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This paper reviews the main results of wide investigations dedicated to the understanding of the chem-
istry and the reaction pathways operating in the reduction of NOy in LNT and SCR processes for the
aftertreatment of NOy in diesel exhausts. In particular, similarities and differences between the two
processes will be highlighted.

The reactions involved in the NH3-NO/NO,-SCR reacting system were investigated by an extensive
set of various unsteady-state experiments performed over both vanadium-based and zeolite-based
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Isﬂcitliites commercial catalysts: the bulk of results led to the proposal of an original global mechanistic scheme
Nitrates of the complete NH3-NO/NO,-SCR reacting system. In such a scheme, a key role is played by nitrite
Ammonia and nitrate species, which are formed by NO, disproportion onto catalyst surfaces. Nitrites are readily

reduced by ammonia to dinitrogen, whereas the rate limiting step is the reduction of surface nitrates,
performed both by NO at lower temperatures and by NH3 at higher temperatures possibly via formation
of nitrites as intermediates in both cases.

The systematic study of LNT processes showed that during the lean phase NOy is stored onto the catalyst
in the form of nitrite and nitrate species. It was also shown that during the subsequent reduction phase
NOy ad-species are reduced to dinitrogen through two consecutive steps in which NH3 is formed as an
intermediate upon reaction of nitrates with H,, and further reacts with nitrates to selectively produce N,.

Accordingly, in both LNT and SCR chemistries the reduction of NOy involves nitrite and nitrate surface
species, which are selectively reduced to nitrogen by ammonia, either formed as an intermediate or

supplied as a reactant.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is widely recognised that diesel engine vehicles are fated to
significantly increase their worldwide market penetration, even in
countries like the United States where the present market share is
not as significant as that of gasoline engines. This is mainly due to
the fact that diesel engines are inherently more thermodynamically
efficient than gasoline engines and thus they offer the prospect of
reducing emissions of carbon dioxide as well [1,2].

However, diesel cars produce higher emissions of nitrogen
oxides (NOy) and particulate matter (PM). The tail-pipe emission
levels that can be achieved depend upon both the engine-out
emissions and the performance of the emissions control system.
Improvements in combustion and/or alternative fuels can lead to
lower NOy emissions, but it is widely accepted that in order to meet
future legislative emissions standards (Euro 6 for light-duty vehi-
cles and Euro VI for heavy-duty engines, as well as the US 2010
Bin5), the employment of after treatment systems will be required
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[1,2]. Indeed, diesel particulate filters (DPFs) will be needed to
achieve the PM emission levels regardless of the system used to
reduce NOy. But, most importantly, the significant CO, reduction
(i.e. the improved fuel consumption) that will also be dictated by
future regulations, will imply a drastic decrease in the average
temperature profile of the exhaust gases; in such conditions, the
catalytic removal of NOy is extremely challenging. In fact, a signifi-
cant portion of the new test cycles (both the NEDC, New European
Driving Cycle, and the WHTC, World Harmonized Transient Cycle),
is characterized by very low exhaust temperature profile [2].

Currently, there are two main aftertreatment technologies
under consideration as potentially compliant with such strict lim-
its: the Lean NOy Trap technique, which is used with direct injection
gasoline and small diesel engines, and NH3/urea Selective Catalytic
Reduction (SCR) for larger diesel engines.

Lean NOy Traps were first developed and put into the market
by Toyota to remove NOy from vehicles equipped with lean burn
engines [3,4]. These systems work under cyclic conditions, alter-
nating long lean phase during which NOy is stored in the form
of nitrites and nitrates, with a short rich excursion during which
the stored NOy is reduced to nitrogen (and other byproducts). LNT
materials typically consist of a NOy storage component, such as
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an alkaline earth metal oxide (e.g. Ba), and a noble metal (e.g. Pt)
that catalyzes the oxidation of NOy, CO and of hydrocarbons and
the reduction of stored NOy as well. In spite of the fact that these
catalysts are being used at the commercial scale, common agree-
ment on the mechanisms of the storage of NOx [3-38] and of their
subsequent reduction [3,4,39-66] is still lacking.

In contrast to LNTs, SCR systems are designed to catalytically
reduce NOy emissions in the oxygen rich environment of diesel
exhaust by injecting urea as a reducing agent [67,68]. SCR is the
European motor industry’s main technology of choice to meet
Euro IV and Euro V emissions requirements for heavy-duty diesel
engines, and during the last year it has been announced by some
manufacturers for light-duty applications in the US and more
recently in Europe, as well [1]. A Diesel Oxidation Catalyst (DOC)
is also usually present in the system configuration, upstream of
the SCR converter, to partially convert NO to NO,; this permits the
flow entering the SCR reactor to contain significant amounts of NO,
in addition to NO, and thus the onset of the SCR deNOy reactions
(the so-called Fast SCR reaction) can occur at lower temperature,
in comparison to the case where most of NOy is made of NO alone
(standard SCR). However, only recently the study of the mecha-
nisms active over conventional vanadium-based catalysts and over
the new zeolite-based systems, when also significant amounts of
NO, are present in the flue gases entering the SCR reactor, has been
widely addressed in the literature [67-103].

During the last few years, both LNT and NO,-related NH3-SCR
catalytic processes have been investigated in details in our labs
[32-38,60-66,93-103]: this paper will report on the main results
of these studies and in particular it will analyze the chemistry and
the reaction pathways operating for the reduction of NOy in both
processes, in order to highlight analogies and differences between
these two techniques.

2. Experimental

LNT - Homemade Pt-Ba/y-Al,03 (1/20/100, w/w) and Ba/vy-
Al,03 (20/100, w/w) model catalyst samples have been considered
in the study. At first, a Pt/y-Al, 03 sample was prepared by impreg-
nation of y-Al,03 calcined at 700 °C (Versal 250 from UOP) with a
solution of Pt(NH3),(NO; ), (Strem Chemicals, 5% Pt in ammonium
hydroxide) followed by drying at 80°C and calcination at 500°C
for 5h. The obtained sample (S,=190m?2/g; Pt dispersion=_82%)
was impregnated with an aqueous solution of Ba(CH3COO), (Strem
Chemical, 99%) and further calcined at 500 °C for 5 h to prepare the
ternary Pt-Ba/y-Al; 05 catalyst (S, = 137 m?/g; Pt dispersion = 70%).
The Ba/y-Al,03 sample was prepared by impregnation of the bare
v-alumina support with barium acetate (S,=140m?/g). Further
details on the preparation and characterisation of the samples are
reported elsewhere [32-34].

