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The interaction of soot with nitrates stored on a model PtBa/Al, 03 LNT catalyst sample is here investigated
under realistic conditions, i.e. upon lean/rich cycling in the presence of water and CO,. The presence of
soot inhibits the NO, storage capacity of the catalyst during the lean phase at different temperatures, in
the range 200-350°C, but does not affect significantly the regeneration process of the stored nitrates.
Simultaneously with the NOy storage, soot is converted to CO, at temperatures above 300 °C. Soot is

oxidized by NO, formed by NO oxidation on Pt sites, but the participation of the stored nitrates in the
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soot oxidation is also likely, as pointed out by TPD/TPO experiments showing the occurrence of a surface
reaction involving soot and the stored nitrates.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The reduction of both soot (particulate matter) and NOy emis-
sions from diesel-equipped vehicles is nowadays mandatory to
cope with the next coming emission standards [1]. The soot removal
relies on the use of diesel particulate filters (DPFs) [2], that must
be periodically regenerated to remove the entrapped soot avoiding
excessive pressure drops at the exhaust. For this reason the filter
may by catalyzed to promote soot combustion at lower tempera-
tures.

Concerning NOy, either selective catalytic reduction (SCR) [3,4]
or nitrogen storage reduction (NSR), also quoted as lean NOy trap
(LNT) [5-7], represent the top contenders for reducing NOy concen-
trations in the exhausts from diesel and lean burn gasoline engines
[1]. While the SCR technique is based on the reaction between
injected NH3 and NO present in the flue gases on metal-substituted
zeolites [1] or vanadia-tungsta-titania catalysts [8], NSR catalysts
make no use of any external reductant. These catalysts operate
the NOy reduction under cyclic conditions by alternating long lean
phases during which NOy emitted in the exhaust gases are adsorbed
on the catalyst, with subsequent short rich periods in which the
stored NOy are reduced by H,, CO and hydrocarbons (HC) present
in the flue gases to produce nitrogen [5-7]. LNT catalysts are gen-
erally made by a high surface area support (such as y-Al,03),
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alkaline/alkaline-earth metal oxides (such as K;0 and BaO) and pre-
cious metals like Pt, Rh, Pd; other components are also present in
fully formulated catalysts (e.g. CeO,). Hybrid NSR + SCR configura-
tions have also been proposed, since they guarantee higher NOy
removal efficiencies [3,9-14].

Exhaust after-treatment systems able to cope with the next
coming strict emission standards are rather complex. De-soot and
De-NOy devices are used, along with a diesel oxidation catalyst
(DOC) as well. However the optimal design of the after treatment
exhaust system is still a matter of debate: the DOC is generally
placed upstream the DPF and SCR/LNT converters, while different
solutions have been proposed for the DPF and the DeNOy cata-
lyst. Integrated (or one-pot) solutions have been proposed, like
catalyzed diesel particulate filters (CDPFs) which act as DOC but
also remove soot, or the DPNR (diesel particulate-NOy reduction)
technology which has been recently proposed by the Toyota group
[15,16]. The DPNR technique has the unique capacity to remove
simultaneously soot and NOy, and is based on the use of a cat-
alyzed filter on which a NSR catalyst is deposited. In this way soot is
removed by the filter while NOy are reduced according to the NSR
technology [15].

Despite DPNR systems are used at a commercial scale, still
many aspects concerning their catalytic performances, the operat-
ing reaction mechanisms and the interactions between the De-soot
and De-NOy functions are still under debate. This has motivated
in recent years a number of studies concerning the reactivity of
NSR catalysts in the presence of soot [17-20]. In previous works
from our group the behavior of model PtBa/Al;03 and PtK/Al,O3
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LNT catalysts in the simultaneous removal of soot and NOy has
been investigated. It has been shown that during the lean phase
NOy are being stored on the catalyst surface, while soot oxidation
occurs involving primarily NO,, formed upon NO oxidation [21,22].
However more recent studies have shown that NOy species, stored
onto the trapping component of the catalyst, may participate in the
combustion of soot by releasing gaseous NOyx upon decomposition
and/or by directly reacting with soot according to a surface reac-
tion [23-26]. Besides, it has been shown that the presence of soot
depresses the NOy storage capacity of the catalyst, in line with data
obtained by Pieta et al. [27].

Along similar lines, Kustov et al. [18] showed that the stored
nitrates may decrease the temperature of soot oxidation when
nitrate decomposition occurs in a proper temperature range, due
to the release of NO, in the gas phase. More recently studies carried
out by Sanchez et al. [28,29] on K/La;03-based catalysts indicated
that the reaction between soot and trapped NOy can proceed before
the decomposition of nitrates.

