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The presence of NO during the regeneration period of a Pt-Ba/Al,03 Lean NO, Trap (LNT) catalyst mod-
ifies significantly the evolution of products formed from the reduction of stored nitrates, particularly
nitrogen and ammonia. The use of isotope labelling techniques, feeding *NO during the storage period
and '>NO during regeneration allows us to propose three different routes for nitrogen formation based
on the different masses detected during regeneration, i.e. *N, (m/e = 28), *N'>N (m/e = 29) and '°N,
(m/e =30). It is proposed that the formation of nitrogen via Route 1 involves the reaction between hydro-
gen and “NO, released from the storage component to form *NH; mainly. Then, ammonia further reacts
with ¥NO, located downstream to form N,. In Route 2, it is postulated that the incoming °>NO reacts
with hydrogen to form '>NH; in the reactor zone where the trap has been already regenerated. This iso-
topically labelled ammonia travels through the catalyst bed until it reaches the regeneration front where
it participates in the reduction of stored nitrates ('*NO,) to form *N'>N. The formation of '°N, via Route 3
is believed to occur by the reaction between incoming >NO and H,. The modification of the hydrogen
concentration fed during regeneration affects the relative importance of H, or >NHj as reductants and
thus the production of N, via Route 1 and N’°N via Route 2.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The reduction in NO, emission from lean-burn engines has been
the subject of several studies during the last decade. NO, storage
and reduction (NSR), also known as Lean NO, Trap (LNT) catalysts,
is considered to be one of the most promising technologies to solve
the problem. However, most published work on LNT regeneration
has been performed in the absence of NO. In the present work, we
find that the inclusion of NO during the regeneration phase, as
would occur in a real system, has a significant effect on the distri-
bution of products.

The NSR technique was introduced by Toyota in the mid-1990s
for automotive emission control [1]. A typical NSR catalyst consists
of a noble metal coupled with an alkaline or alkaline-earth com-
pound, for example Pt-BaO/Al,Os. The basis of this technology is
to trap NO, under lean conditions on the alkaline-earth compound
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(BaO) and then for the NO, to be released and reduced to N, during
a short rich period on the noble metal (Pt).

First studies established that the first step of the NO, storage
process is the oxidation of NO to NO, over platinum sites [2-6]
and that NO, is subsequently stored on the barium component.
Nova et al. [7,8] described the mechanism of NO, storage by two
routes that operate simultaneously: the “nitrite route” and the
“nitrate route”. The nitrite route involves the direct uptake of NO
in the presence of O, on the barium component to form adsorbed
nitrite species, which are then oxidized to nitrates. Simultaneously,
the nitrate route considers the NO oxidation to NO,, and the NO,
formed can then adsorb on barium in the form of nitrates via a dis-
proportionation reaction.

The regeneration step is not so well understood as the storage
step. Several studies have been published on the chemistry and
mechanisms that rule the reduction in NO, ad species by H,. The ni-
trate decomposition can be driven by either the heat generated from
the reducing switch [9,10] or the decrease in oxygen concentration
that lowers the equilibrium stability of nitrates [11,12]. However,
under near isothermal conditions, it was found that the reduction
process is not initiated by the thermal decomposition of the stored
nitrates, but rather by a catalytic pathway involving Pt [13].
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More recent studies better describe both the very high selectiv-
ity to N, and the temporal sequence of products, with ammonia
detection following that of nitrogen, in the reduction of stored
NO, by H; [9,14-18]. The proposed mechanism consists of a
sequential two-step pathway for nitrogen formation involving
the fast formation of ammonia on reaction of nitrates with H,, fol-
lowed by the slower reaction of the ammonia thus formed with the
stored nitrates leading to the selective formation of N,. For these
studies, NO, was adsorbed on the catalyst surface from a NO/O,
stream, and then, the regeneration of the catalyst was simulated
with only H, or NH3 in the injected rich stream. However, in real
automobile operation, NO will also be present in the gas phase dur-
ing the regeneration period and this could modify the reaction net-
work for NO, reduction to N, and NHs. The behaviour of a Pt-BaO/
Al;03 monolith catalyst during NO, storage and reduction when
NO is also fed together with H, in the regeneration period has been
studied by Pereda-Ayo et al. [19,20]. This study provided informa-
tion on the N/N,O/NH3 distribution at the exit of the trap at differ-
ent temperatures and with different hydrogen concentrations. In
order to obtain further insights into the complete reaction pathway
governing the reduction in both stored NO, and that fed during the
regeneration period, the use of isotopically labelled NO, has been
utilized in the present study.

The use of labelled species has allowed a detailed analysis of the
products and reactants involved in the regeneration of a NSR cata-
lyst. Breen et al. [21] used isotopic labelling (">’NO) coupled with
fast transient kinetic switching during NSR. They used ’NO in-
stead of '“NO to differentiate >N, from CO and ®N,O from CO,
in the mass spectrometry analysis. This technique can be used to
differentiate NO fed during the lean and rich periods if one of them
is isotopically labelled as '>NO. Kumar et al. [22] carried out isoto-
pically labelled storage and reduction over Pt-BaO/Al,03 in a TAP
reactor system to elucidate the role of spillover processes and
the Pt-BaO interphase during NO, storage and reduction. The
sequential pre-nitration of Pt-BaO/Al,05 using NO and '’NO fol-
lowed by reduction with H, resulted in the preferential evolution
of 1>N-containing species during the initial H, pulses. The evolu-
tion shifted towards unlabelled N-containing species in later H,
pulses.