Before catalyst testing, the samples were typically conditioned
by performing a few adsorption/regeneration cycles with NO/O,
(1000 ppm NO in He + 3%, v/v 0O, ) and H, (2000 ppm in He) at 350 °C,
respectively, with an inert purge (He) in between. Conditioning
lasted until a reproducible behaviour was obtained; generally, this
required 3-4 cycles.

The adsorption of NOy was performed by imposing a rectangu-
lar step feed of NO (1000 ppm in He + 3%, v/v O,) or NO, (1000 ppm
in He), followed by a He purge at the same temperature to pro-
mote the desorption of weakly adsorbed species. NO, adsorption
was carried out at different temperatures in the range 200-400°C
over the Pt-Ba/y-Al, 03 catalyst and over the corresponding binary
samples as well [32-36,38].

The reduction of NOx adsorbed species was investigated by
different procedures: (i) Isothermal Step Concentration (ISC) exper-
iments, in which NOy stored at different temperatures was removed

by imposing step feed of different reducing agents (2000 ppm of Hy,
1000 ppm of ammonia or 2000 ppm of CO in He) at constant tem-
peratures; (ii) Temperature Programmed Surface Reaction (TPSR)
experiments, in which, after NOy adsorption at different tempera-
tures, the catalyst was cooled down to RT in flowing He and then
heated at 10°C/min under flow of H, or ammonia or CO up to
400 °C; (iii) Temperature Programmed Reaction (TPR) experiments,
in which a flow of NO (1000 ppm) and reducing agent (hydrogen,
ammonia or CO) was admitted to the reactor at room tempera-
ture and then the catalysts were linearly heated up to 500°C at
10°C/min. All experiments were also performed in the presence of
1% (v/v) H0 in the stream [60-66]. Due to the dilute conditions
used in these studies, experiments have been carried out under
nearly isothermal conditions, i.e. in the absence of significant tem-
perature effects during the runs.

The experiments were performed by loading 60 mg of catalyst
(100-150 pm)inaquartz microreactor (6 mm, i.d.) and using a total
flow rate of 100 cm3/min (measured at 0°C and 1atm). The reac-
tion temperature was measured and controlled by a thermocouple
immersed in the catalyst bed. The reactor outlet was connected to a
mass spectrometer for the complete analysis of reactants and prod-
ucts. Further details on the experimental apparatus and procedures
can be found elsewhere [32,34,60,64].

SCR - The commercial catalyst used in this work was originally
supplied in the form of a cordierite honeycomb monolith wash-
coated with an Fe-zeolite. For testing, the catalyst was crushed and
sieved to 140-200 mesh to avoid mass transfer limitations. The cat-
alyst powder (80 mg) was loaded in a flow-microreactor identical
to that used in the case of LNT experiments. Gas mixtures fed to
the reactor included NH3, NO and NO, in different proportions, as
well as H,0 (1%, v/v), O, (0-2%) and He as the carrier gas, with a
total flow rate of 71 cm3/min (measured at 0°C and 1atm). Gases
exiting the reactor were continuously analyzed by two instruments
in a parallel arrangement: a UV analyzer (ABB Limas 11 HV), which
detects NH3, NO and NO,, and a mass spectrometer (Balzer QMS
200), which measures N5, O,, H0, NH3, NO, NO, and N,O con-
centrations. More details on the experimental setup are available
elsewhere [96,98,101,102].

Before each test, the catalyst sample was conditioned for 3 h
at 600°C in a stream containing oxygen (2%, v/v) and water (10%,
v/v) to obtain stable activity. Different kinds of transient runs are
presented in this work, Isothermal Step Concentration (ISC), Tem-
perature Programmed Surface Reaction (TPSR) and Temperature
Programmed Reaction (TPR). In a typical ISC run, the reactor was
kept at constant temperature under a flow of He + 1% H, 0O, and step
changes of feed NH3 or NO or NO, concentrations were imposed. At
the end, a temperature programmed desorption ramp (10°C/min,
Tenda =550°C) in an inert atmosphere was typically run to clean up
the catalyst surface.

TPSR runs included a preliminary phase in which NO, was
fed and adsorbed onto the catalyst at constant temperature:
subsequently a temperature programmed ramp (20°C/min) was
performed in the presence of gaseous NHj3 in the feed stream; these
runs were performed to study the reactions between NH3 and the
surface species resulting from NO, adsorption.

Finally, in TPR runs different reactants were continuously fed to
the reactor while the temperature was linearly heated from RT up
to 500°C at 10°C/min.

3. Results and discussion

3.1. NOy adsorption processes

LNT - In order to achieve a complete qualitative and quantitative
understanding of the mechanism that governs the NOy adsorption
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Fig.1. (A)NO; (1000 ppm) adsorption at 350 °C over Ba/y-Al, 05 catalyst. (B) NO/O;
(1000 ppm/3%, v/v) adsorption at 350 °C over Pt-Ba/y-Al, 03 (adapted from [34]).

phase, an extensive and systematic study was carried out in our
labs over model Al, O3-supported Pt-Ba, Ba and Pt catalyst samples.
Both FTIR spectroscopy and Isothermal Step Concentration (ISC)
experiments were used as complementary techniques to collect
information on the different surface and gaseous species formed
upon interaction of NO, NO, and NO/O, mixtures [33-35].

Fig. 1A shows the adsorption of NO, at 350°C over the binary
Ba/y-Al,03 sample. Upon NO; admission to the reactor (t=0s) the
NO, concentration trace exhibited a dead time of 200s and then
slowly increased reaching a final value near 800 ppm at t=3000s.
The NO, adsorption is accompanied by NO evolution; the NO outlet
concentration profile immediately increased upon NO, admission,
showed a maximum of 300 ppm after roughly 400 s and then slowly
decreased to a value near 100 ppm after 3000s. At this time the
storage was not yet complete, as the NOy outlet concentration did
not reach the inlet value; the amounts of NOy adsorbed at the end
of the run were estimated to be near 9 x 104 mol/gcat.

Thus, the data showed that NO, adsorption is accompanied
by NO evolution; at the end of the adsorption phase the over-
all amounts of adsorbed NO, and evolved NO roughly obeys the
stoichiometry of the following disproportionation reaction:

3NO; + 02~ < 2NO3~ +NO (1)

which implies the release of one NO molecule for every 3 NO,
adsorbed molecules.

