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Different LNT catalysts, prepared using y-Al, O3, nanofibrous Al, 03 and TiO,-modified nanofibrous Al, 03
supports, with Ba as the storage component and Pt as the oxidation component, have been prepared and
NO, uptake behaviour was examined between 523 and 823 K. The activity study was accompanied by TEM,
XRD and H; chemisorption characterization. The Pt-Ba nanofibrous Al,Os-supported catalyst resulted in
the best performance, likely due to better Pt dispersion. This included improved storage capacity as well
as more efficient reduction during the regeneration phase. This catalyst also had better performance after

ﬁ‘gm:;;?ige identical S exposures and after desulfurization. Ti modification had significant impact on sample thermal
Pt—ga/A1203 durability and general catalyst performance. Results using the Al,03-TiO, nanofibrous catalyst reveal

that this catalyst has improved thermal degradation resistance properties relative to standard y-Al,0s.
Ti incorporation in the nanofibrous Al structure was found to also promote sulfur desorption. Above
1073 K, where complex Ba,Ti,0,, and/or Ba,Al,Ti,O, structures form, the Ba-Ti interaction was found to
have a destabilizing effect on stored nitrites/nitrates.
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© 2011 Elsevier B.V. All rights reserved.

1. Introduction

NOjy storage/reduction catalysts (NSR or lean NOy trap — LNT) are
being investigated and used to meet current and forthcoming Euro
and EPA emission standards for lean-burn engines [1-6]. Since the
NSR principle was first reported by Toyota [3,7,8], a large number
of studies investigating various NSR catalysts have been published
[6,9-12]. One of the most commonly studied NSR catalyst compo-
sitions is the Pt-Ba system supported on y-Al, 03, as first discussed
by Toyota [12-14]. Many studies have been performed with such a
standard formulation; Pt:AE:Al;03 ~ 1:20:100 (AE - alkali or alka-
line earth element); however, there is still a need to improve the
catalyst’s thermal durability and sulfur tolerance, which are pri-
mary drawbacks of the NSR catalysts, hindering more widespread
commercial application [15].

NSR catalysts normally operate in the 473-673 K temperature
range. Above this temperature, the NOy storage capacity is lim-
ited by thermal stability of the trapped nitrites/nitrates [12,16,17].
However, during normal engine operation some event may pro-
voke a sudden, uncontrolled increase in temperature along the
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catalyst, i.e. combustion of soot accumulated in a diesel particu-
late filter (DPF) placed upstream with respect to the NSR catalyst,
increasing the exhaust gas temperature to induce the onset of soot
oxidation if the DPF is downstream, or simply high torque driv-
ing conditions. However, due to S accumulation on an NSR catalyst,
intermittent high temperature exposure is also required to regener-
ate the catalyst, i.e. remove the S species for regenerated efficiency.
In order to induce S release, the working temperature of the cat-
alyst needs to exceed 873 K for most formulations. Previous data
indicate that the high temperatures required for desulfurization
result in thermal degradation of NOy traps [18,19]. Thermal degra-
dation includes precious metal sintering [20,21], trapping material
sintering [13], as well as reaction between the trapping material
and alumina support [13,18]. Despite the continuous reduction in
sulfur concentration in refined fuels and modifications in NSR cat-
alyst formulations, which often target improved sulfur tolerance,
sulfur poisoning remains a key issue in NSR application [2,22-25].
Taking into account the stability of sulfates on the NSR trapping
component, new NSR formulations need to be developed that are
more S resistant or release S at lower temperatures. As an added
complication, although not required, when S is released from the
catalyst under rich conditions, H,S formation would be undesired
due to the associated odor at rather low concentrations. Further-
more, new formulations that preserve trapping efficiencies at high
temperatures would expand their applicability as well as maintain
NO, removal performance during desulfurization events [26].
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There are a few studies directed at high-temperature NSR cat-
alysts, and the possible reactions that may occur between the
NOy storage compound and support at high temperatures, e.g.,
BaO +Al,03 — BaAl,04 [26-29]. Enhanced NOy storage capacity
at high temperature has been reported for a Pt-K/MgAl,04 cat-
alyst [30]. A novel Pt/K;Ti,Os5 catalyst has also been reported
as a high-temperature NSR catalyst [26]. It was found that the
adsorbed NOy on Pt/K;Ti;Os5 was much more stable than that
trapped over Pt-K/TiO,. Mechanistic studies revealed that KNO3-
like compounds were formed after NOy adsorption, and that the
NOy storage and reduction process on K,Ti; 05 was accompanied
by a structural transformation between K;Ti;Os and K;TigO13.
Although K as the trapping component can result in consider-
able NOy storage capacity, and TiO, is accepted as relatively
resistant to sulfur poisoning [12,31], previous studies report bet-
ter performance using a Ba-based rather than the K-based NSR
catalyst [12,31].

In this study, the activity of a novel nanofibrous Pt-Ba/Al,03
catalyst for NOx removal at high temperature is reported. The
aim of the present work is the development of a thermally sta-
ble NSR catalyst supported on y-Al,03 modified with additional
components, which may also increase the sulfur tolerance of the
material.