In the present study, isotopically labelled '>NO is fed together
with the reductant H, during the rich (regeneration) period while
unlabelled NO is used during the lean (storage) period. The use of
isotopic species helps to elucidate the different routes by which
nitrogen can be formed as three different species, namely N,
14N'5N and '°N,, can be detected as products.

2. Experimental
2.1. Catalyst preparation

The y-Al,03 (SA6173) used in this study was supplied by Saint
Gobain as 3-mm-diameter pellets. The as-received alumina was
crushed, sieved to 0.3-0.5 mm and calcined in air at 700 °C for
4 h, resulting in a BET surface area of 190 m? g~!. The incorporation
of the active phases to obtain the nominal 1.2 wt% Pt/15 wt% Ba/
Al,05 catalyst was carried out by adsorption from solution and
wet impregnation for the platinum and barium components,
respectively. The incorporation order was Pt and then Ba. First,
0.8 g of Al,0; was immersed in an aqueous solution containing
650 ppm Pt with a total volume of 50 ml. The precursor used for
platinum was tetraamine platinum (II) nitrate supplied by Alpha
Aesar. In order to facilitate the platinum incorporation, the pH of
the solution was modified by adding ammonia (25% as NHs, Panre-
ac) until optimum pH for platinum adsorption was obtained, i.e. a
pH =11.6 [23]. The alumina was maintained in contact with the

solution for 24 h and under continuous stirring to assure that the
adsorption equilibrium was obtained. Afterwards, the alumina
was filtered and finally calcined in air at 500 °C for 4 h. Before
incorporation of barium, the Pt/Al,03 catalyst was reduced in a
5% H/N, stream at 450 °C for 2 h. The precursor used for barium
incorporation was barium acetate supplied by Aldrich. After Ba
incorporation via wet impregnation, the catalyst was calcined at
500 °C for 4 h.

2.2. Experimental set-up

The catalyst was evaluated using a fast transient kinetic appara-
tus described in more detail elsewhere [24]. Briefly, the fast
switching experimental set-up was assembled using helium actu-
ated high-speed VICI four-way valves, permitting fast feedstream
changes between lean and rich cycles. The bench flow reactor con-
sisted of a Pyrex tube enclosed in an electric furnace, and the gas
mixtures used to simulate the exhaust were introduced using Aera
mass flow controllers. The temperature of the catalyst bed was
continuously recorded using a thermocouple located at the exit
of the catalyst bed. Gas analysis was performed using a Hiden
HPR 20 quadrupole mass spectrometer, the sampling inlet being
positioned immediately after the catalyst bed.

2.3. NO, storage and reduction experiments

2.3.1. Long-term NO, storage and reduction experiments

54.9 mg of Pt-Ba/Al,03 catalyst was packed in a 4-mm-internal
diameter Pyrex tube. In order to follow accurately the formation of
different species during catalyst regeneration, long-term NO, stor-
age and reduction cycles were carried out at 190 and 340 °C. The
lean period was extended until the catalyst surface was saturated
with NO,, and the regeneration period was extended until com-
plete regeneration was obtained, i.e. when N, and H,O signals
(main products of the regeneration) decreased to the baseline.
Since the storage capacity and the regeneration pattern are depen-
dent on the reaction temperature, the duration of lean and rich
periods was 15 min and 5 min, respectively, when the temperature
was set at 190 °C. When the temperature was increased to 340 °C,
the duration of lean and rich periods was extended to 20 min and
7 min, respectively.

First, the influence of the presence or absence of *NO during
the regeneration period was studied. When '“NO was present,
the regeneration feedstream consisted of 800 ppm '“NO, 0.46%
H,, 5.6% Kr and balance to Ar. Kr was used as an internal standard
as well as an internal marker to differentiate between lean and rich
gas mixtures. In the absence of '¥NO during the rich period, the
feedstream was composed of 0.46% H,, 13.6% Kr and balance to
Ar, maintaining the total flow rate at 130.4 ml min~!, equivalent
to a space velocity of 124,500 h~'.

The following masses were continuously monitored to have a
clear picture of the regeneration process: (m/e=30) for '“NO,
(mle=18) for H,0, (mfe=28) for 'N,, (m/e=32) for O,
(m/e=46) for NO,, (m/e=44) for N,0, (m/e=2) for H, and
(m/e = 15) for "“NH, which can be attributed to the *NH fragment
of 1NH3, avoiding the overlapping of H,0 when the monitoring of
ammonia is being done with the mass (m/e=17) “NH; or
(m/e =16) “NH..