According to literature indications [3], reaction (1) results from
two consecutive steps, reactions (2) and (3), in which at first NO,
diproportionates to form simultaneously nitrites and nitrates, and
then nitrites are very quickly oxidized to nitrates by further reacting
with gaseous NO»:

2NO, +0%~ — NO3~ +NOy~ (2)
NO, +NO,~ <> NO3~ +NO (3)

so that only nitrates are present at the end of the run and the overall
ratio between consumed NO, and evolved NO of reaction (1), is

respected. Occurrence of reactions (2) and (3) accounts for the fact
that the ratio between the evolved NO and the consumed NO, is
initially lower than that expected according to the stoichiometry
of reaction (1).

Similar results (not reported for brevity) were obtained over a
Pt-Ba/y-Al,03 sample, but in this case the NO outlet concentration
by far exceeded that expected from the occurrence of reaction (1),
due to the NO, decomposition reaction catalyzed by Pt (reaction
(4)):

NO; < NO + 1/20, (4)

Notably, IR spectra showed on both the Ba/y-Al,03; and the
Pt-Ba/y-Al,03 samples the formation of nitrates species only,
already from the very beginning of the experiments [34,35]. As
reported elsewhere [34,35], these nitrates were mainly of ionic
type (bands at 1320, 1420-40 cm~!, vasymNO3 split for the partial
removal of the degeneracy; 1035-20 cm~!, vsymNO3) and in minor
amounts bidentate (1560cm~1, VasymNO, mode expected around
1300cm™! obscured by the modes of ionic nitrates).

The adsorption process was also investigated starting from
NO/O, mixtures over both the Ba/y-Al,03 and the Pt-Ba/y-Al,03
samples at 350°C. In the case of the Ba/y-Al,03 sample (results
not shown here) small amounts of NOy species were adsorbed [34].
The FTIR spectra recorded at 350 °C showed a progressive forma-
tion of ionic nitrites (1220 cm~1) on increasing the exposure time
up to 10 min, along with small amounts of bridging nitrates. At
higher exposure times, the band due to nitrite species decreased
in intensity and completely disappeared after 20 min. In parallel,
bands characteristic of ionic nitrate (1420, 1320, 1030cm~!) and in
minor amounts of bidentate nitrates developed, so that after 20 min
of exposure only nitrates were evident in the spectra.

The results collected feeding NO/O, mixture at 350°C over the
Pt-Ba/y-Al,03 catalyst are shown in Fig. 1B. At t=0s 1000 ppm
of NO was added to the O,/He feed flowing into the reactor: the
concentration of NO showed a dead time, and then slowly increased
with time up toits steady-state value. The evolution of NO, was also
observed, after that of NO, due to the NO oxidation reaction (reverse
reaction (4)). It was estimated that the catalyst was able to adsorb
large amounts of NOy (4.6 x 104 mol/gcat at the end of the run).

The results of the corresponding FTIR analysis showed the
immediate formation of nitrites upon NO admission in the presence
of O, [34]; the bands of nitrite ad-species reached their maxi-
mum intensity after 1 min of contact. After 3-5 min of contact time
only ionic nitrate species (and in minor amounts bidentate species)
were evident on the catalyst surface. Notably, the rate of both
nitrite formation and their oxidation to nitrates was higher over
the Pt-Ba/y-Al,03 catalyst with respect to the binary Ba/y-Al;03
catalyst, pointing out a catalytic role of Pt.

Literature reports dealing with formation of NOy
adsorbed species over Pt-Ba/y-Al,03 catalysts are abundant
[3-5,7-9,15,16,18,19,25,26,29,30], and a general consensus on the
attribution of various IR bands related to the different species has
been achieved. Nevertheless, open issues still remain: for instance,
some authors proposed that ionic nitrates are actually bulk nitrates
while bidentate nitrates are surface nitrates [29,30].

DRIFT data were also performed feeding NO/O, at 350°C over
the same Pt-Ba/vy-Al,03 catalyst, under operando conditions equal
to those used in the ISC experiments [35]. The results indicated
that during the initial NOy uptake, nitrites were more abundant
than nitrates: the nitrite band intensity showed a broad maximum
and then decreased with time on stream, while the nitrate bands
presented a monotonous increase during the entire storage phase,
so that at the end of the experiment (at 700s ca.) nitrates were
the prevalent adsorbed species. Thus, in line with FTIR data, in the
adsorption process nitrites were intermediate species which then
evolved leading to the formation of nitrates.



P. Forzatti et al. / Catalysis Today 151 (2010) 202-211 205

NO + 02 NO, NO;

NO,/O,

AlL,O; s Al,0;

Nitrite species Nitrate species

2NO, NO: No, NO, NO,

NG h
NO
a0 — 2. o,

Nitrite-nitrate species

Nitrate species

Fig. 2. Reaction pathway for NOy adsorption over Pt-Ba/y-Al, O3 catalysts.

On the basis of the previous and other results collected analyzing
the adsorption process over Pt-Ba/vy-Al,03 catalysts, the reaction
pathway depicted in Fig. 2 was suggested for NO adsorption in the
presence of oxygen.

In this scheme, NO, formed by NO oxidation over Pt sites easily
adsorbs onto the Ba component of the catalysts through a dispro-
portionation route with formation of nitrate and nitrite ad-species.
Eventually nitrite ad-species are readily oxidized to nitrates by NO5,
so that at the end of adsorption only nitrate species are present on
the catalyst surface. This pathway, that implies the direct adsorp-
tion of gaseous NO; on the Ba component, was referred to as the
“nitrate route”.

A different pathway was also suggested [34,38], which involves
the direct uptake of NO in the presence of oxygen to form nitrites.
This route does not imply the intermediate formation of gaseous
NO,, and is herein referred to as the “nitrite route”. The nitrites
formed in this way are then progressively oxidized by NO, (and/or
0,) to nitrates, which then are the prevailing species at catalyst
saturation in the experiments performed with both NO, or NO/O,
mixtures. It was suggested that the “nitrite route” implies a step-
wise oxidation of NO to nitrites involving Ba species neighbouring
to Pt sites or Pt-Ba couples [34,38]. Indeed, dedicated experiments
in which the effect of the Ba loading (up to 30% by weight) in
ternary Pt-Ba(x)/y-Al,03 catalysts [36] was considered, both the
NOy breakthrough time and the storage capacity of the catalysts
increased with the Ba content up to a maximum observed for the
catalyst sample having a Ba loading of 23% (w/w). Moreover the
increase in the Ba loading resulted in a strong increase of the frac-
tion of Ba involved in the storage, i.e. from 4% of the loaded Ba for
the sample with 5% Ba up to 25% ca. for the Pt-Ba(23)/y-Al,053 cat-
alyst sample. Accordingly, it was speculated that the increase in the
number of Pt-Ba neighbouring couples that paralleled the increase
in the Ba loading favoured the storage of NOy via the “nitrite route”
and thus resulted in a better utilization of the Ba component as
well.