2. Materials and methods
2.1. Catalyst preparation and characterization

Synthesized nanostructured y-Al,03 (denoted Alng) and nanos-
tuctured y-Al,03-TiOx (denoted Al-Ti) were used as supports. The
preparation procedure has been described in detail elsewhere
[32,33]. An aqueous NaAlO, solution was added dropwise to a 5N
acetic acid solution. The obtained precipitate was decanted, filtered
and washed with water. The resulting powder was dried overnight
at 373 Kand subsequently mixed with a non-ionic surfactant, Tergi-
tol (15-TS-5, Sigma), using a Tergitol/Al ratio of 0.5. The mixture was
kept in an autoclave for 72 h at 373 K and later calcined at 773 K for
20 h. The same preparation procedure was applied to obtain nanos-
tructured Al-Ti, but with the addition of TiCl3 as a precursor (12%
TiClz in hydrochloric acid, Sigma). Both, Al- and Ti-precursors were
added dropwise simultaneously to the acetic acid solution. The Ter-
gitol/(Al +Ti) ratio was 0.5. The autoclaved mixture was calcined at
623K for 2 h and the temperature was then increased at 5 Kmin~!
to 773 Kand maintained at 773 K for 18 h. In case of sample treated
at 1073 Kor 1273 K, the additional calcination was performed with
a previous calcined catalyst sample for 1 h.

The Pt and Ba components were added via the incipient
wetness impregnation method using diamminedinitroplatinum
(I) (Pt(NH3)2(NO3),, Aldrich) and barium acetate (Ba(CH3COO),,
MERCK) as precursors. The catalyst formulations are summarized
in Table 1. The metal loading is expressed as formal surface atomic
density (atoms per nanometer square, atnm~2) for comparison in
terms of surface coverage. First Pt (0.4 at nm~2; 0.4Pt/Alyr, 0.4Pt/Al-
Ti) catalysts were prepared by impregnation of the Alyg and Al-Ti
supports with an aqueous solution of Pt, drying overnight at room
temperature and calcination for 3 h at 648 K in air. These were then
impregnated with Ba (4atnm~2 of Ba) to obtain the final formu-
lations (0.4Pt-4Ba/Alng, 0.4Pt-4Ba/Al-Ti). The final calcination was
performed for 5h at 798 K in air.

The Pt-Ba/Al-Tiyr physical mixture was prepared by mixing
the prepared 0.4Pt-4Ba/Alng catalyst with rutile TiO, powder
(Sigma-Aldrich, 99.7% purity, used as received) in a 9:1 ratio.
The standard Pt-Ba/Al,03 catalyst, denoted as Pt-Basr, has been
described in detail elsewhere along with its preparation procedure
[12].
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Fig. 1. S poisoning experiment scheme.

The TEM images of powder samples deposited onto a copper
mesh grid coated with a carbon film were taken with a Philips
CM200 (200kV) microscope equipped with an EDX (energy dis-
persive X-ray) detector. The XRD patterns of the powder samples
were recorded with a Siemens D-501 goniometer equipped with
a Johansson type monochromator with a Ge(111) crystal. During
measurement, Cu Ka1 radiation and a fixed power source (45 kV
and 35 mA) were used.

N, adsorption-desorption isotherms for the Alyg and Al-Ti sup-
ports were obtained at 77K using a Beckman Coulter SA3100
Surface Area Analyzer. Before the analysis, the samples were out-
gassed in vacuum (1 x 103 Pa) for 5 h at 453 K. The specific surface
area was obtained by the BET isotherm equation and the pore
volume by the Barrett-Joyner-Halenda (BJH) method from the des-
orption branch of the isotherm.

H, chemisorption experiments were carried out in the pulse
mode inaHiden CATLAB microreactor module connected toa Hiden
QIC-20 gas analysis system. Prior to H, chemisorption, each sample
was heated from room temperature (RT) to 723K in the presence
of H, (5% H; in He). The sample was then reduced in this mixture at
723 K for 30 min, and then purged in a He flow. Next, the temper-
ature was decreased to RT and the chemisorption measurements
were performed at ca. 310 K. For each experiment, 27 pulses of Hy-
containing gas were injected into the reactor (100 wl of 5% H, in
He each pulse). For calculation purposes, a stoichiometry relation
of two platinum sites per one H, molecule was used [34].

2.2. Transient response method (TRM)

TRM runs were performed in a quartz tube reactor connected
to a Pfeiifer Prisma™ QMS 200 mass spectrometer or in a CAT-
LAB microreactor module connected to a Hiden QIC-20 gas analysis
system. The method was used to study the NOy storage-reduction
process over the catalysts between 473 and 773 K with a total gas
flow of 100 ml min—! using 60 or 40 mg of catalyst (GHSV =1.5 x 103
(or 1x10°) h~1, at 1atm and 293 K). A rectangular pulse of NO
(1000 ppm or 300 ppm)+0, (3%) in He flow followed by a H,
(2000 ppm) in He flow were fed during the oxidation and reduc-
tion steps, respectively. For experiments with H,0 and CO,, 2.5%
H,0 and 5% CO, were continuously fed to the microreactor. For
all experiments, the N-balance closed with a deviation between 4%
and 5%.