When '’NO was admitted during regeneration instead of “NO,
the composition of the feedstream was not altered: 800 ppm of
15NO, 0.46% H,, 5.6% Kr and balance to Ar. In this case, apart from
the masses already reported, the following masses were also con-
tinuously monitored: (m/e = 29) for “N'>N, (m/e = 30) for >N, or
1“NO and (m/e = 31) for '>NO.
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2.3.2. Moving to shorter regeneration periods by increasing H
concentration

In order to more closely reflect real conditions, the NO, storage
and reduction experiments were carried out limiting the length of
the storage and reduction periods to 2 min. During the regenera-
tion, the higher H, concentration allowed us to shorten the regen-
eration time of the catalysts to a few seconds. The hydrogen
concentration was varied from 0.46% to 3.83%, and the experi-
ments were run with either NO or '’NO present during the
regeneration.

3. Results and discussion
3.1. Effect of the presence of NO during LNT regeneration

As indicated in Introduction, most work dealing with mechanis-
tic aspects of NO, storage and reduction has omitted to include NO
during the regeneration part of the experiments. It is important to
investigate whether or not the inclusion of NO during regeneration
changes the product profiles. For these experiments, the lean gas
mixture composed of 800 ppm NO, 6% O, and Ar to balance was
fed to the Pt-Ba/Al,03 catalyst until saturation of NO,. As the pre-
vious studies reported [11], the NO, storage capacity shows a vol-
cano-type dependence on the temperature, with a maximum
typically occurring at 350 °C. Therefore, 15 min was needed to sat-
urate the catalyst when the reaction was carried out at 190 °C,
whereas 20 min was needed at 340 °C. After saturation, the feed-
stream was switched to rich conditions, and the catalyst regenera-
tion was carried out in the presence or absence of 800 ppm NO
along with 0.46% H, and Ar to balance.

During the regeneration, the evolution of different mass signals
which can be assigned to different products was recorded and
these are plotted in Fig. 1. Fig. 1a shows the evolution of NO (m/
e =30), N, (m/e=28), NH; and OH (m/e=17) and NH (m/e =15)
signals in the presence (red'! points) and in the absence (black
points) of NO when the regeneration was carried out at 190 °C. Sim-
ilarly, Fig. 1b shows the evolution of N,O (m/e = 44), H,0 (m/e = 18),
H, (m/e = 2) and the exit temperature profile. The Y axis depicted in
Figs. 1 and 2 is shown in arbitrary units except in case of tempera-
ture. The same procedure was used to investigate the NO, reduction
performance when the reaction was carried out at 340 °C (Fig. 2a and
b).

As can be observed in Fig. 1a, when the rich feed is admitted to
the catalyst (t =0), the NO signal drops from the saturation level
(300 a.u.) to below 20 a.u. in the presence and in the absence of
NO. However, in the presence of NO during regeneration, a sudden
release (known as “NO, puff”) is recorded at the beginning of the
rich period, which is not observed in the absence of NO. Therefore,
it can be concluded that when NO is admitted during regeneration,
the supply of reductant is not sufficient to reduce the NO being re-
leased from the catalyst surface as well as that present in the gas
stream. Simultaneously, the reduction in stored nitrates with the
incoming H, led to the formation of N, NH3, N,O and H,0. As
can be observed in Fig. 1a and b, the formation of N, and N,O is de-
tected immediately after the rich period starts, whereas the detec-
tion of H,O and NHj; is delayed to some extent. The (m/e=18)
signal corresponding to H,O is detected after 20 s of regeneration.
At the same time, together with H,O breakthrough, the (m/e =17)
signal breakthrough is detected due to the OH (m/e = 17) fragmen-
tation coming from H,0. However, if the monitoring of ammonia is
carried out using the NH fragment (m/e =15), it is possible to
remove any contributions from mass fragmentation from other

! For interpretation of colour in Figs. 1-5 and 7-9, the reader is referred to the web
version of this article.

species and consequently it can be observed that NHs is only de-
tected after 40 s into the regeneration.

The presence of NO during regeneration increases the total
amounts of N,, NH; and H,0 significantly, whereas the formation
of N,O remains practically unchanged, suggesting that stored ni-
trates are the only source for N,O formation and that incoming
NO does not participate in its formation. As expected, the addition
of NO during the rich period increases the time needed to obtain
the complete regeneration of the trap. This can be understood be-
cause apart from stored nitrates, hydrogen also has to reduce the
incoming gas phase NO. Consequently, the hydrogen breakthrough
is delayed for 40 s as can be observed in Fig. 1b. The complete con-
sumption of H, during the initial period of the regeneration to-
gether with the rectangular shape of the H,O formation curve
indicates a “plug flow” type of mechanism. As several authors have
already reported [9,14,15,25], the hydrogen front travels through
the catalyst bed with complete regeneration of the trapping sites
as it propagates down the bed. Those reactions, leading to the final
regeneration of the trap, are exothermic, increasing the tempera-
ture of the catalyst bed from 189 °C to a maximum of 196 °C, which
is coincident in time with the hydrogen breakthrough, or the end of
the regeneration. After complete regeneration has been obtained,
the catalyst temperature slowly decreases until the initial temper-
ature is recovered.