Aim of the present work is to provide additional insights on the
effects of the presence of soot on the catalytic behavior of a model
PtBa/Al, 05 LNT catalyst, and in particular to gain further insight on
the interaction between soot and the stored NOx on the De-soot
and De-NOy activity of the catalyst. For this purpose, NOy stor-
age/reduction experiments have been performed over the selected
catalyst sample by alternating lean/rich cycles both in the pres-
ence and in the absence of soot. At variance with previous studies
[21-23,25,26], in this study the absorption and reduction of the
NOy has been investigated by alternating short lean and rich phases
with no inert purge in between, thus providing results closer to the
transient conditions adopted under real applications.

The interaction between soot and the stored NOy species has
been further investigated by temperature programmed methods
under inert flow (TPD) and in the presence of oxygen (TPO) in which
the stability/reactivity of the stored NOy species has been analyzed
both in the presence and in the absence of soot. The experiments
have also been carried out over a platinum-free catalyst in order to
assess the role of Pt in the stability/reactivity of adsorbed nitrates
as well.

2. Materials and methods

A model PtBa/Al, 05 (1/20/100 w/w/w) catalyst was used in this
study. The sample was prepared by incipient wetness impregna-
tion with dinitro-diammine platinum (Strem Chemicals, 5%) and
then with barium acetate of an Al, 03 support, obtained by calcina-
tion at 700 °C of a commercial alumina (Versal 250 from UOP). After
each impregnation steps, the powders was dried overnight in air at
80°Cand calcined at 500 °Cfor 5 h. The selected impregnation order
(first Pt and then Ba) has been adopted in order to ensure a good
dispersion and stability of the noble metal on the alumina support,
in line with the recipes of Toyota patents [30]. A Pt-free sample
(Ba/Al,03, 20/100 w/w) was also prepared by impregnation of alu-
mina with an aqueous solution of barium acetate (Sigma-Aldrich,
99%), followed by drying overnight in air at 80 °C and calcination at
500 °C for 5 h. Finally, for comparison purposes, a sample was also
prepared in which a Ba(NO3);, solution was directly impregnated
over the calcined alumina support (Ba/Al,03 ratio: 20/100 w/w).
After impregnation, the sample was dried at 80 °C overnight. In the
following, this sample will be referred as Ba(NO3),/Al,03.

Surface area and pore size distribution of the prepared cata-
lyst samples were determined by N, adsorption-desorption with
the BET method using a Micromeritics TriStar 3000 instrument.
The specific surface area of the ternary PtBa/Al,03 sample is
near 160m2g~'; a lower surface area value was determined for
the Ba/Al,03 sample (105m2g-1). The surface area contraction

is accompanied by a slight reduction of the pore volume, from
0.80 cm3/g for the PtBa/Al, 03 catalyst down to 0.63 cm3/g for the
binary Ba/Al,03 sample. The Pt dispersion of the PtBa/Al,03 sam-
ple was also estimated by hydrogen chemisorption at 0 °C(TPD/R/O
1100 Thermo Fischer Instrument). The measured Pt dispersion
value was near 60%.

The Ba/Al,03 and PtBa/Al,O3; catalysts were characterized
by XRD analysis (Briitker D8 Advanced Instrument equipped
with graphite monochromator on the diffracted beam). The
XRD patterns showed both the monoclinic (JCPDS 78-2057) and
orthorhombic (Whiterite, JCPDS 5-378) polymorphic forms of
BaCOs3, in addition to microcrystalline y-Al, 03 (JCPDS 10-425).

Printex-U (Degussa) was used as model soot, whose properties
are well addressed in the literature [31]. Catalyst-soot mixtures
were prepared by gently mixing in a vial the catalyst powder
(74-105 pm) with the soot, thus realizing a loose contact which
is representative of the soot/catalyst contact mode occurring in the
DPNR system where soot is entrapped in the filter pores[15]. A soot
loading (Wseot/Wcat) Near 11% has been typically employed. A sam-
ple with an intimate catalyst/soot interaction was also prepared
by direct impregnation of the soot powder with aqueous solutions
of Ba nitrate (“full contact” sample [32]). After impregnation, the
sample was dried overnight at 100 °C. In the following, this sample
will be referred to as Ba(NOs ),/soot.