2.3. Sulfur poisoning study

The sulfur poisoning study was performed in the CATLAB
microreactor system. The general experiment scheme is presented
in Fig. 1. First, catalyst sulfation was carried out at 623 K for 30 min
with a gas mixture containing 250 ppm SO;, 5% O, and a He bal-
ance. Then the catalyst was cooled to RT in He and afterwards NOy
storage-reduction measurements and analysis of sulfur-poisoned
catalysts were performed using a conventional TRM protocol. The
content of H,0 and CO, in the gas stream during TRM cycles was
2.5 and 5%, respectively. Next, temperature-programmed reduction
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Table 1
Catalyst formulation details (NF - nanofibrous, MF - physical mixture).

Catalyst Description Pt (wt.%) Ba (wt.%) Al,05 (wt.%) TiO, (Wt.%)
0.4Pt-4Ba/y-Al, 03 [12] Pt-Bast 2 20 78 -

’\/—A1203 NF AlNF - - 100 -
0.4Pt-4Ba/y-Al; O3 N Pt-Ba/Alnr 3.8 25 71.2 -

’\/-Alz 03 -TiOZ NF Al-Ti - - 90 10
0.4Pt-4Ba/vy-Al,03-TiO np Pt-Ba/Al-Ti 23 20 69.9 7.8
0.4Pt-4Ba/y-Al; O3 N + TiO2 mr Pt-Ba/Al-Timr 23 20 69.9 7.8

(TPR) was performed. The catalyst was desulfurized in rich condi-
tions (2000 ppm H, in He) while ramping from RT to 1023 (or 923) K
and afterwards NOy conversion was evaluated.

3. Results and discussion
3.1. Catalyst characterization

The properties of Pt-Bast have been described in detail else-
where [12]. The measured specific surface area (Aggr) and pore
volume (V) of the pure Alyr support were 300m?g-! and
1cm3 g1, respectively. For the Al-Ti support, Ager = 160 m2 g1 and
Vp=0.4cm?g-1. TEM images of the fresh Alyr and Al-Ti supports
and also Pt-Ba/Alng, Pt-Ba/Al-Ti and Pt-Ba/Al-Tiyf catalysts before
the TRM tests are shown in Fig. 2. For both the Alyg and Al-Ti sup-
ports, a nanofibrous structure was obtained (Fig. 2a and c). For
Pt-Ba/Alyr, Pt-Ba/Al-Ti and Pt-Ba/Al-Tiy catalysts (Fig. 2b, d, and
e), several types of crystallites are observed. The nanofibers corre-
spond to the Al or Al-Ti phase, while bulky, massive crystallites
of Ba carbonate are also present. In general, for the Pt-Ba/Al-Ti
catalyst, Ti is well incorporated in the Al nanofibers, however,
some spherical crystallites corresponding to TiO, were detected.
The round-like, dark crystallites correspond to Pt (the presence of
Pt was also detected by EDX analysis performed during the TEM
study). In contrast, TiO, (rutile) is present as well-shaped spheres
with lower dark contrast, which are clearly seen for Pt-Ba/Al-Tiy
(Fig. 2e). For all prepared materials, Pt forms rather small particles;
however, there is no homogeneity in the particle size. Some large
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Fig. 3. XRD patterns of the materials after being calcined at 1073 K; (a) Alng, (b)
Pt-Ba/Alnr BR, (c) Pt-Ba/Alne AR, (d) Al-Ti, (e) Pt-Ba/Al-Ti BR, (f) Pt-Ba/Al-Ti AR, (g)
Pt-Ba/Al-Ti calcined at 1273 K and (h) physical mixture of Pt-Ba/Al-Tiys BR. TRM
conditions - 1000 ppm of NO +3% of O, in He, T=623 K.

Pt crystallites, ca. 20-30 nm, can also be observed (Fig. 2b and d).
The average Pt size diameter was ca. 5 and 12 nm for the Pt-Ba/Alng
and Pt-Ba/Al-Ti samples, respectively. The dispersion of Pt for those
catalysts was 37 and 18%. The Pt dispersion of Pt-Basy was ca. 20%.

The XRD patterns obtained from the Alyg and Al-Ti supports and
also Pt-Ba/Alng, Pt-Ba/Al-Ti and Pt-Ba/Al-Tiyr catalysts before (BR)
and after reaction (AR) are presented in Fig. 3. Diffractograms from

Fig. 2. TEM images of (a) Alxr nanofiber support, (b) Pt-Ba/Aln, (¢) Al-Ti nanofiber support, (d) Pt-Ba/Al-Ti and (e) the physical mixture of Pt-Ba/Al-Tiwg.
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both supports (Fig. 3a and d) have the characteristic y-alumina
signals (JCPDS 75-0921). Additionally, for Al-Ti a broad feature
in the low 26 region was detected, which corresponds to very
small crystallite sizes of the nanofiber structure. Peaks related to
Pt and PtO (JCPDS 70-2431 and JCPDS 83-1997), were detected to
only some extent, because these signals are in most cases over-
shadowed by intense y-alumina features. For the Ba-containing
samples, witherite (BaCO3 JCPDS 5-0378) was the Ba-dominant
phase both before and after TRM tests. The XRD data revealed that
most likely two Ba species are present on the calcined catalysts.
Some of the Ba is probably not detected by XRD indicating high Ba
dispersion on the catalysts, which has been described previously as
a ‘monolayer’ [35,36]. For fresh Pt-Ba/Alng and Pt-Ba/Al-Tiyr cata-
lysts before reaction only a fraction of Ba forms the XRD detected
bulk BaCO3 phase. For the Pt-Ba/Al-Ti catalyst, both before and
after reaction, an intense signal at 8 = 24.1° and several other peaks
in the higher 20 region, associated with an orthorhombic BaCO3
phase (witherite), indicate large Ba-carbonate crystal formation.
These results are in line with previous studies, where the different
Ba species on the surface of similar catalysts have been reported
[37,38]. The rutile phase (JCPDS 78-2485) was only clearly observed
in the case of Pt-Ba/Al-Tip.