In the absence of NO during regeneration, the signal corre-
sponding to N, NH3, N,O and H,0 decreased slowly back to the
baseline once the regeneration of the trap was finished. However,
in the presence of NO, the signals corresponding to N,, NHz and
H,0 remained constant at values higher than the baseline. Thus,
it can be deduced that after catalyst regeneration, when no nitrates
are present in the catalyst surface, the reaction between NO and H,
led to the formation of those products, with the production of NH3
being more favourable than N, due to the low NO/H, ratio, as re-
ported by Mulla et al. [15]. The reaction between NO and H, once
the trap was regenerated led to a total reduction in NO, as the (m/
e = 30) signal was maintained below 20 a.u. Consequently, a partial
consumption of H, was observed, as compared with the (m/e = 2)
H, signal in the absence of NO (Fig. 1b).

Several differences can be observed when the NO, storage and
reduction is carried out at 340 °C (Fig. 2). First, a longer lean period
time was needed to saturate the catalyst, which means that higher
quantities of NO, were stored and consequently the formation of
larger quantities of products is expected. In fact, the areas under
the N, and H,O curves increased by 50% and 62%, respectively. In
contrast, the formation of N,O was negligible and NH; formation
was only detected after 120 s of regeneration.

The results obtained in the absence of NO during regeneration
are in agreement with mechanistic aspects of the regeneration al-
ready reported [13-15,18]. The reduction in stored nitrates with
hydrogen has been reported to occur by the following reactions:

Ba(N03)2 + 8H2 — 2NH3 +BaO + 5H20 (1)
Ba(NOs), + 5H; — N + BaO + 5H,0 )

Lietti et al. [18] reported that during reduction in stored nitrates
at 100 °C, reaction (1) accounted for almost all the H, consump-
tions, demonstrating that stored nitrates were reduced efficiently
and selectively (>90%) to ammonia. On increasing the reduction
temperature, nitrogen formation was promoted due to reaction
(3) where the ammonia formed continues to react further with
stored nitrates to form nitrogen.

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

Thus, nitrogen formation involves a two-step pathway: the fast
formation of ammonia by reaction of nitrates with H, (reaction (1))
and the subsequent reaction of the ammonia formed with stored
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nitrates leading to the selective formation of N, (reaction (3)). This
overall mechanism of nitrate reduction during LNT regeneration
explains the evolution of products at the reactor exit shown in
Figs. 1 and 2 when NO is not fed during regeneration. When the
hydrogen front enters the catalyst, the stored NO, is thought to
be converted mainly to ammonia, together with total H, consump-
tion. Then, the ammonia formed in the regeneration front reacts
further with stored nitrates located downstream to form nitrogen.
Thus, the formation of N, is detected as soon as the regeneration
period starts, but no ammonia can be detected as it is completely
consumed. As the regeneration time increases and the hydrogen
front moves forward, the ammonia formed has fewer nitrates to re-
act with, and consequently, some NHs; remains unreacted and is
detected at the outlet of the reactor.

The catalyst temperature has been reported to be an important
parameter, which determines the extent of ammonia slip [19,26].
When NO, storage and reduction cycles are carried out at 190 °C
(Fig. 1), all the NH3 formed reacts too slowly with stored nitrates
located downstream compared with the residence time in the reac-
tor and, therefore, unreacted NHj is observed after 40 s of regener-
ation. At 340 °C, reaction (3) is much faster and, consequently, NH3
cannot be detected until 120 s of regeneration, i.e. when N, and
H,O0 signals start to decrease, meaning that the catalyst regenera-
tion is nearly complete and almost no nitrates are present with
which NHj; can react.

When the regeneration of the catalyst is carried out in the pres-
ence of NO, as well as reactions (1)-(3), the following reactions
may also occur:

2NO + 5H, — 2NH; + 2H,0 (4)
2NO + 2H, — 2N, + 2H,0 (5)

The reaction between the incoming NO and H, once the trap is
regenerated will preferentially lead to the formation of NH3 due
to the presence of excess of hydrogen, with respect to that stoichio-
metrically needed to reduce all NO. Note that this reaction may also
occur during the regeneration in the reactor zones upstream of the
hydrogen front, where the catalyst is already regenerated. Conse-
quently, this additional ammonia, apart from that formed from
stored nitrates (reaction (1)), may also be involved in the final pro-
duction of nitrogen via reaction (3).

3.2. LNT regeneration in the presence of (isotopically labelled) >NO

In an attempt to differentiate the origin of nitrogen production
(reaction (3)), that is, via NH3 formed from stored nitrates (reaction
(1)) or via NH3 formed from reaction between NO and H; (reaction
(4)), experiments were carried out but feeding '>NO during regen-
eration instead of NO. 15 min was used to saturate the catalyst
when the reaction was carried out at 190°C and 20 min at
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340 °C. The catalyst was saturated with a gas mixture composed of
800 ppm '“NO, 6% 0, and Ar to balance. Therefore, all nitrogen
stored as nitrates in the catalyst surface will be labelled by '“N.
Afterwards, the feedstream was switched to rich conditions con-
taining 800 ppm '°NO, 0.46% H, and Ar to balance.