The reactivity experiments were performed in a flow micro-
reactor system, consisting of a quartz tube (7 mm i.d.) equipped
with a mass spectrometer (Omnistar 200, Pfeiffer Vacuum), a micro
GC (Agilent 3000A) and an UV analyzer (Limas 11HW, ABB) for the
on-line analysis of the reaction products. In each run 60 mg of cata-
lyst have been used and the total flow rate was set at 100 cm?3/min
(at 0°C and 1 atm). The catalytic De-NOy and De-soot activity was
investigated by performing lean-rich cycles at constant tempera-
ture alternating rectangular step feeds of NO (1000 ppm, v/v)+3%
(v/v) of O (lean phase) with feeds of H, (4000 ppm, v/v, rich phase).
The abrupt switches between the adsorption and the regeneration
phase have been realized with the use of four-port valves. Experi-
ments were performed in presence of 1% (v/v) H,0 and 0.1% (v/v)
CO, at different temperatures, in the range 200-350°C and with
different NO inlet concentrations (500, 1000 ppm),

In order to analyze the interaction between soot and the
stored NOy, TPD and TPO experiments were also performed over
PtBa/Al,03 and Ba/Al,03 catalysts. Accordingly NOx have been
stored onto the catalytic surface in the absence of soot at 350°C
with NO or NO, (1000 ppm, v/v) in He+0, (3%, v/v)+H,0 (1%,
v/v)+CO; (0,1%, v/v); then the catalyst has been cooled at room
temperature in He, extracted from the reactor and mixed with soot
(11%, w/w). TPD and TPO experiments have been carried out by
heating the so-prepared catalyst-soot mixture at a rate of 10 °C/min
inHe+H;0(1%,v[v)+CO, (0.1%,v/v)in the absence and in the pres-
ence of 3% (v/v) O,, respectively, from room temperature to 500 °C.
The results collected with the catalyst/soot mixture have been com-
pared with those obtained in analogous experiments performed in
the absence of soot. TPD experiments have also been performed
over Ba(NO3),/Al;03 (with and without soot) and over the “full
contact” Ba(NOs ), /soot system.

3. Results and discussion
3.1. NOy storage/reduction cycles in the presence of soot

In order to study the effect of soot on the catalyst activity in
the NOy adsorption and reduction, lean-rich cycles have been per-
formed in the presence of soot over the model PtBa/Al,03 NSR
sample. Fig. 1 shows a typical result, in terms of NO, NO,, CO,, H,
and N, outlet concentration vs. time, of a sequence of four lean-rich
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Fig. 1. Lean-rich cycles at 350 °C over PtBa/Al,03-soot mixture. Only the first cycle is reported in the insert. Lean phase:1000 ppm NO + 0, (3%, v/v) in He, CO, (0.1%, v/v)

and H,0 (1%); rich phase: 4000 ppm H, in He, CO, (0.1%, v/v) and H,0O (1%).

phases at 350 °C. For the sake of clarity, in the insert of the figure an
enlargement of the first cycle of the sequence can be seen, showing
the concentrations of NO, NO,, NOy (=NO +NO,), CO,, Hy, N, and
ammonia. Upon NO and O, admission (at t=0s, insert of Fig. 1) the
NO outlet concentration shows a delay of 1005, and then increases
to a steady level near 930 ppm. Also NO, formation is observed
(with a time delay of 170s), due to the occurrence of the oxidation
of NO by O, at Pt sites according to the stoichiometry of reaction

(1):

NO + 1/20, — NO, (1)

The outlet concentrations of both NO and NO, increase with
time and eventually reach a steady state level, indicating that the
maximum NOy storage capacity of the sample has been reached.
The area included between the NO inlet and NOy outlet concen-
tration traces is proportional to the amount of NOy that have been
stored onto the catalyst surface (4.04 x 10~4 mol/gcat).

Upon NO admission, the evolution of CO, is also observed. In fact
the CO, concentration rapidly increases from its background level
(1000 ppm) showing a maximum of 1800 ppm and then decreases
approaching the constant value of 1450 ppm near the end of the
pulse. As already reported elsewhere [21,25,26], the increase in the
CO, outlet concentration results from two factors. One is related to
the formation of Ba nitrates at the expenses of Ba-carbonates upon
NOy adsorption, as described by the stoichiometry of reaction (2):

BaCO3 +2NO + 3/20, — Ba(NO3), +CO, 2)

In reaction (2), formation of nitrates only is suggested as NOy
adsorbed species, in line with many studies showing that at this
temperature only nitrates are formed upon NO/O, adsorption [33].
Reaction (2) is responsible for the initial CO, peak; then the CO,
concentration remains above its background level due to soot
combustion. As a matter of fact, by subtracting from the CO, con-
centration trace the amounts of CO, resulting from the NO, uptake
and calculated according to the stoichiometry of reaction (2), a net
CO, concentration trace is obtained (see the insert) which refers
uniquely to soot combustion. At the end of the lean phase, the rate

of CO, formation due to soot combustion is near 3.35 x 10~ mol/s;
roughly 13% of the initial soot loading (11%, w/w) is consumed dur-
ing the first lean/rich sequence. Since no appreciable CO, formation
is seen before the lean-rich cycles, i.e. in the presence of O, only,
NOy (either adsorbed or in the gas phase) are involved at the tem-
perature of 350°C in the oxidation of soot, possibly according to
the stoichiometry of reactions (3) and (4):