The comparison of XRD patterns of the BR and AR catalysts sug-
gests that some structural changes occur during the TRM tests. It is
worth noting that the Pt-Ba/Al-Ti sample changes less compared
to the Pt-Ba/Alng, which suggests that the Al-Ti support results
in better thermal durability than Alyg, thereby preventing ther-
mally induced material changes and Pt sintering. In general, for
Ba-containing samples after reaction, multiple peaks in the whole
XRD pattern range indicate the presence of the witherite phase.
It is also worth pointing out that for Pt-Ba/Al-Ti (Fig. 3e-g) there
were no peaks detected which indicate interaction between Ba and
Ti phases at temperatures below exposure at 873K, in agreement
with previous observations [39]. However, such an interaction was
observed when the Pt-Ba/Al-Ti catalyst was exposed to tempera-
tures higher than 1073 K, with an example of data obtained after
calcining at 1273 K shown in Fig. 3g. In terms of K-containing sys-
tems, this kind of interaction between Ti and the alkali-phase was
observed previously, where the full transformation into potassium
titanate was observed after sample treatment at 1123 K for 10h
[26]. In contrast, for the Ba-based system this transformation starts
at a slightly lower temperature.

For the samples after reaction, Pt became easier to detect, prob-
ably due to Pt sintering and bigger cluster formation, especially for
Pt-Ba/Alng. For the Pt-Ba/Al-Ti catalyst, the initially good dispersion
of Pt remains unchanged at TRM conditions up to 873 K. Maintain-
ing the good dispersion implies maintaining the proximity of the
Pt sites to alkali metal, which would also maintain high NOy stor-
age [12]. In accordance with the broadly accepted storage model,
i.e., the nitrites/nitrates route [12,40,41], nitrites are progressively
transformed into barium nitrates during NO + O, admission with
Pt participation [41]. The same behaviour was observed for a Pt-
Ca/Al,03 catalyst [42], and BaO/Al, 05 and Pt-BaO/Al, 03 catalysts
[43]. Small Pt particles can be beneficial for NOy storage in terms
of Pt and the NOy storage component proximity. However, a too
high Pt dispersion is not always desirable for NSR reactivity, since
smaller Pt crystallites are more easily oxidized relative to bigger
ones in the presence of O,, and although the overall conversion
may increase with better dispersion, on a per exposed atom basis
(TOF) NO oxidation will decrease [13].

3.2. Catalytic performance study
NOy storage-reduction over the Pt-Basr, Pt-Ba/Alng, Pt-Ba/Al-

Ti and Pt-Ba/Al-Tiyr catalysts was studied at room temperature,
523,623,723 and 773 K, and results obtained over several cycles at

623 Kare shown in Fig. 4. These experiments were carried out under
H,0- and CO,-free conditions to estimate the potential accumu-
lation capacity and NO oxidation over the standard and modified
catalyst structures. The results were obtained after conditioning
the catalyst at the same temperature with 5 adsorption-reduction
cycles. A CO, signal was not observed, suggesting that either the
BaCO3 phase was fully decomposed during conditioning, leaving
BaO and Ba(OH), on the surface [13], or that some remained stable,
but did not take part in the reaction, i.e. any BaCO3 was unreac-
tive under the conditions tested. For Pt-Bast, upon NO admission
to the lean phase at t=0min, a dead time in NO outlet concentra-
tion was observed, indicating that all inlet NOy during that time was
completely stored on the catalyst surface. After ca. 0.7 min the NOy
outlet concentration began gradually increasing with time, ulti-
mately reaching the inlet concentration value of 1000 ppm at the
end of the 30-min lean/adsorption phase. The NO, concentration
gradually increased with time and at the end of the cycle was ca.
320 ppm. Compared to Pt-Bagr, different NO, outlet concentrations
were detected for Pt-Ba/Alng, Pt-Ba/Al-Ti and Pt-Ba/Al-Tiyf at the
end of lean phase; 390,45 and 160 ppm, respectively (Fig. 4b—d). For
the Pt-Ba/Al-Ti sample, this low NO oxidation activity can be related
to the Pt-TiO, electron interaction as was pointed out previously
[44]. It was found that a Pt-TiO, catalyst prepared by impregnation
contains Pt metallic species and PtO, which is less active than metal-
lic Pt, so exhibits low NO oxidation activity. Additionally, small Pt
clusters on TiO, with weak Pt-TiO, electron interaction are easily
oxidized during reaction under oxidizing conditions, leading to a
decrease in NO oxidation activity [45]. Considering the Pt-Ba/Al-
Time physical mixture, the Pt-TiO, electron interaction is expected
to be weaker compared to that for Pt-Ba/Al-Ti. Because of that,
the NO oxidation activity is greater for Pt-Ba/Al-Tiy;r compared to
Pt-Ba/Al-Ti. Although the Pt-Ba/Alnr sample had the highest disper-
sion, it also resulted in the best NO oxidation activity. This simply
indicates that the higher level of Pt exposed led to a higher rate,
although the TOF would be smaller [13].