Indications on the occurrence of different NOy adsorption
routes, involving either the NO oxidation to NO, followed by NO,
disproportionation, or the direct NO uptake in the presence of oxy-
gen, have also been provided in other literature reports [24,27-30].

SCR - The adsorption of NOx was also investigated over SCR cata-
lysts, and the interaction of both NO and NO, with vanadium-based
and Fe-zeolite commercial catalysts was studied performing tran-
sient reactive experiments at different temperatures in the range
50-200°C[99,101].

When NO was fed at 50°C in the absence of oxygen in the feed
to a microreactor loaded either with vanadium or Fe-zeolite sys-
tem, the measured outlet concentration profile of the reactant was
overlapped to the inlet one, an indication of the fact that NO was
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Fig. 3. NO, adsorption over Fe-zeolite. Feed flow=71cm3/min (STP),
NO, =1000 ppm, NO=1000ppm, H,0=1% (v/v) in He at 150°C (adapted from
[102]).

not significantly stored onto the catalyst surface. The same conclu-
sion was also apparent in the case of experiments run at higher
temperatures and/or when also oxygen was present in the feed
flow.

A very different picture was observed when studying the
adsorption of NO,. Fig. 3 shows the results collected performing a
step addition of 1000 ppm of NO,, to a feed flow consisting of 1% H,O
and He flowing over a Fe-ZSM5 catalyst at 50°C [99,101]. At t=0s,
when NO; was admitted to the microreactor, NO evolution was
observed, while the outlet concentration of NO, exhibited a delay
before slowly approaching the feed level. The observed behaviour
is in line with the occurrence of NO, disproportionation according
to reaction (1); indeed, a quantitative analysis of the data reported
in Fig. 3 showed that the molar ratio between evolved NO and con-
verted NO, was close to 1/3, confirming the stoichiometry of the
overall reaction (1).

Accordingly, as in the case of the Lean NOx Trap chemistry, it
is concluded that NO, adsorption occurs by a first simultaneous
formation of nitrates and nitrites (reaction (1)), followed by the fast
oxidation of nitrites to nitrates by NO, (reaction (2)), accompanied
by NO evolution.

Formation of nitrates at the end of the run was also confirmed by
asubsequent TPD run (not shown): heating of the catalyst after NO,
adsorption resulted in evolution of NO,, NO and oxygen starting
roughly from 200 °C, in line with nitrate decomposition stoichiom-
etry, reaction (5):

2NO3~ — 2NO; +1/20, + 0%~ (5)

The capacity to store surface nitrate species via NO, dispropor-
tion is not peculiar of zeolite systems; indeed similar experiments
have been performed over V,05-WOQO3/TiO; catalysts [96] and sim-
ilar results have been obtained.

The NO, disproportionation reaction over different SCR cat-
alysts is also reported in several papers in the literature
[74,75,79,83-87]. Sachtler’s group used FTIR spectroscopy to clar-
ify the nature of the surface species involved in the SCR chemistry
over different zeolite-based catalysts [68,69,76,79,86]. Accordingly,
Yeom et al. [76] showed the simultaneous formation of NO3~ and
NO* upon exposure of a BaNa/Y zeolite to NO, at 200°C under
dry conditions, via dissociative chemisorption of N,04. It was also
shown that NO* rapidly reacts with water to form HONO and H*,
hence acting as a nitrites precursor.

Similar results were presented by Rivallan et al. [92]: IR spectra
recorded upon NO, adsorption at RT over an Fe-ZSM-5 catalyst in
the absence of water showed the presence of intense bands associ-
ated with NO* and NO5 ~ species formed onto Fe sites. Also, indirect
evidence for the formation of nitrite groups was provided.
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Fig.4. NO, feed at 200°C over Fe-zeolite catalyst presaturated with ammonia. Feed
flow =71 cm?3/min (STP), NO, = 1000 ppm, H,0=1% (v/v) in He, after preadsorbing
NH; (1000 ppm) at 200°C.

Finally, Iwasaki et al. [88] performed NO, adsorption exper-
iments at 100°C over Fe- and H-ZSM-5 systems and confirmed
formation of NO* and nitrate ions primarily onto oxo-Fe3* sites.
Such aspects have recently been reviewed by Brandenberger et al.
[87].

3.2. NOy reduction processes

The data presented above indicate that in the case of LNT cata-
lysts, nitrites and nitrates are formed during the lean phase upon
interaction with NO and/or NO,. These species are then reduced in
the subsequent rich phase during which the stored NOy are ideally
transformed into dinitrogen.

Conversely, in the NH3-SCR process NOy species are continu-
ously reduced by ammonia injected in the system. Nevertheless,
also in this case significant amounts of NOyx are stored on the
catalyst surface whenever the NO, concentration in the exhaust
entering the SCR reactor is significant, e.g. due to the presence of
an oxidation catalyst (DOC unit) positioned upstream of the SCR
converter. In fact, it was clearly shown that NO, rapidly dispropor-
tionates over commercial SCR catalysts to form surface nitrites and
nitrates. As shown below, such adsorbed species play a major role
in the NO;-related SCR chemistry.

Accordingly, an extensive investigation has been undertaken in
our labs in order to analyze the interaction of NOy adsorbed species
with the reducing agents involved in the two processes, namely
ammonia and NO in the case of the SCR process, and hydrogen in
the case of LNT catalysts.

SCR -The interaction between ammonia and surface nitrites and
nitrates formed by NO, disproportionation, was first analyzed.

Experiments feeding 1000 ppm of NO, over a catalyst presat-
urated with ammonia were performed at different temperatures
in the range 50-200°C over an Fe-ZSM5 catalyst. At 50°C (results
not shown) NO, was immediately consumed with simultaneous
production of NO. Quantitative analysis of the outlet concentration
profiles indicate the occurrence of reaction (1) in which NO, dis-
proportionates eventually leading to formation of surface nitrates
and evolution of NO, as indeed already observed in the absence of
ammonia (Fig. 3). Thus, at such low T, the disproportionation of NO,
was essentially unaffected by the presence of adsorbed ammonia
on the catalyst surface.