NO; +C — NO + CO (3)

CO + 1/20, — CO, (4)

Here, NO, formed upon NO oxidation at Pt sites oxidizes soot
with formation of CO (and possibly of CO,); CO is then oxidized to
CO, by O, at Pt sites and/or by NO,. As a matter of facts, studies
on the non-catalytic oxidation of soot by NO, /O, mixtures carried
out elsewhere pointed out a relevant formation of CO upon soot
combustion by NO, in line with literature suggestions [34]; this
indicates that Ptisinvolved in the CO oxidation since no appreciable
CO evolution is observed at the reactor outlet. The involvement of
NOy (and more specifically of NO,) in the oxidation of soot is also
pointed out by the fact that when the NOy storage is carried out in
the absence of soot, a higher NO, formation is observed (see below).
This points out that NO,, is involved in the removal of soot, although
the participation of the stored nitrates cannot be ruled out, as will
be discussed below.

At the end of the NOy adsorption (lean phase), the gas feed is
switched to rich conditions to regenerate the catalyst surface from
the stored NOy. Accordingly, 4000 ppm of H, have been fed to the
reactor upon NO and oxygen shutoff. H, is completely consumed
upon admission (see the insert of Fig. 1) and a simultaneous N,
evolution is observed at the reactor outlet. The N, concentration
reaches a level of about 800 ppm, in line with the stoichiometry of
reaction (5):

Ba(NO3 )2 +5H; +C0O, - BaCO3 + N, +5H,0 (5)
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Fig. 2. Amounts of stored NOy (mol/g.t) and of soot oxidized (%, w/w) during
lean-rich cycles at 350 °C over PtBa/Al, 03 -soot mixture. EXp. conditions: see caption
Fig. 1.

The N, concentration keeps almost constant for several seconds;
then it decreases and a peak of NHj3 is observed, according to the
stoichiometry of reaction (6):

Ba(NO3 ), +8H, + CO5 — BaCOs + 2NH; + 5H,0 (6)

In line with the stoichiometry of reactions (5) and (6), a decrease
of the CO, inlet concentration is observed, due to the formation of
Bacarbonates at the expenses of the stored nitrates. The N, selectiv-
ity of the regeneration process is high, being near 95%. As detailed
in previous studies [35-37], the observed sequence of reaction
products has been explained on the basis of a two-step pathway
involving at first the fast formation of ammonia upon reaction of
nitrates with H, (reaction (6)), followed by the slower reaction of
the so formed ammonia with the stored nitrates leading to the
selective formation of N, (reaction (7)):

3Ba(NO3); + 10NH;3 — 8N, +3Ba0 + 15H,0 (7)

As discussed elsewhere [35-37], the observed temporal evolu-
tion of products during the reduction is due to the development
of an H, front which travels along the reactor: NHj is initially
formed in correspondence with the H; front, and reacts with NOy
stored downstream the front leading to N, evolution. Accordingly
NHj3 evolution is observed at the reactor outlet after N, only when
the nitrates are reduced and the H, front reaches the end of the
catalyst bed.

The data described above clearly indicate that the catalyst
system is able to simultaneously store/reduce NOy and oxidize
soot. However, considering the whole sequence of the four NOy
storage-reduction cycles (Fig. 1), it appears that the behavior of
the PtBa/Al,O3 catalyst is affected by the residual soot loading.
In fact the NOx breakthrough progressively increases during the
lean/rich sequence from ~100s to ~140s passing from the first to
the fourth cycle, respectively, i.e. upon decreasing the soot loading.
The increase in the dead time is accompanied by an increase of the
amounts of NOy stored up to steady-state, from 4.04 x 10~4 mol/gcat
for the first cycle to 4.78 x 10~4 mol/g,; for the fourth cycle (Fig. 2).

Fig. 2 also shows the amounts of soot which is oxidized during
the lean phase as a function of the cycle number, estimated from
the amounts of evolved CO,. During the lean phase of the first cycle,
roughly 13% of the initial soot loading is oxidized, which reduces
to 8% during the fourth cycle. At the end of the sequence the resid-
ual soot loading is near 3.9% (w/w). In fact the CO, concentration
measured at steady-state at the end of the lean phase decreases
from 1450 ppm of the first cycle to 1250 ppm of the fourth cycle,
indicating a progressive decrease of the rate of soot combustion.