The NO breakthrough time for both the Pt-Ba/Al-Ti and Pt-Ba/Al-
Tiyr catalysts also decreased, to less than 10-15s. In the case of
Pt-Ba/Alng the NO breakthrough time increased by ca. 20% com-
pared to Pt-Bagr. It is well known that NO to NO, oxidation plays a
key role for NOy storage [11,13] and the changes in breakthrough
time correlate well to the NO oxidation ability of the catalysts. The
higher the NO, outlet concentration at the end of the lean phase,
the longer the storage occurred. It is also possible that the different
overall performances, as well as the NO oxidation ability, are due to
different crystallinity and dispersion states of the Ba phase. In the
case of Pt-Ba/Al-Ti, large crystals of Ba(NO3), form the large BaCO3
crystals shown in Fig. 2, and the large nitrate crystals were also
observed with TEM after reaction as well (data not shown), which
can evoke NOy diffusion/mobility difficulty during storage. For Pt-
Ba/Alng, the Ba phase is more dispersed and could form smaller
crystallites, which is beneficial for NOy storage capacity [46,47].

At 623K, Pt-Ba/Alnr had the highest accumulation capacity of
the samples tested. The amounts of stored nitrates at 623K for
Pt-Bagr, Pt-Ba/Alnr and Pt-Ba/Al-Ti were 1.26 x 1073, 1.57 x 1073
and 9.93 x 10~4mol gga1t, respectively. For the physical mixture, Pt-
Ba/Al-TiyE, the amount of NOy stored was ca. 1.17 x 1073 mol g},
and falls between the values obtained for Pt-Ba/Alnr and Pt-Ba/Al-
Ti. These values were estimated taking into account that the
amount of stored nitrates is proportional to the area A in Fig. 4.

In terms of regeneration, also in Fig. 4, for Pt-Basr H, was com-
pletely consumed for about 3 min afteritsintroduction at t =25 min.
Then the H, outlet concentration gradually increased with time,
reaching the inlet value at the end of the rich step at ca. 55 min. N,
was observed at the onset of the rich phase, suggesting fast reduc-
tion of stored nitrites/nitrates. H,O was also observed at the onset of
the regeneration phase, via reaction between H, and the stored NOx
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Fig. 4. Storage-reduction of NOy at 623 K for (a) Pt-Bagr, (b) Pt-Ba/Alng, (c) Pt-Ba/Al-Ti and (d) the physical mixture of Pt-Ba/Al-Tiy. Lean phase — 1000 ppm NO, + 3% of O,

in He; regeneration phase - 2000 ppm H, in He. Gas flow =100 ml min~".

species. After 38 min, while N, and H,0 concentrations decreased
and H, approached the inlet concentration, NH3 was observed, ca.
130 ppm at its peak. Complete H, consumption over both Pt-Ba/Al-
Ti and Pt-Ba/Al-Tiyf catalysts was shorter compared to Pt-Bast and
Pt-Ba/Alyg; less than 0.5 min, and shorter H,O formation times
were also noted, which are expected since less NOy was stored
during the previous lean phase for Pt-Ba/AI-Ti and Pt-Ba/Al-Tip.
N, production was still immediate after switching to rich condi-
tions over these catalysts as well, indicating rapid nitrite/nitrate
reduction. NH3 was not detected for Pt-Ba/Al-Ti. For the physical
mixture, Pt-Ba/Al-Tiyg, the amount of NH3 was ca. 25 ppm and was
smaller than that obtained over the Pt-Ba/Alyr catalyst, which was
ca. 95 ppm. NHj3 is formed via a reaction between the surface NOx
species and the entering H. Since less NOy was trapped on the
Pt-Ba/Al-Ti and Pt-Ba/Al-Tiy;r samples, less NH3 will ultimately be
generated and due to the small amount of NOy trapped on Pt-Ba/Al-
Ti, none was observed. The nanofiber-supported sample led to less
NH3 generation, although more NOy was trapped, demonstrating
better selectivity toward N, formation.

In Fig. 5 the performance at different temperatures are shown
for the Pt-Bast, Pt-Ba/Alng, and Pt-Ba/Al-Ti catalysts. For all studied
materials, NO to NO, oxidation increased with increasing reac-
tion temperature (data listed in Table 2). This increase in oxidation
capacity is especially obvious when comparing the Pt-Bagr and Pt-
Ba/Alyr performance at 523 and 623 K.