Conversely, at temperatures higher than 100 °C a different situ-
ation occurred. Fig. 4 shows the results collected over the Fe-zeolite
catalyst by feeding 1000 ppm of NO, at 150°C onto a catalyst sam-
ple previously saturated with NH3 at 150°C. Upon NO, addition
to the reactor feed (t=0s), evolution of about 500 ppmN, was
immediately observed while NO, was completely consumed. After
roughly 70s the nitrogen concentration decreased and the NO,
concentration increased approaching the feed value. Integral cal-

culations showed that the molar amount of produced N, was equal
to that of NH3 previously stored onto the catalyst. A very similar
result was also found at 200 °C (not shown).

The formation of nitrogen instead of NO (observed when NO,
was fed to the reactor in the absence of preadsorbed ammonia,
Fig. 3), is ascribed to the occurrence of reaction (6):

NH4++N02_<—> [NH4NO3] — N, +2H,0 (6)

in which ammonia surface species react with nitrites to form nitro-
gen via formation/decomposition of unstable ammonium nitrite.
Thus, in both the experiments shown in Figs. 3 and 4, upon NO,
addition this species disproportionates leading to the formation of
nitrates and nitrites onto the catalyst (reaction (2)): then, while
in the absence of ammonia nitrites are oxidized to nitrates by
NO, (reaction (3)), in the presence of ammonia and at sufficiently
high temperature nitrites react with ammonia to form ammonium
nitrite which eventually decomposes to N5 (reaction (6)).

So the reaction between ammonia and nitrites can be faster than
that of nitrites with NO,, and such a reaction leads very selectively
to dinitrogen already at low temperature [99,101].

However, it is very well known in the literature [67,84,76] that
also nitrates interact with ammonia. Accordingly the reactivity of
ammonia towards nitrates was also studied by means of a temper-
ature programmed ramp (TPSR) experiment (from 50 up to 550°C)
in which gaseous NH3 (1000 ppm)+H,0 (1%, v/v) in He was fed to
the reactor after NO, adsorption at low temperature (50°C), i.e. in
the presence of nitrates formed by NO, disproportionation. Fig. 5A
shows the profiles of ammonia, nitrogen, NO, NO, and N,0 mea-
sured during the T-ramp. Upon heating, after an initial strong NH3
desorption, ammonia began to be converted around 200 °C, with a
conversion peak at about 280 °C. At T> 350 °C the NH3 consumption
began to grow slowly again.

At the same temperatures peaks associated with the forma-
tion of N,O first and then N, were observed. The evolution of
N,O started from 200 to 210°C and reached a maximum near
260-270°C, while N, formation started at 220-230°C and reached
a maximum at 280-290°C: at higher temperature the N, produc-
tion again increased slowly, mirroring the NH3 evolution.

Accordingly, the observed conversion of gaseous NH3 by reac-
tion with surface nitrates leads to two distinct products: N,O,
detected at lower temperature, and nitrogen, measured only
slightly above 220 °C. In agreement with literature indications, N, O
is attributed to the thermal decomposition of ammonium nitrate or
of its surface precursors, according to reaction (7):

NH4NO3; — N,O + 2H,0 (7)

Indeed, surface nitrates, formed onto the catalyst in the first part of
the experiment, react with ammonia at 50°C to form ammonium
nitrate species:

NO3~ +NH4 " < NH4NOs3 (8)

which thermally decompose to N,O above 180-190°C according
to reaction (7).

In contrast, the N, production observed in Fig. 5A can be
explained by a direct reaction between nitrates and NH3, according
to the following global stoichiometry:

5NH; + 3HNO; — 4N, + 9H,0 (9)

that occurs at higher temperatures and in principle may involve the
intermediate reduction of nitrates to nitrites, followed by forma-
tion/decomposition of ammonium nitrite to nitrogen.

Dedicated experiments performed in our labs over the Fe-zeolite
catalyst showed that reaction (9) is rate determining in the so-
called NO,-SCR reaction:

6NO, +8NH; — 7N, + 12H,0 (10)
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Fig. 5. (A) TPSR experiment of gaseous NH3; and presaturated with nitrate species
over Fe-zeolite catalyst. Feed flow =71 cm?/min (STP), NH3 =1000 ppm, H,0=1%
(v/v)in He, T-ramp = 20 °C/min after preadsorbing NO, (1000 ppm) at 50 °C (adapted
from [101]). (B) NO feed at 50°C over a catalyst presaturated with nitrates. Feed
flow=71cm?/min (STP), NO=1000 ppm, H,0=1% (v/v) in He preadsorbing NO,
(1000 ppm) at 50°C (adapted from [102]).

that typically occurs on SCR catalysts above 230°C and in the pres-
ence of excess NO, (NO,/NOy >0.5) [102]. In fact, it has been shown
that the “NO,-SCR” reactivity results from a reaction sequence
involving the formation of nitrates from NO, disproportionation
and their selective reduction by NHs.

Thus, nitrates are reduced by ammonia: at low temperature via
the formation of ammonium nitrate strongly interacting species
[102] which can then lead to formation of undesired N,O, and
at higher temperatures to nitrogen (reaction (9)). The compar-
ison with similar data collected on a H-zeolite also showed
that the latter reaction (reaction (9)) is catalysed by a redox
component: accordingly, a redox interpretation of the catalytic
reduction of nitrates by ammonia, wherein NH3 reduces the cat-
alyst sites which are then reoxidized by surface nitrates with
possible intermediate formation of nitrites, was recently proposed
[102].

However, NHj is not the only potential reducing agent included
in the exhaust gases entering the SCR converter: the interaction
of surface nitrates with NO has also been investigated. For this
purpose 1000 ppm of NO, were preliminarily fed at 50 °C to the Fe-
zeolite catalyst in the presence of H,O (1%, v/v) to form and store
nitrates onto the catalyst surface (experiment not shown); then,
after NO, shut off and keeping the temperature constant, 1000 ppm
of NO was added to the reactor feed stream in order to study the
reactivity of nitric oxide with surface nitrates.
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Fig. 6. TPR experiments over Fe-ZSM5. W, =0.080mg, flow rate=72cm?/min
(STP). Curve a (Fast SCR): feed=1% H,0, 0% Oz, NH3 =1000 ppm, NO =500 ppm,
NO,=500ppm+He. Curve b: feed=1% H,0, 0% O,, NH;3=1000ppm,
NO=1000ppm+He over catalyst pre-treated with NO, (1000ppm)+H,0
(1%) at 60°C (adapted from [100]).