Of note, the NO, concentration is similar for all cycles during the
whole experiment, as well as the NO/NO, ratio, although the pro-
gressive decrease of the soot combustion rate and the involvement
of NO, in the oxidation of soot. These results are in line with our
data discussed elsewhere [21] obtained during isothermal soot oxi-
dation over PtBa/Al,05 at 350°C in presence of O, and NO and
showing that the NO, concentration exhibits a remarkable increase
only when the soot loading is very low (near 1%, w/w).

Finally, considering the reduction phase, no significant changes
both in the products formation and in their temporal evolution are
observed during the cycles. N, selectivity values near 95% have
been calculated in lean/rich cycles, thus indicating a negligible
effect of soot on the regeneration of the stored NOy.

A comparison of the catalytic behavior of the PtBa/Al, 03 catalyst
during a lean-rich cycle in the presence and in the absence of soot
is shown in Fig. 3A and B, respectively (a concentration of 500 ppm
of NO has been used during the lean phase). In the presence of soot
(6.2% (w/w) in the case shown in Fig. 3A) a shorter dead time for
NOy breakthrough is observed during the lean phase (240 vs. 280 s);
the amounts of NOy stored at the end of the lean phase is also lower
(3.8 x 1074 vs. 4.9 x 104 mol/gcat). Besides, a lower NO,/NO ratio
is measured in the presence of soot due to the involvement of NO,
in the soot oxidation. On the other hand, no appreciable changes in
the behavior of the sample during the rich phase are observed.

Soot is oxidized during the lean phase: as seen in Fig. 3A, the
steady state level of the CO, concentration at the end of the lean
phaseis higher than the inlet value (1140 ppm vs. 1000 ppm), corre-
sponding to a rate of soot oxidation of 1.04 x 10~ mol/s. This value
is lower than that observed in the case of the run carried out with
1000 ppm NO during the lean phase likely due to the lower NO,
concentration observed with 500 ppm of NO in the feed [26].

In conclusions the results shown in Figs. 1-3 point out that the
presence of soot affects the NOy storage behavior of the investigated
LNT system and in particular decreases the NOy storage capacity of
the catalyst, in line with the results reported in our previous works
[23,25,26] and by other authors as well [27]. On the other hand the
presence of soot does not impact significantly the catalyst behavior
during the rich phase.

In order to investigate more in details the effect of soot on the
behavior of the model PtBa/Al,03 sample, lean-rich cycles have
been performed at other temperatures, in the temperature range
200-350°C, both in the absence and in the presence of soot. The
results (here not reported for brevity) indicate that in the absence
of soot the amounts of NOy stored during the lean phase decrease
upon decreasing the temperature from 5.6 x 10~% mol/gcat at 350°C
t0 2.6 x 10~4 mol/gca¢ at 200 °C. The presence of soot has a negative
impact on the NOy storage at all the investigated temperatures,
in that it decreases the amounts of NOy stored during the lean
phase. Soot is oxidized during the lean phase, but soot oxidation
is appreciable only at 300 °C and above.

Concerning the rich phase, it is noted that in the absence of
soot the N, selectivity of the reduction process increases with tem-
perature, as already pointed out in other studies and in line with
the two-steps mechanism for NOy reduction [35-37]. The pres-
ence of soot does not affect significantly the reduction process,
as already observed at 350°C (see above). These results parallels
those obtained under different experimental conditions (lean and
rich phases separated by an inert purge in between) and already
reported elsewhere [26].

3.2. Soot reaction with adsorbed NOy species: TPD experiments

3.2.1. PtBa/Al;03 catalyst

To gain further insight into the effect of soot on the adsorbed
NO species (nitrates) and in particular on their stability/reactivity,
TPD experiments of the stored nitrates in the presence and in the
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Fig. 4. TPD after NO, adsorption at 350°C over PtBa/Al,03 in the absence (dashed
lines) and in the presence of soot (solid lines).

absence of soot have been carried out. Since soot affects the NOy
storage on the PtBa/Al, 03 system, NOy have been stored at 350 °Cin
the absence of soot, and then the sample has been mixed with soot
before the TPD runs (see Section 2), thus realizing a loose contact
between soot and the nitrated catalyst. A reference TPD run has
also been carried without mixing with soot.

The results of the TPD runs carried out the absence and in the
presence of soot (dashed and solid lines, respectively) are shown in
Fig. 4 in terms of NOy, O, and CO, concentrations.