Fig. 3 shows the evolution of '°N, or NO (m/e = 30), '*N, (m/
e=28) and ">N'N (m/e=29) signals during LNT regeneration.
Fig. 3a shows the evolution of those masses when the reaction
was carried out at 190 °C, and Fig. 3b shows the corresponding re-
sults at 340 °C. Red points represent the evolution of each compo-
nent when 'NO is fed during regeneration; black points represent
the evolution of the same masses but in the presence of >NO. In
Fig. 3, when unlabelled NO is fed during regeneration, the “NO
(m/e = 30) reduction pattern as well as the '*N, (m/e = 28) forma-
tion follows the same behaviour as that shown in Figs. 1 and 2,
and the signal corresponding to (m/e =29) remains negligible all
over the regeneration period. On the contrary, when °NO is fed
during regeneration, notable differences can be observed. First,
the (m/e = 30) signal is always higher when °NO is used instead
of NO. Second, in the presence of '°NO, the (m/e = 28) signal de-
creases to around a half. Finally, we observe a huge production of
the mass (m/e = 29).

On the basis of the results shown in Fig. 3, three different path-
ways for nitrogen formation could be proposed to fit the experi-
mental data. The first route for nitrogen formation involves the

reaction between hydrogen and stored nitrates to form '*NH;. Note
that during the lean period '“NO was fed to the catalyst and, there-
fore, the stored nitrates are '“N labelled. Thereafter, further reac-
tion of this ammonia with stored nitrates could lead to the final
formation of nitrogen (**N,). This is the route already reported in
the literature in the absence of NO during regeneration [14,18].
The formation of nitrogen via this route is detected by the (m/
e =28) signal.

Route 1:
Ba("*N03), + 8H, — 2'“NH; + BaO + 5H,0 (6)
3Ba(**NO0s), + 10"*NH; — 8'*N'N + 3Ba0 + 15H,0 7

The second route for nitrogen formation involves the reaction
between the incoming '>NO with H, to form '°NHs, which again
further reacts with stored nitrates ('*N labelled) to form nitrogen
(NN and '°N,). This route is detected mainly by the (m/
e =29) signal.

Route 2:

215NO + 5H, — 2'°NH; + 2H,0 (8)
3Ba(**NO;), + 10"°NH; — 6™N'5N + 2'5N'5N + 3Ba0 + 15H,0 (9)

Another third route for nitrogen formation is the direct reaction
between incoming '>NO and H, to form '°N, (reaction (10)). Note
that the reaction between '>NH; formed from reaction (8) which
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reacts with '>NO to form "N, cannot be excluded (reaction (11)).
The formation of nitrogen via this route is detected by the (m/

e =30) signal.

Route 3:
25NO + 2H, — NN + 2H,0 (10)
45NH; + 6°NO — 5NN + 6H,0 (11)

It is worth noting that when '>NO is fed during the rich period, the
mass 30 (black points) would account for the sum of "“NO (m/
e = 30) being released from the catalyst surface without being re-
duced and '°N, (m/e = 30) being formed due to reactions (9)-(11).
However, when the catalyst regeneration is carried out in the pres-
ence of 'NO (red points), the (m/e = 30) signal only provides the
variation in ¥NO. The difference between the red and black lines
does give the evolution of '°N, and is shown in blue in Fig. 3. As
can be observed, at 190 °C, a constant signal around 60 a.u. can be
observed after the catalyst has been regenerated due to >N, forma-
tion. On the other hand, at 340 °C, a sharp peak at the initial period
of regeneration can be observed (coincident with the “NO, puff”),
decreasing to almost zero for long regeneration times. This means
that after the catalyst has been regenerated, the formation of >N,
via reactions (10) and (11) is more favoured at low temperature
(190 °C) rather than high temperature (340 °C). However, it has to
be kept in mind that >N, is formed to a much smaller extent in
comparison with NN and '“N,, which are the major nitrogen
products.

In summary, the use of '>NO during Pt-Ba/Al,O5 catalyst regen-
eration allowed us to propose three different pathways for nitro-
gen formation. In fact, all nitrogen detected as '“N, (m/e = 28)

when '¥NO is fed during regeneration can be differentiated as
14N, (mfe=28), NN (m/e =29) or '*N, (m/e=30) when '>NO
is fed.

3.3. Moving to shorter regeneration periods in the presence of >’NO

In order to move to conditions closer to real operation, shorter
NO, storage and reduction cycles were tested over the Pt-Ba/Al,03
catalyst. As has been already reported, the amount of hydrogen
supplied, that is Cyy X ticn, determines the extent of NSR catalyst
regeneration [15,20]. Consequently, shorter rich period times re-
quire higher H, concentrations so as to obtain complete regenera-
tion of the catalyst. Therefore, the hydrogen concentration was
progressively increased from 0.46% to 3.83% in the presence of
800 ppm of >NO and Ar to balance. The storage period was
2 min long with a feed composed of 800 ppm “NO, 6% O, and Ar
(balance).

