the local
NO, coverage at the rear part of the monolith. On the last profile
near the end of the regeneration phase (Fig. 5f, #,=19 s) the
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catalyst surface is almost completely reduced and prepared for
the next lean (storage) phase.

4. Conclusions

The aim of the paper has been to study dynamics and
selectivity of the NO, reduction in an industrial type of NSRC
monolith, and to develop an effective global reaction model that
could be used for simulations of the real NSRC converter
operation. The reaction scheme has been constructed with
minimum set of reactions and kinetic parameters that need to be
evaluated from experimental data, while keeping the essential
level of model reliability. However, even with this “simplified”
approach a relatively large effort is needed to cover the entire
range of NSRC operating conditions, i.e., the temperatures
100-500 °C and the effects of individual reducing agents (H,,
CO and HC) on the periodic lean/rich operation. The basic set
of ammonia formation and decomposition reactions has been
proposed, considering NHj3 as an active intermediate of the NO,
reduction by H,. These reactions include interaction of NHj
with the oxygen and NO, stored on the catalyst surface—the
stored components influence the redox balance during the rich
reduction phase to a large extent. The ammonia formation
observed during the NO, reduction by CO and C;Hg in the
presence of water at higher temperatures is assumed to proceed
via the water gas shift and steam reforming reactions,
producing hydrogen. The experiments necessary for the
evaluation of the model reaction parameters have been
described and examples of the measured data have been given.
The presented simulation results show that the proposed global
kinetic model provides correct results with respect to the
observed dynamics and selectivity of the NO, reduction in
NSRC monolith. The reduction front travelling along the
monolith (predicted by the model) and the corresponding
evolution of the outlet NO, and NH; concentrations give a
consistent insight into the spatially distributed redox processes
inside the NSRC monolith during the regeneration phase.
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