In the absence of soot (dashed lines) the nitrate decomposi-
tion is observed above 350°C (i.e. the adsorption temperature),
although very small amounts of NOy are also seen at lower tem-
peratures. Nitrate decomposition occurs with evolution mainly of
NO (along with minor amounts of NO; ) and of O,. These results per-
fectly match those already published elsewhere [26] and confirm
that the thermal stability of stored NOy is ruled by their adsorption
temperature. The nitrate decomposition is not completed at the
end of the heating rate at 500 °C, but is completed during the sub-
sequent hold at this temperature. It is noteworthy that the overall
amounts of evolved NO, O, and NO,, estimated by integration of

the TPD peaks, are well in line with the stoichiometry of nitrates
decomposition reactions (8) and (9):

Ba(NO3), + CO, — BaCO3; +2NO + 3/20, (8)
Ba(NO3 )2 +C0O, — BaCOs3 +2NO; + 1/202 (9)

In fact the measured O/N atomic ratio in the evolved products
(i.e. (NO+2NO, +20,)/(NO +NO>)) is 2.6, very close to the theoret-
ical value of 2.5.

Finally, a decrease of the CO, concentration (contained in the
feed stream with a level of 1000 ppm) is observed in correspon-
dence with the nitrate decomposition, due to the re-adsorption of
CO, on the Ba sites leading to the formation of Ba carbonates at the
expenses of Ba nitrates (reactions (8) and (9)).

Solid lines in Fig. 4 show the results of a TPD run performed in
the presence of soot (i.e. after mixing the nitrated catalyst sam-
ple with soot). The decomposition of nitrates is shifted at lower
temperatures if compared to the soot-free sample, in that a signif-
icant release of NOy is observed already in the temperature range
260-350°C. The nitrate decomposition is then completed at higher
temperatures, with NOy (only NO) and O, peaking near 485°C.
Besides, no a net CO, uptake is observed. It is suggested that in
this case a surface reaction takes place involving nitrates and the
soot particle:

C + Ba(NO3); — BaCO5 +2NO + 1/20, (10)

which results in the release of NO and O, and in the formation of
carbonates whose formation accounts for the lack of a significant
CO5 net uptake from the gas phase in the TPD experiment with the
catalyst/soot mixture.

These results clearly indicate that the presence of soot decreases
the thermal stability of the stored nitrates. Moreover, if compared
to the soot-free sample, a different distribution of the evolved prod-
ucts is also observed: in fact the calculated O/N atomic ratio of the
gaseous products evolved during the entire TPD in the presence
of soot is near 1.7, well below the stoichiometric O/N value of 2.5
for the nitrate decomposition. This indicates that nitrates and/or
their decomposition products oxidize soot to CO,, in line with the
absence of a net CO, uptake (reaction (10)).

Based on the above observation, it clearly appears that soot pro-
motes the decomposition of the NO, adsorbed species, which is in
fact observed at lower temperature if compared to the soot-free
sample. This calls for the existence of a surface reaction involving
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Fig. 5. TPD after NO, adsorption at 350 °C over Ba/Al, 05 catalyst in the absence (A)
and in the presence of soot (B).

the stored nitrates and the soot particles. As a matter of fact, stud-
ies on the reduction of the stored nitrates with several reductants
suggested that nitrates are rather mobile on the surface [38,39],
the driving force for the mobility of nitrates being the presence
of reduced Pt sites (leading to nitrate decomposition/reduction).
The role of the reductant in the process is to keep Pt in a reduced
form. It is speculated that the soot particles, acting as reducing cen-
ter for the NOy species, provide the driving force for the process
leading to nitrate reduction/decomposition (and soot oxidation).
A similar nitrate destabilizing effect has been attributed to Pt in
PtBa/Al, 05 catalysts, in order to explain the decrease in the decom-
position temperature of nitrates which is observed upon Pt addition
to Ba/A1203 [40]

3.2.2. Ba/Al,03 catalyst

TPD runs over nitrated samples: In order to check whether Pt has
a role in the soot-nitrate surface reaction, TPD experiments have
been carried out over the binary Ba/Al,03 catalyst in the absence
and in the presence and of soot after NO, adsorption at 350 °C. The
obtained results are shown in Fig. 5A and B (absence and presence
of soot, respectively) in terms of concentration traces of the var-
ious evolved products (NO, NO,, O,, CO, and CO). In the case of
the soot-free Ba/Al,03 sample (Fig. 5A), nitrates decompose above
350°C (i.e. the adsorption temperature) with evolution mainly of
NO,. Evolution of O, is also observed while that of NO is very small.
Worth to note that in spite of the long isothermal period at 500°C,
nitrate decomposition is not yet completed at the end of the TPD
run: in fact the NO, concentration shows a very long tail which
extends for more than 4 h (not shown in the figure). At the end of
the run, only a portion of the stored nitrates have been decomposed.