It appears (Fig. 5B) that NO was immediately converted while
roughly 800 ppm of NO, was formed. Quantitative analysis of the
results indicated the occurrence of the reverse of reaction (1), i.e.
reaction (1a)

2NO3~ +NO < 3NO, + 02~ (1a)

Thus, nitrates present on the catalyst surface react with NO pro-
ducing NO, and nitrites according to the reverse of reaction (3), i.e.
reaction (3a), and then part of such nitrites are further oxidized by
other nitrates according to reverse of reaction (2), reaction (2a):

NO3~ +NO « NO,; +NO,~ (3a)
NO;~ +NO,~ — 2NO, + 0%~ (2a)

Accordingly, it appears that nitrates are not only reduced by
ammonia, but also by gaseous NO; indeed, NO was found very active
in reducing surface nitrates already at temperatures as low as 50 °C,
evenifunable to deplete all of the NOy stored on the catalyst surface.

To analyze the role of reaction (3a) in the global SCR chemistry
we performed a number of dedicated transient reactive experi-
ments [96,98] over both vanadium-based and Fe-zeolite catalysts.
Fig. 6 compares the NO conversion profile measured as a function of
temperature in TPR runs while feeding: (i) 1000 ppm ammonia and
500 ppm each of NO and NO,, (curve a), and (ii) equimolar amounts
of ammonia (1000 ppm) and NO (but no NO;) over a catalyst sam-
ple presaturated with nitrates (curve b). Results clearly shows that
at low temperature curves a and b are superimposed, indicating
that the reactivity of NO and ammonia with surface nitrates is
equivalent to that of the Fast SCR reaction (11),

2NH3 +NO; +NO — 2N, +3H,0 (11)

that is the most important reaction occurring in the NH3-SCR
system when NO, is present in the feed flow due to its very
high rates at low temperatures [1,70]. The same conclusion was
also derived from transient experiments at constant tempera-
ture (170-190°C) [93,97,99]: the NO conversion levels measured
either during the Fast SCR reaction (with NH3/NO-NO,) or during
the reaction between NH3/NO and surface nitrates were prac-
tically identical, indicating that the two reactions were actually
progressing at the same rate. Accordingly, it was proposed that
the rate determining step of the Fast SCR reaction (11) is the
reduction of surface nitrates by NO to nitrites, which then easily
reacts with ammonia producing dinitrogen via ammonium nitrite
decomposition.
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Fig. 7. Reaction pathway for NO-NO,/NH3-SCR reactions over V,05-WOQOj3/TiO,, Fe-
zeolite and Cu-zeolite catalysts.

Fig. 7 shows a schematic summary of the Fast SCR and of the
NO,-SCR chemistry in terms of surface species, which applies to
both V,05-WO3/TiO, and Fe-zeolite catalysts. In line with the
results discussed above, NO, is responsible for the formation of
nitrate and nitrite ad-species onto the catalyst surface via dispro-
portion and heterolytic chemisorption (reactions (1-3); nitrites
easily react with NH3 to give dinitrogen and H,0 via decompo-
sition of the unstable ammonium nitrite (reaction (6)); but also
nitrates are reduced, at lower temperature (T>150°C) by NO, that
converts them to nitrites (reaction (3a)), and at higher tempera-
tures (T>220°C) by NHs, that converts them to nitrites or directly
to nitrogen (reaction (9)).

Concerning the key role of surface nitrites and nitrates in the
NO,-related SCR chemistry, Weitz et al. [76], on the basis of both
spectroscopic evidence and steady-state reaction data, proposed a
Fast SCR pathway over a BaNa-Y zeolite which is in close agreement
with the one displayed in Fig. 7. A similar picture was also presented
by Krocher and coworkers [84,85]; indeed, based on the analysis of
their own data and of literature data, they proposed a common
Fast SCR reaction mechanism for transition-metal zeolites and for
vanadium-based catalysts.

LNT - Dedicated transient experiments were performed under
nearly isothermal conditions where mainly nitrate species were
formed and stored at 350°C over the Pt-Ba/y-Al,03 catalyst by
NO/O, adsorption, and then reduced at constant temperature or
upon heating using different reducing agents [60,61,64].

Fig. 8A shows the concentration profiles of hydrogen, ammonia
and nitrogen versus temperature measured during a TPSR experi-
ment carried out by feeding 2000 ppm of H; in the presence of 1%
H, O after having stored NOy species at 350 °C. Fig. 8A shows that H,
was consumed starting from roughly 50°C and a minimum in the
H, concentration was seen near 100 °C. Avery large NH3 production
was detected from low temperature, followed by small amounts of
N,. The stored nitrates were completely reduced at temperatures
below 200°C.

The reactivity of nitrates with hydrogen was also investigated
under isothermal conditions at different temperatures, in the range
100-350°C (Fig. 9). In order to decouple the effects related to the
temperature of adsorption of NOy from that of the temperature of
their reduction, in all cases NOy were adsorbed at 350 °C while the
reduction of the stored NO, was accomplished at different temper-
atures, in the range 100-350°C.

The results, shown in Fig. 9, demonstrated that when the reduc-
tion of the NOy stored at 350°C is carried out at low temperatures
(150 and 200°C), NH3 is the major reaction product. Upon increas-
ing the reduction temperature, formation of N, increases at the
expense of ammonia. This leads to a strong increase with tempera-
ture of the selectivity to N, of the reduction process, from 10% at 100
to near 90% above 250°C [64]. Notably, during these experiments
the evolution of nitrogen at the reactor outlet always precedes that
of undesired ammonia.

Similar results were obtained when the NOy storage and reduc-
tion processes were carried out at the same temperatures [59].