For standard Pt-Basr, the trapping efficiency increased between
523 and 623 K. At higher temperatures, the amount of NOyx stored
slightly decreased and starting at 623 K, NOy release at the onset of
the rich phase was observed, indicating that the nitrites/nitrates
stability became significant. It has been proposed that the NOy
released at the onset of regeneration can be related to heat genera-
tion during oxidation of the reductant species, if enough reductant

is present (thermal release) [48,49] and/or the thermodynamic sta-
bility of nitrates, which decreases in a net reducing environment
[50]. Ammonia production was highest at 523 K, ca. 280 ppm was
the peak amount, and its formation decreased as reaction temper-
ature increased, which is consistent with the literature [48,51]. The
amount of NOy trapped over the Pt-Ba/Alyg catalyst is higher at
all temperatures tested compared to the Pt-Basy standard catalyst.
Moreover, there was no evidence of NOy release at the onset of, or
any time during, the rich phase. Also the amount of NH3 produced
is consistently lower relative to that made over the standard Pt-
Bast. For example, at 523 K the amount of NH3 formed over the
Pt-Ba/Alnr catalyst is ca. 40% lower than that obtained with Pt-
Bast. As with Pt-Bast, NH3 formation over Pt-Ba/Alng decreased
with temperature. These results are in line with literature data,
where decreased NH3; formation with increasing temperature has
been related to lower nitrite/nitrate species stability, such that the
released NOy:reductant ratio is too high for substantial NH3 for-
mation. Also, taking into account NO- or N-species adsorbed onto
Pt reacting with H,, more NH3; would form during regeneration at

Table 2
NO; concentration at the end of the lean phase (1000 ppm NOy +3% O, in He).

Temperature (K) NO; out (ppm)

Pt-Bast Pt-Ba/Alnr Pt-Ba/Al-Ti Pt-Ba/Al-Tiyvr
RT <10 <10 <10 <10
523 35 45 20 35
623 320 (60) 390 (75) 45 (<10) 160 (35)
723 320 350 65 170
773 320 340 80 155

() in brackets - NO, out ppm in the presence of H,0 and CO, during TRM. Both lean
and rich phases contained 2.5% H,0 and 5% CO,.
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lower temperature because more NOy species are available over
a longer period of time due to slower diffusion rates between the
nitrate sites and Pt. Additionally, the ratio of H, fed to NOy stored
has an important effect on selectivity to N, and NH3 [48,51]. For
Pt-Ba/Al-Ti, the trapping efficiency at 523K is poor. The amount
of NOy trapped increased with temperature, at least up to 773 K.
During the rich phase, no NOy release was detected and NH3 was
produced only at 523 K, and was less than 10 ppm at its peak, due
to the small amount of NOy trapped.

The TRM data demonstrate that the addition of Ti to the sup-
port significantly influences the general NOy storage and reduction
behaviour, significantly decreasing the storage capacity and there-
fore resulting in poorer performance. The Pt-Ba/Alyg catalyst has
better performance than the other catalysts in terms of NOy
removal at all temperatures evaluated.

The good Pt dispersion obtained for the Pt-Ba/Alyg system
implies closer proximity of Pt to the storage components. The ben-
eficial influence of such a proximal configuration on NOy storage
has been described elsewhere [12,13]. Additionally, Pt-Ba/Alyr has
a higher Pt and Ba exposed amount than Pt-Ba/Al-Ti and Pt-Basr
(Table 1). For Pt-Ba/Alng, BaO or Ba(OH), are probably the most
abundant storage species. BaCO3 was almost negligible (small XRD
features, no CO, evolved during regeneration), because this phase
was likely decomposed during catalyst conditioning. In the case
of Pt-Ba/Al-Ti, BaO or Ba(OH), are still likely storage species at
temperatures below 873 K, due to the absence of CO, evolved dur-
ing reaction. When exposing Pt-Ba/Al-Ti to higher temperatures
(873-1223K), Ba-Ti complex structures can form, such as BaxTiy, O,
and/or BayAlyTi;Op, and this interaction can play an important
role [39]. It was previously found for ternary oxides, that the TiO,
domains have a significant affinity toward BaO and/or Ba(NOs);
resulting in strong Ti-Ba interactions and the formation of overlap-
ping domains on the surface [39]. The presence of Ti can also induce
adecrease in the decomposition temperature of the Ba(NOs ), phase
with respect to the Ti-free Ba(NOs ), /v-Al, 03 system. Such a desta-
bilization was attributed to a weaker interaction between Ba(NOs ),

and y-Al, O3 domains in the ternary oxide as well as due to the
change in the surface acidity in the presence of TiO, [39]. It was also
previously reported that Ti domains provide strong anchoring sites
for the Ba-containing units and significantly alter the surface mor-
phology, composition and the stoichiometry of the Ba-containing
units as well as the surface mobility of the BaO clusters [52]. In
this study, the formation of complex Ba-Al-Ti-O structures was not
observed via XRD at temperatures below 873 K and because of that
the Pt-Ba/Al-Ti system had some NOy storage capacity through the
tested temperature range. However, the XRD data indicate that Pt-
Ba/Al-Ti seems to have interesting properties from the point of view
of thermal durability. The pure Al-Ti nanofibrous support is stable
up to ca. 1200K and when impregnated with Pt and Ba, doesn’t
show significant textural changes up to ca. 900K. Although the
catalyst supported Al-Ti nanofiber had a lower BET surface area
compared with pure Alyg, it partially preserves its porous structure
even after the thermal treatment at ca. 1200K.

In Fig. 6 the TPD profiles of stored nitrite/nitrate decomposi-
tion products are shown. The temperatures where a desorption
maximum occurred for each catalyst are listed in Table 3. Note,
the sharp increase noted at approximately 2100 and 2000 in the
2nd and bottom plots are due to instrument data acquisition speed
“missing” the transition to the increased concentration value. The

Table 3
Desorption temperatures of N- and S-species (sh - shoulder).