The TPD profile obtained in the presence of soot (Fig. 5B) is very
different: the decomposition onset of the stored NOy is observed
near 300 °C, that is roughly 50 °C below that observed in the case of
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Fig. 6. TPD over Ba(NOs ), /Al, 03 catalyst in the absence (A) and in the presence of
soot (B).

the soot-free sample, and is almost completed after the 4 h isother-
mal period at 500 °C. Also the distribution of the evolved products
is different: in fact NO represents the major decomposition product
and no significant amounts of NO, or O, are observed. Moreover,
in correspondence with the NO evolution, a significant production
of CO,, is detected above the inlet value of 1000 ppm. Formation of
significant amounts of CO (75 ppm) are also observed in this case,
in line with other studies showing the formation of CO along with
that of CO, during the non-catalytic soot oxidation by NO, [34].

These results indicate that the surface reaction between soot
and the stored nitrates is not catalyzed by Pt: even in the absence
of the noble metal, soot reacts with the NOy ad-species which in
fact decompose at lower temperatures if compared to the soot-free
sample. This is in line with previous suggestions indicating that the
soot particles may provide the driving force for nitrates mobility
and their reduction/decomposition.

Effect of the soot/nitrate contact: To further investigate the inter-
action between soot and nitrates, and in particular the effect of the
soot/nitrate contact, TPD experiments were performed with sam-
ples with a loose and a full contact between soot and the nitrates.
In the first case (loose contact) nitrates were deposited over alu-
mina by impregnation with an aqueous solution of Ba(NOs),
(Ba(NOs3),/Al, 03 sample) followed by drying at 80°C and gently
mixing with soot; in the other case (full contact) the soot was
directly impregnated with Ba(NO3), (Ba(NO3),/soot sample). The
obtained results are shown in Figs. 6 and 7, where the heating ramp
was ended at 800°C.

In the case of the loose contact system, a reference TPD run was
also carried without mixing the Ba(NOs3),/Al,03 sample with soot
(Fig. 6A). In this case the decomposition of the Ba nitrate species is
apparent above 300 °C with the initial evolution of NO, (and 0;),
showing a maximum near 500 °C. Then a decomposition peak cen-
tered near 600 °C is observed, accompanied by the evolution of NO,
0, and NO». In correspondence with the nitrate decomposition a
decrease of the CO, concentration is also observed, from the inlet
value (1000 ppm) to a minimum of 200 ppm, due to readsorption for
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Fig. 7. TPD over Ba(NOs),/soot “full contact” system.

carbonates formation onto the catalytic surface. Complete decom-
position of the NOy adsorbed species is achieved at temperatures
slightly below 700 °C. This result is in line with the decomposition
of nitrates formed upon NOy adsorption (Fig. 5A); however in the
case of Fig. 5A only the first NO, peak could be observed, since the
heating ramp of the TPD run was limited at 500 °C.

A different picture is apparent in the presence of soot (Fig. 6B):
the temperature onset for nitrate decomposition is observed near
230°C, i.e. more than 70 °C below that of the soot-free system. The
evolution of mainly NO is observed in this case, with much lower
amounts of NO, and O,. Besides, in correspondence with the NO
evolution, a significant CO, production is observed, along with CO
(maximum 260 ppm). These results resemble those obtained in the
case of the sample obtained by NOy adsorption (Fig. 5B) and confirm
the capability of nitrates to oxidize soot at temperature well below
that of their decomposition (being reduced to NO).

Finally, worth to note that in the presence of soot (Fig. 6B) the
production of 300 ppm of Hj is also evident at temperature above
700°C, accompanied by the evolution of CO. This is due to the
occurrence of the carbon gasification reaction (11):

C + H,0 — CO + H, (11)

due to the presence of water (1%, v/v) in the feed stream. CO, for-
mation is also observed likely due to the occurrence of the water
gas shift reaction (12):

CO + H,O0 — CO, +H, (12)

The carbon gasification reaction is catalyzed by Ba, in line with
the well known effect of alkaline/alkaline-earth oxides on this reac-
tion [41,42]. In fact TPD experiments carried out over bare soot
(here not shown) indicate that the carbon gasification reaction (11)
takes place appreciably only at temperatures above 700°C with
very small production of CO and H,.