(A)800 T .
,,,,,, - -] 2000
800
£
o
= 1500
5 400
=
4 1000
g
é 200 500
0 30
400
(B)1200 : . T
i
1."'nu_,—«,\
— I ey TR TR L A,
)
E‘L NH, A
< soot L s .
= \ Al
o \ !
b '
5 L
c \ )
@
g \_I
S 4004 -
O
H, e
0= 1 L |J_ ]
100 200 300 400

Temperature (°C)

Fig. 8. (A) H,-TPSR (2000 ppm + 1%, v/v H,0 in He), (B) NH3-TPSR (1000 ppm + 1%,
v[v H,0 in He) after NO/O, adsorption at 350°C over Pt-Ba/y-Al,03 catalyst
(adapted from [64]).
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Fig. 9. H,-ISC experiments (2000 ppm + 1%, v/v H,0 in He) after NO/O, adsorption
at 350°C over the Pt-Ba/y-Al, 03 catalyst (adapted from [64]).
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The following stoichiometries were identified for the reduction
of nitrates by hydrogen leading to nitrogen or ammonia, respec-
tively:

Ba(NOs3) + 5H, — BaO + Ny + 5H,0 (12)
Ba(NO3); +8H; — BaO + 2NH;3 +5H,0 (13)

In order to get additional information on the reaction pathway
operating during the reduction of the stored nitrates and on the
role of ammonia in the reaction, the reactivity of ammonia with
adsorbed NOy was investigated as well. Fig. 8B shows the results of
NH3-TPSR experiments performed feeding 1000 ppm of ammonia
in the presence of 1% H,0 over the Pt-Ba/y-Al,03 catalyst, after
having stored NOy species at 350°C.

It appears that ammonia was consumed starting from roughly
130°C with simultaneous formation of nitrogen, according to the
following overall stoichiometry:

3Ba(NO3); + 10NH3 — 8N, +3Ba0 + 15H,0 (14)

At temperatures higher than 350°C the NH3 concentration
decreased again and N, and H; evolution was observed, due to the
occurrence of the ammonia decomposition reaction:

2NH; — N, +3H, (15)

Accordingly, also in the case of LNT catalyst ammonia is active
in the reduction of the stored nitrates: the reaction takes place at
relatively low temperatures and leads very selectively to nitrogen.

Itis useful to note that reaction (14)is virtually the same as reac-
tion (9), occurring in the SCR process when nitrate species, formed
by NO, disproportionation, were directly reduced by ammonia to
dinitrogen. However, in contrast to that observed in the case of the
SCR process, N, O was never produced in significant amounts when
reducing nitrates stored over the LNT catalyst by ammonia. This
can be explained on the basis of the different stability of the stored
nitrates: in the case of the LNT catalyst, the Ba component stabilizes
the nitrates and this prevents the formation of strongly interacting
NH4*-NO3~ species whose decomposition has been invoked in the
formation of N,O [101].

Accordingly nitrates stored onto a Ba-based LNT catalyst were
easily reduced by H, at very low temperatures with formation of
ammonia only (Fig. 8A), and ammonia was active in the reduc-
tion of the stored nitrates (Fig. 8B) with a complete selectivity
to nitrogen but at higher temperatures if compared to Hy (Tonset
near 130-140°C versus 60 °C). This suggests that the formation of
N, during the regeneration of LNTs by H, occurs via an in series
2-step pathway involving at first the fast formation of ammonia
upon reaction of nitrates with H; (reaction (13)), followed by the
slower reaction of ammonia with the stored nitrates leading to the
selective formation of N; (reaction (14)) [64]. The sum of reactions
(13) and (14) leads to the overall stoichiometry for the reduction
of nitrates to N5, reaction (12).

The occurrence of a fast reaction of the adsorbed nitrates with
H, to give ammonia together with the integral “plug-flow” nature
of the reactor imply the complete consumption of the reductant
H, and the formation of an H, front travelling along the reactor
axis, which also explains the temporal evolution of the products
(with NH;3 evolution following that of N, see Fig. 9). As sketched in
Fig. 10 where the ongoing reduction process in the catalyst bed is
shown, at a given instant of the regeneration phase, different zones
are present in the reactor: (i) an initial zone upstream the H front,
where the trap has already been regenerated upon reduction of
nitrates by Hs; (ii) the zone corresponding to the development of
the H, front, where the concentration of hydrogen decreases from
the inlet value to almost zero and where ammonia formation is
occurring (reaction (13)); (iii) a zone immediately downstream the
H, front where nitrates are still present and, if the temperature is
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Fig.10. Sketchofthereduction mechanism for a Pt-Ba/vy-Al, O3 catalyst upon regen-
eration with H, (adapted from [64]).

high enough, react with ammonia originated upstream; (iv) a last
zone where nitrates initially stored have not yet been involved in
any reduction process. When the regeneration of the trap is car-
ried out at low temperatures, e.g. 150°C or below, H, reacts with
surface nitrates to give NH3 according to reaction (13); however,
ammonia at such low temperatures can hardly react with the stored
nitrates to form N, according to reaction (12). As a result ammonia
is by far the major reaction product and the nitrogen selectivity is
very low. Upon increasing the reduction temperature, the reactiv-
ity of NH3 with nitrates (reaction (14)) becomes appreciable and
this leads to the formation of N, which is accordingly detected
at the reactor outlet. Since Hy is by far more reactive than NH3
towards surface nitrates, NH3 reacts preferentially with nitrates
located downstream the H; front.

Once the H; front reaches the end of the catalyst bed, no nitrates
are stored downstream and hence formed ammonia exits the reac-
tor unconverted: accordingly N, evolution at the reactor outlet
precedes that of NH3 (Fig. 9).

Also useful to note is that according to this picture, ammonia is
an intermediate in N, formation and the NHj3 +nitrate reaction is
the only route explaining the formation of dinitrogen. However this
conclusion has been derived upon analysis of experiments carried
out under nearly isothermal conditions, i.e. in the absence of sig-
nificant temperature effects in the catalyst bed due to the diluted
conditions employed and to the presence of a He purge between
the lean and the rich switches. Under actual conditions, where sig-
nificant thermal effects and NO evolutions are occurring during the
lean/rich switches, different mechanisms may operate.