Fig. 4 shows the evolution of the *NO signal during NO, storage
and reduction cycles when the hydrogen concentration fed during
the rich period is changed from 0.46% to 3.83%. During the initial
period of storage, the '*NO signal value remained practically neg-
ligible, meaning that all NO being fed was efficiently stored.
Increasing the lean period time, the adsorption sites became pro-
gressively saturated and, consequently, the *NO breakthrough
started after 30 s when the reaction was carried out at 190 °C
and after 40 s at 340 °C. Once the catalyst had been exposed to
the lean gas mixture for 2 min, the feedstream was switched to rich
conditions and the “NO signal decreased gradually to zero. It is
worth noting that, as the hydrogen concentration was increased,
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the regeneration of the catalyst occurred faster and, consequently,
the NO tail became less evident. Considering the cumulative stor-
age behaviour all over the entire lean period, it can be observed
that the evolution of '¥NO signal is the same for every hydrogen
concentration used during regeneration. Therefore, equal amounts
of NO are expected to be trapped in each experiment.

The evolution of "N, (m/e = 28), 1*N'>N (m/e = 29) and °N, (m/
e = 30) signals during Pt-Ba/Al,03 catalyst regeneration is shown
in Fig. 5. As we have previously reported, the formation of '“N,
or NN involves the participation of stored nitrates (see reac-
tions (7) and (9)) and, consequently, the evolution of those prod-
ucts follows the extent of catalyst regeneration. Thus, it can be
assumed that complete regeneration of the trap is obtained (i.e.
no nitrates on the surface) when the formation of '“N, or *N'°N
decreases to the baseline.

The hydrogen concentration used during the rich period deter-
mines the time needed to obtain the complete regeneration of the
trap, which is measured by the width of the 1N, or NN peak. As
the reductant concentration is increased, the regeneration occurs
more rapidly, e.g. when the reaction is carried out at 190 °C, 42 s
is needed to achieve the complete regeneration of the trap using
0.46% H, whereas only 5 s is needed when the hydrogen concen-
tration is increased up to 3.83%. On the other hand, when the reac-
tion is carried out at 340 °C, higher amounts of NO, are trapped
during the lean period (see Fig. 4), and consequently, longer rich
period times are needed to regenerate the catalyst, 75s using
0.46% H; and 8 s using 3.83% H.,.

Regeneration period
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Fig. 5. Evolution of N, (m/e = 28), *N'>N (m/e = 29) and '°N, (m/e = 30) for hydrogen concentrations from 0.46% to 3.83% during regeneration. (a) 190 °C; (b) 340 °C. (For
interpretation of the references to colours in this figure legend, the reader is referred to the web version of this paper.)
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Interestingly, the evolution of *N, and “N'>N strongly differs
when the hydrogen concentration is increased. On the one hand,
for low H, concentrations, a broad peak corresponding to N, pro-
duction can be observed. Then, as the hydrogen concentration is
increased, the '“N, production peak becomes progressively shar-
per, decreasing continuously the width of the peak but increasing
the maximum value. On the other hand, when the H, concentra-
tion is increased, the width of the N'>N peak continuously de-
creases and its maximum value remains constant at 190 °C and
slightly increases at 340 °C. In order to observe more clearly the
evolution of "N, and '“N'°N production when the H, concentra-
tion is increased, the areas under the curve were calculated in
Fig. 5 and plotted in Fig. 6. As it can be observed, the production
of N, remains fairly constant with increasing hydrogen concen-
tration whereas the production of NN is continuously
decreasing.

3.4. Discussion

During LNT regeneration, different zones are present in the
reactor as explained by Lietti et al. [18]. An initial zone (I), up-
stream of the H, front where the trap is already regenerated; (II)
the zone corresponding to the development of the H, front, where
the reductant concentration decreases to zero due to its fast reac-
tion with stored nitrates; (III) a zone immediately downstream
from the H, front in which nitrates are present because of the com-
plete H, consumption upstream and the last zone (IV) in which the
initial nitrate loading is still present. The dynamics of Pt-Ba/Al,03
catalyst during regeneration is greatly influenced by the hydrogen
concentration fed, and therefore, the formation and extension of
the aforementioned zones is also affected.

Fig. 7 shows the evolution of different zones along the catalyst
length with increasing rich period time for low (0.77% H,) and high
(3.03% H;) reductant concentrations when the regeneration is car-
ried out at 340 °C. As can be observed, the fast transient apparatus
used in this study allows us to switch between lean and rich cycles
very quickly and, consequently, there is no inert gap between cy-
cles. However, when the transition between oxygen-containing
and hydrogen-containing feedstreams reaches the catalyst, hydro-
gen is totally consumed in the reduction of stored nitrates, leading
to an increasing gap between oxygen and hydrogen fronts. Conse-
quently, upstream of the hydrogen front, an oxygen-free zone is
formed in which some of the physisorbed or weakly adsorbed
NO, is released due to the decrease in oxygen partial pressure
[11,12], contributing to the “NO, puff’ previously described and
shown in Fig. 1. As the regeneration time increases, the hydrogen
front moves forward leading to the formation of the four zones
previously proposed. The extension of each zone was estimated
based on Fig. 5. The total regeneration of the catalyst (i.e. when

6
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Fig. 6. Production of N, and "“N'>N with H, concentration, at 190 °C and 340 °C.