Catalyst Nitrates desorption Desulfurization
temperature (K) temperature (K)

Pt-Bast 590 (sh), 620, 670 777 (sh), 873,
(sh) 930502

Pt-Ba/Alnr 570 (sh), 639, 695 730 (sh), 812,910
(sh)

Pt-Ba/Al-Ti 609 (sh), 650, 730 730 (sh), 850
(sh)

Pt-Ba/Al-Tiyr 570 (sh), 649, 715 730 (sh), 830,910

(sh)
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thermal evolution of the stored NOy species on the surface of Pt-
Ba/Alnr shows one major desorption feature with two shoulders.
The NOy desorption maximum is at 639K and the first shoulder
is ca. 570K while the second small shoulder is observed at 695 K.
The desorption features observed above 600K are associated most
probably with the decomposition of bridging and bidentate nitrates
[52]. Although the thermal stabilities of the sorbed NOy species are
similar for Pt-Basy and Pt-Ba/Alyg, there was no release of unre-
duced NOy observed for Pt-Ba/Alyg, indicating that the reduction
process over Pt-Ba/Alyr is more efficient, likely due to the better
dispersion obtained with the higher initial surface area.

The thermal stability of the adsorbed NOy species was found
to be in good agreement with literature. Previous studies indicate
that the presence of TiO, (rutile) crystallites on the surface of the
alumina particles significantly influence the nature of the adsorbed
NOjy species by providing additional Ti** NO storage sites [52]. The
large TiO, crystallites can partially block some of the accessible AI3*
surface sites. Moreover, the BaO domains possess a lower surface
area [52]. A lower temperature feature at 389K, related to the des-
orption of weakly bound N,0O3 and NO* species that desorb in the
form of NO, and NO +0; [52], was not observed during this study.
This peak has been attributed to the N-species stored on the alu-
mina support. Its absence is likely due to the alumina surface of
Pt-Ba/Alnr and Pt-Ba/Al-Ti being partially blocked.

For the Pt-Ba/Al-Ti catalyst, all the desorption features are at
higher temperatures relative to the other catalysts. The high tem-
perature desorption feature, the shoulder at ca. 730K, can be
assigned to the decomposition of the bulk Ba-nitrates and nitrate

amooh b

Concentration, ppm

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time, min

Fig. 7. Water and CO, influence on NOy storage-reduction at 623K for (a) Pt-Basr,
(b) Pt-Ba/Alng, (c) Pt-Ba/Al-Ti and (d) the physical mixture of Pt-Ba/Al-Tiyr. Lean
phase - 300 ppm NOy +3% O, in He; regeneration phase - 2000 ppm H; in He. Each
phase contained 2.5% H,0 and 5% CO;. Gas flow =100 mI min~!.

species associated with Ti [52]. Evidence from a previous study also
shows a peak at ca. 900-930K, which is due to decomposition of
Ba-nitrates located on the surface of TiO, [52]. Both of these nitrate
species decompose by releasing mostly NO. According to this pre-
vious study, this thermal stabilization of the bulk Ba-nitrates and
their decomposition at higher temperatures can be explained by
the stronger interaction between the bulk BaO domains and the
underlying Ti sites, where large BaO clusters are immobilized on
the TiO,/TiOx domains, and apparently the Ti stabilizes the other
features as well.

3.3. H;0 and CO; influence

The influence of H,0 and CO, on the Pt-Bast, Pt-Ba/Alyf, Pt-
Ba/Al-Ti and Pt-Ba/Al-Tiy catalysts’ behaviour was investigated
and results obtained at 623 K are presented in Fig. 7. Compared to
“clean” conditions (without H,O and CO,), Fig. 4, the NOy break-
through time is shorter in the presence of H,O and CO,, indicating
that NOy is stored more efficiently in the absence of both H,0 and
CO,. This is in good agreement with previous studies, where the
combined effect of H,0 and CO, on the storage of Pt/Ba/Al,03 cat-
alysts has been investigated [53-55]. For Pt-Bagr the total uptake
of NOy time is ca. 0.7 min for “clean” conditions, while in the pres-
ence of H0 and CO, it decreases to ca. 0.4 min. Additionally, the NO
oxidation activity is influenced and at the end of the lean phase the
amount of NO, was ca. 60-70 ppm (Table 2). A smaller effect on cat-
alytic activity was observed for the Pt-Ba/Alyng, where the amount of
NO; stored decreased by ca. 28% compared to the amount trapped
in the absence of H, O and CO,. A partial loss of NO oxidation activity
for this catalyst was also detected. In general, the decrease in cat-
alytic activity due to H, O and CO,, presence is: Pt-Bagt > Pt-Ba/Al-Ti
> Pt-Ba/Al-Tiy > Pt-Ba/Alng. It is worth noting that at 623 K, NH3
formation was not observed during the rich phase, which is con-
sistent with previous findings, where it was suggested that CO,
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has a promoting effect on NH3 formation only at low temperatures
(lower than 573 K) [55].