The results of the TPD experiment carried out over the “full con-
tact” sample is shown in Fig. 7. When Ba(NOj3 ), is directly deposited
onto soot (i.e. when an intimate contact is provided between
nitrates and the soot particle) significant changes in the TPD profile
are observed with respect to the loose contact sample (compare
Figs. 7 and 6B). In fact in this case the temperature threshold for
the nitrate decomposition significantly decreases with respect to
that of the corresponding loose contact system (Fig. 6B), being NO
evolution observed at temperatures as low as 150°C. Moreover
complete nitrate decomposition is obtained near 550°C (vs. 700°C
of Ba(NOs),/Al;03-soot system). The production of CO, in corre-
spondence with NO evolution points out also in this case the soot
oxidation by the nitrates. Finally also in this case at temperature
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Fig. 8. TPO over Ba(NOs );/Al,03 catalysts in the absence (A) and in the presence of
soot (B).

above 700°C the simultaneous production of H,, CO and CO, is
observed due to the occurrence of reactions (11) and (12). Notably
in this case a much higher soot gasification rate is measured: as
matter of fact the maximum production of 3000 and 600 ppm is
measured for H, and CO, respectively. The high H, and CO produc-
tion is due to the catalytic effect of Ba (in close-contact with the
soot) on the carbon gasification reaction.

Effect of the presence of oxygen: Finally, the effect of the pres-
ence of oxygen on the nitrate-soot interaction has also been
addressed. For this purpose TPO runs have been performed with
the Ba(NO3),/Al,03 sample in the absence and in the presence of
soot, and results are shown in Fig. 8A and B, respectively. In the
case of the soot-free sample (Fig. 8A), the results closely resemble
those obtained during the TPD experiments (Fig. 6A), with nitrate
decomposition apparent above 300 °C with the evolution of NO,,
NO and O, showing maxima near 500 °C and 600 °C, and the uptake
of CO,. These results show that the decomposition of the nitrates
is not significantly affected by the presence of oxygen in the feed
stream.

In the presence of soot (Fig. 8B), the temperature onset for
nitrate decomposition is observed well below that of the soot-free
system, like during the TPD experiment. Accordingly the soot-
nitrate interaction is not significantly affected by the presence of
oxygen. The evolution of NO is observed in this case, with much
lower amounts of NO,. Formation of CO, (and of CO as well) is also
detected above 300 °C, with a maximum near 700°C and a shoul-
der at 550°C. The shoulder of the COx concentration at 550°C is
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associated with the soot oxidation by nitrates, whereas the maxi-
mum at 700°C is due to soot oxidation by O, as confirmed by blank
TPO experiments carried out in the absence of the catalyst (here not
reported). Worth to note that a shoulder is observed at 550 °Cin the
0, concentration trace, corresponding to the maximum in the NO
concentration and to the shoulder in the CO, concentration traces.
This suggests the participation of O, also during the soot oxidation
by nitrates, in line with literature reports showing the participation
of O, during the soot oxidation by NOy [43].

4. Conclusions

In the present study the interaction of soot with nitrates stored
on a model PtBa/Al, O3 LNT catalyst sample has been investigated
under realistic conditions, i.e. upon cycling under lean/rich con-
ditions and in the presence of water and CO, in the feed stream.
The results pointed out that the presence of soot decreases the NOx
storage capacity of the catalyst during the lean phase. The inhibiting
effect of soot on the NO, storage capacity increases with the soot
amount, up to 11% (w/w) (the maximum investigated soot loading),
and is observed at different temperatures in the range 200-350°C.
However, the presence of soot does not affect significantly the cat-
alyst behavior during the rich phase, i.e. during the regeneration of
the stored nitrates.

Simultaneously with the NOy storage, at temperatures above
300°C soot is oxidized to CO, during the lean phase. Soot oxidation
occurs thorough the participation of NO, formed by NO oxidation
on Pt sites; in fact the NO, concentration measured at the reac-
tor outlet is significantly lower in the presence of soot than in its
absence. However, in parallel with this NO,-soot oxidation path-
way, the participation of the stored nitrates in the soot oxidation is
also likely. This has been shown by TPD/TPO experiments carried
out over both the model PtBa/Al, 03 and Ba/Al, 03 samples in which
the reactivity/thermal decomposition of nitrates has been investi-
gated in the presence and in the absence of soot. Clear indication on
the occurrence of a surface reaction involving soot and the stored
nitrates has been pointed out, leading to soot oxidation (and nitrate
reduction). In fact the stored nitrates are able to oxidize soot at tem-
peratures well below those corresponding to their decomposition
in the absence of soot. This reaction possibly involves the surface
mobility of the stored nitrates, soot particles being the driving force
for the process and acting as reduced centers. This process does
not require the presence of the noble metal (Pt) in that it occurs
in the case of the Ba/Al,05 catalyst sample as well; as expected,
it is favored by the contact between the nitrates and soot. In fact
when nitrates are stored onto the soot, the nitrate/soot reaction is
monitored at lower temperatures.
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