14N, or N'°N formation decreases to zero) was detected after
40 s for a H, concentration of 0.77%. Assuming a homogeneous dis-
tribution of nitrates along the catalyst length, the hydrogen front
will move forward with a constant velocity. Thus, after 10 s of
regeneration, only a quarter of the catalyst will be regenerated. Fol-
lowing the same procedure, the extension of each zone was also
calculated for a H, concentration of 3.03%.

In zone I, where no nitrates are present on the catalyst surface,
platinum will catalyse the reduction in the incoming >NO with H,
just as would happen in a steady-state reaction between these two
compounds. In order to know the reduction conversion and prod-
uct selectivity, we performed several steady-state experiments
feeding 800 ppm of NO and different hydrogen concentrations
from 0.46% to 3.83%, at 190 and 340 °C. In all cases, we observed
that NH; was the main product of the reaction along with some
traces of N, whereas the formation of N,O was negligible. Those re-
sults are in agreement with Mulla et al. [15] wherein the selectivity
to NH3 was found to be dependent on the NO/H, ratio. The selec-
tivity to NH3; was favoured with decreasing NO/H, ratio, that is,
when H, is in excess. In fact, when the NO/H, ratio was 0.4, the
selectivity to NHz was 77%. Note that the NO/H, ratio used in our
experiments was even lower, varying from 0.17 to 0.021, and,
therefore, almost 100% selectivity to NH3 is expected. Thus, the
reaction between >NO and H, in zone I will lead to the formation
of 1>NH; (reaction (8)), which will travel along the catalyst until it
reaches the regeneration front. Depending on reaction tempera-
ture, NH; could be as effective as H, in the reduction of stored ni-
trates. NO, storage and reduction experiments carried out with
mixtures of NHs and H, during regeneration (not shown) showed
that the breakthrough for these two components was coincident
in time if the temperature was high enough (340 °C). Conse-
quently, it can be concluded that >NHj3 is probably consumed in
the regeneration front (zone II) or in the downstream nearby zone
(zone III) leading to the formation of *N'°N (reaction (9)). On the
other hand, at lower temperatures (190 °C), NH; breakthrough is
detected before H,, meaning that some NH; moves forward
through the H, front and leaves the catalyst without reacting. Thus,
the effectiveness of NH3 acting as a reductant for stored nitrates
decreases with temperature, as previously reported by Lietti
et al. [18].

It is obvious that the reaction between NO and H, to form
5NH; in zone I will gradually progress down the catalyst bed.
However, if we assume that the extension of zone I is long enough
to obtain total conversion, 800 ppm of '>NH; would be produced
and will be continuously reaching the regeneration front. Conse-
quently, one part of the H, fed will be consumed in the formation
of 1>NHs;, whereas the excess will be used in the reduction of stored
nitrates in the regeneration front.

When a low H, concentration is used (0.77%), the regeneration
front slowly moves forward along the catalyst, i.e. 40 s is needed to
obtain the complete regeneration of the catalyst bed (Figs. 5 and
7a). In that case, during all the 40 s of regeneration, the '>NH;
formed in zone [ will travel along the catalyst bed and will be in-
volved, along with hydrogen, in the reduction of stored nitrates
in the regeneration front (zone II) or nearby (zone III). Thus, when
low H, concentrations are used, the relative importance of '>NHj3
with respect to H in the reduction of stored nitrates will be note-
worthy, and consequently, the formation of *N'°N [Route 2, reac-
tions (8) and (9)] will be promoted (see Fig. 6).

On the other hand, when a high H, concentration (3.03%) is
used, the regeneration front moves forward much faster and, con-
sequently, complete regeneration is obtained in only 10 s (Figs. 5
and 7a). Note that the formation of ">NHj is limited by the concen-
tration of 'NO fed (800 ppm) and consequently the amount of
15NHj; acting as reductant would be limited and would be the same
irrespective of the H, concentration used during the regeneration.
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Therefore, by increasing the H, concentration, the relative impor-
tance of '>NHj; acting as reductant of stored nitrates with respect
to H, is reduced, and the production of ¥N'>N decreases as can
be observed in Fig. 6. On the other hand, the production of N,
is almost unaffected by the hydrogen concentration fed during
regeneration (Fig. 6). As explained before, when the hydrogen con-
centration is increased, the relative importance of '>NHj; acting as
reductant decreases in favour of Hy, and consequently, the forma-
tion of "N, [Route 1, reactions (6) and (7)] should increase. How-
ever, our experiments showed that the production of N, remains
fairly constant with increasing hydrogen concentration. This could
be explained by the opposite effect of the reduction selectivity of
stored nitrates, favouring the formation of *NH; at the expense
of 14[\]2.