A similar pathway has been suggested by Cumaranatunge et al.
[57] and by Pihl et al. [52] who proposed that during the regen-
eration stage a regeneration front travels along the catalyst bed:
ammonia and N; can be simultaneously formed in the H,-rich zone
of the front, but NH3 may further react with the stored nitrates
leading to the formation of N,. This would explain the tempo-
ral sequence of the products formation with NH3 breakthrough
observed after N, production when the stored NOy starts to deplete
and is insufficient to react with the NH3 formed upstream. How-
ever, in these suggested pathways N, formation does not uniquely
originate upon reaction of NHs with surface nitrates. Along these
lines, on the basis of in situ FTIR spectroscopy coupled with mass
spectrometry and time-resolved XRD, Szailer et al. [54] proposed
that the selectivity to N;/NH3/N,O formation depends on the sur-
face concentration of adsorbed Pt. . .N,, Pt. . .H,, etc. species. On the
other hand, Dhainaut et al.[58] proposed for N, formation over sup-
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ported Pd catalysts an NH3-SCR-like mechanism involving NO and
adsorbed NHy fragments, while Kondratenko and Baerns [55] sug-
gested that N, formation over Pt supported catalysts could derive
both from reaction between NO and NHy adsorbed species, and
from recombination of -N ad-atoms deriving from NO dissociation
or NH3 complete dehydrogenation.

According to the pathway we propose, which involves NH3 as an
intermediate species, the stored NOy is over-reduced to NH3 which
in turn is required for N, formation. Since this pathway has been
derived in the case of H, as reducing agent, the reduction of NOy
species adsorbed at 350 °C over the alumina supported Pt-Ba cat-
alyst was also investigated using CO as reducing agent. Transient
experiments were performed both under temperature program-
ming and under isothermal conditions feeding 2000 ppm of CO in
the presence and in the absence of water [66].

The results collected in the absence of water (not reported)
showed that CO was able to reduce NOy adsorbed species produc-
ing nitrogen, but at temperatures higher than those measured in
the case of hydrogen. Furthermore, data showed that significant
amounts of N- and C-containing species were still left onto the cata-
lyst at the end of the reduction process. FTIR spectra identified such
species as “N=C=0 (isocyanates) and/or N=C-O~ (cyanates), along
with carbonates [66]. Accordingly, the reduction of surface nitrates
by CO was described by the following overall stoichiometries,

Ba(NO3), +8CO — Ba(NCO), + 6CO, (16)
Ba(NO3 ), +5C0 — BaCOs3 + N +4C0, (17)

accounting for the formation of cyanates and nitrogen, respec-
tively, along with carbonates. It is useful to note that almost
complete reduction of the initially stored NOy was obtained with
CO, although N, evolution was much less than the amounts of the
stored NOy. In fact significant amounts of reduced NOy species are
left adsorbed on the catalyst surface in the form of isocyanate and
cyanate ad-species; interestingly, these species are characterized
by a formal oxidation state of the N atom equal to —3, like ammonia.

It has been suggested that NCO~ ad-species are not spectator
or terminal species, but are in fact intermediates in the forma-
tion of nitrogen [66]. It is indeed well known that NCO species are
easily oxidized to N, and CO, by oxidant molecules like O, [43];
in line with previous suggestions reported by Szailer et al. [54],
a pathway for N, formation involving the oxidation of cyanates
by other oxidants like surface NOy species (e.g unreacted nitrate
species adsorbed close-by to the cyanate/isocyanate species) can
be envisaged, this step being rate determining in N, formation.

The same experiments were performed in the presence of water
in the feed flow: it was found that water enhanced the reactivity
of CO and higher NO, removal efficiencies were achieved as com-
pared to dry conditions. Besides, significant amounts of ammonia
and hydrogen were found among the products, together with nitro-
gen and CO,. It is useful to note that FTIR spectra did not evidence
any significant presence of NCO species.

A possible explanation is that cyanate/isocyanate species form
even in the presence of water, but are readily hydrolyzed to ammo-
nia and CO,. This would also explain the presence of ammonia
among the reaction products [66]. Alternatively, it may be spec-
ulated that in the presence of water the reduction of nitrates may
involve H, as reducing agent, formed according to the WGS reaction
that is active over LNT catalysts in the same temperature range.

Accordingly, under wet conditions different pathways likely
operate during the reduction of nitrates by CO: a first pathway
involves cyanate/isocyanates formation, which are then readily
hydrolyzed to ammonia. As shown in the case of H; as reductant,
ammonia is then involved in the reduction of nitrates to N,. A sec-
ond route involves the formation of hydrogen from CO and water
via the water gas shift reaction: the so formed H, then reacts with

nitrates to form ammonia according to the lines depicted above in
the case of Hj.

Thus, the data converge in indicating that both when H, and CO
are used as reducing agent, ammonia (or an N-containing species
with the N atom in the -3 formal oxidation state) is intermediate
in the formation of N. This species is hence originated by reaction
with adsorbed NOy through a pathway which is presently under
investigation in our labs.

4. Conclusions

In this work mechanistic aspects of the reduction of NOy accord-
ing to both LNT and SCR techniques have been considered. These
technologies are considered alternatives for the removal of NOy
from the exhausts of lean combustion engines: however a detailed
investigation of the pathways effecting the NOy reduction in these
two different processes has pointed out several analogies (along
with some differences).

In the case of the LNT systems, which operate under cyclic con-
ditions, NOy is stored in the form of nitrates and nitrites during a
long lean phase and then reduced to N, and other byproducts (e.g.
NH3) during a short rich period. Under near isothermal conditions,
it was found that when H, or CO are employed as reducing agents,
the reduction process is not initiated by the thermal decomposi-
tion of the stored NOy ad-species, but rather by a catalytic pathway
involving Pt. In the case of Hy, such a catalytic pathway is com-
posed of two consecutive steps in which the reaction of nitrates
with H, leads to the formation of intermediate NH3, which fur-
ther reacts with nitrates to produce selectively N;. Ammonia (or
cyanate/isocyanate adsorbed species) act as intermediate species
in N, formation when the reduction is carried out with CO instead
of H, as reducing agents.

In contrast to LNTSs, the SCR technology does not operate under
cyclic conditions, but the reduction of the NOy is achieved by
continuous NH3 injection in the exhaust gases prior to the SCR
converter. However, the analysis of the NH3-NO/NO,-SCR react-
ing system by an extensive set of unsteady experiments performed
over both vanadium-based and zeolite-based commercial catalysts
proved that NOy adsorbed species (nitrates and nitrites) play a key
role in the SCR chemistry as well. In particular, it was found that
nitrate species are formed on the catalyst surface by NO, dispropor-
tion and are reduced by either NO or NH3 to nitrites: such species
eventually and selectively lead to nitrogen upon further reaction
with ammonia.

Thus, in both LNT and SCR techniques, the reduction of NOy
involves the formation of nitrite and nitrate surface species, which
are eventually reduced to nitrogen by ammonia, either formed as
an intermediate (LNT) or supplied as a reactant (SCR).
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