In order to find evidence to support our previous suggestion, we
monitored accurately the formation of ammonia during LNT regen-
eration using an online FT/IR analyser. Fig. 8 shows the evolution of
NHs when the regeneration was carried out with different H, con-
centrations in the absence of NO at 340 °C. As previously men-
tioned, increasing the H, concentration means that the
regeneration of the trap occurred faster and consequently NHs
was detected earlier in the regeneration period. Furthermore,
increasing NHs slip was clearly observed, which indicated that

ZONE Il and ZONE IlI ZONE IV

N
o
z
m

Fig. 9. Schematic of the proposed regeneration mechanism of the LNT with
hydrogen. Storage was achieved with "¥NO and regeneration in the presence of
5NO.

the formation of NHs from stored nitrates is favoured at the ex-
pense of nitrogen when the H, concentration was increased.

Thus, it can be concluded that two contradictory effects are con-
trolling the formation of '*N,, which, in fact, make its rate of pro-
duction fairly constant. On the one hand, as the H, concentration
increases, the formation of '“N, is promoted via Route 1. On the
other hand, the selectivity of the reduction in stored nitrates to-
wards nitrogen decreases in favour of ammonia.

Fig. 9 shows a schematic of the proposed regeneration mecha-
nism of the trap with hydrogen. The figure illustrates the propaga-
tion of the hydrogen front and the interactions with stored *NO,
and incoming °NO. In the reactor zone where the trap has been
regenerated (zone 1), the incoming '>NO reacts with H, to form
5NH; or >N, (Route 3). The '>NH; formed will travel along the
catalyst until it reaches the regeneration front where it will further
react with released '“NO, to form *N'°N and °N, (Route 2). Alter-
natively, the hydrogen that has not been consumed in the produc-
tion of '>NH; reacts with released “NO, to form '#NHs. This
ammonia can further react with *NO, on Pt to form !“N, (Route
1). The selectivity of the individual species will depend on the local
NO,/H; concentration ratio.

4. Conclusions

The LNT regeneration mechanism proposed in the literature in
the absence of co-fed NO during regeneration, which involves NH3
as an intermediate for the final production of nitrogen, has been
confirmed. This has now been extended with additional routes
for nitrogen formation when NO is present during the regeneration,
as occurs in a real lean-burn automobile application.
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In order to elucidate the role of the incoming NO during the
regeneration of LNT and its participation in nitrogen formation,
isotopically labelled techniques were employed. During the lean
period, the “NO-containing feedstream was fed to the catalyst,
and consequently, all stored nitrates were '“N labelled. During
the subsequent rich period, isotopically labelled '>NO was fed.
When NO, storage and reduction cycles were carried out feeding
NO during both the lean and rich periods, all nitrogen produced
in the regeneration period was detected as !N, (m/e = 28). On the
other hand, when >NO was admitted during the regeneration per-
iod, three different masses were detected for nitrogen formation,
i.e. 1N, (m/e =28), *N'>N (m/e =29) and '°N, (m/e = 30). On the
basis of these results, three different routes for nitrogen formation
were deduced: In Route 1, the incoming hydrogen reacts with
stored nitrates (1N labelled) to form *NHs;, which further reacts
with stored nitrates (**N labelled) located downstream to form
14N,. In Route 2, the incoming >NO reacts with hydrogen to form
15NH; upstream of the hydrogen front, that is, in the reactor zone
where the trap has been already regenerated. Then, the '>NH;
formed travels through the catalyst bed until it reaches the regen-
eration front where it gets involved in the reduction of stored ni-
trates (!N labelled) leading to the formation of NN (m/
e =29). In Route 3, incoming '>NO reacts with hydrogen to form
5N, (mfe = 30).

The extension of the different routes for nitrogen formation
proposed is affected by the hydrogen concentration and '>NO
concentration fed during the regeneration step. First, it is worth
noting that the inlet concentration of '>NO is maintained constant
for all experiments, leading to a constant formation rate of '>NH3
irrespective of the H, concentration used. On the other hand,
when a low H, concentration is used, the regeneration of the trap
occurs slowly and, therefore, the total amount of '°NHj3 acting as
reductant will be significant, promoting the formation of “N'’N.
Increasing H, concentration results in the decrease in the regen-
eration time. Consequently, the total amount of '>NH; acting as
reductant decreases, i.e. the relative importance of '>NH3 acting
as reductant of stored nitrates decreases in favour of H,, what
also decreases the formation of '“N'’N. Although this would im-
ply an increase in the production of N, via Route 1, in fact this
production was experimentally observed to be constant. The
explanation offered is that the selectivity of the reduction in
stored nitrates towards nitrogen is also affected by hydrogen con-
centration just in the opposite way, that is, nitrogen selectivity
decreases in favour of ammonia with increasing hydrogen con-
centration. The combination of these two opposed effects makes
the production of '“N, fairly constant and independent of the
H, concentration.

All experiments in this study have been done without feeding
water, which however is present in real vehicle application. The
potential impact of feeding H,O to the LNT is under current re-
search in our laboratories.
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