Previous studies have shown that in the presence of H,O and
CO,, hydroxide and carbonate catalyst storage species are formed
[56-58]. Therefore, the proposed explanation for the lower stor-
age capacity in the presence of H,O and CO, is that NOy storage is
more difficult on BaCO3; and Ba(OH), than on BaO [55]. It has also
been shown that CO, has a greater influence on storage relative
to H,0 [55], which was related to the greater stability of BaCO3
compared to Ba(OH),, resulting in more difficult nitrite/nitrate for-
mation from BaCOs.

3.4. Sulfur poisoning study

The effects of the nanofibrous support structure and Ti incorpo-
ration in the Al phase on sulfur adsorption suppression, and NOy
storage afterwards, were studied over the Pt-Ba/Alyg, Pt-Ba/Al-Ti
and Pt-Ba/Al-Tiy catalysts, and the results were compared with
those obtained from the standard Pt-Ba catalyst. All performance
tests of the S-poisoned and desulfurized catalysts were performed
in the presence of 2.5% H,0 and 5% CO,, except the sulfation por-
tion itself, as both of these compounds can promote desulfurization
[59]. The storage-reduction profiles at 623K after sulfation are
showninFig. 8. The results clearly show that after sulfation, the first
adsorption-reduction cycle is significantly perturbed relative to
those shown in Figure 7. During the first adsorption phase, SO, was
released from all samples, whereas H,S formation was observed
during the first regeneration phase for the Pt-Ba/Alyg and Pt-Ba/Al-
Timr catalysts. For all catalysts, NOy removal activity decreased
compared to the corresponding un-sulfated systems. The NO break-
through time dropped 48-67% and the NO to NO, oxidation extents
were also inhibited. The NOy conversion over all of the sulfated
catalysts increased slowly with time (number of cycles), which
indicates that the catalyst active centres can be to some extent
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Fig. 9. TPR/desulfurization with 2000 ppm H, +2.5% H,0+5% CO; in He. Total
flow =100 ml min~'. Tramp=10Kmin~'.

recuperated at 623 K under normal, cycling conditions. However,
there is only a moderate level of activity re-attained after 300 min
or after 5 cycles. The amounts of stored nitrates at 623 K for sulfated
Pt-Bagr, Pt-Ba/Alnr and Pt-Ba/Al-Ti were 5.08 x 104, 7.69 x 10~4
and 5.67 x 10~ mol gc‘alt, respectively, and are all slightly higher
than previously reported values for a standard Pt/Ba/Al, O3 catalyst
[50].

Moreover, a small release of unconverted NOy at the onset of
regeneration for all sulfated catalysts was detected. The highest
amount of unconverted NOy was released from the standard Pt-
Bast. The highest decrease in overall activity, ca. 37% was obtained
from the standard catalyst as well. The Ti-modified catalysts actu-
ally perform better than the standard after this S exposure. This
could be due to Ba sites associated with Ti being affected less sig-
nificantly than Ba not associated with Ti.

The data obtained during the TPR used for desulfurization are
shown in Fig. 9 and temperatures where a S-species desorption
maximum occurred for each catalyst are given in Table 3. H, was
used as the reducing agent, and is known to promote sulfur des-
orption [3]. The temperature for the onset of S release was similar
for each catalyst. For the sulfated Pt-Bast standard catalyst, H,S
and SO, are both observed, with maxima in desorption noted at
ca. 773 and 873K for H,S and 930K for SO,. Sulfur removal can be
explained on the basis of reactions (1) and (2) or reaction (1) with
the product SO, further reacting with H, to form H;S.

BaSO, + Hy — BaO + SO, + H,0 (1)
BaSO4 + 4H,; — BaO + H,S + 3H,0 (2)

Pt promotes both reactions and lowers the desorption temper-
ature [3].
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Significant SO, formation was observed only for Pt-Bagt. For
the nanofibrous material, H,S desorption was predominant at tem-
peratures above 673 K and SO, formation was negligible, less than
5 ppm. For the Pt-Ba/Al-Ti catalyst, the amount of H,S desorbed was
noticeably higher than that from the other catalysts investigated.
This indicates that Ti incorporation into the alumina nanofiber
structure either results in more S adsorbed during the sulfation pro-
cessor catalyzes the release of S as H,S. TiO5 is known to be resistant
to sulfur poisoning, because sulfates on TiO, are less stable than
those on other oxides, such as y-Al,03 [24,25,39], possibly due to
acidity differences [[25] and references therein] or the interaction
between the Ti and Ba, forming overlapping domains as discussed
above [50]. This better sulfur tolerance was also observed previ-
ously for TiO, supports and TiO, mixed with y-Al,03 [3,7] and it
has been reported that Pt/TiO, mixed with Pt-Ba/Al,03 shifts sul-
fur desorption to lower temperatures. Additionally, H,S desorbs
more easily at lower temperature in the vicinity of the interface
where Pt/TiO;, and sulfur poisoned Pt-Ba/Al,03 are in contact [7].
This facilitation of sulfur desorption is therefore a function of an
increase in interfacial contact between Al;03 and TiO5 [7]. Accord-
ingly, the prepared nanofibrous material containing Ti seemingly
results in high contact between the two interfaces and it is the
release of S that is increased.

InFig. 10, the TRM profiles obtained after desulfurization are dis-
played. The first lean-rich TRM cycle was significantly changed for
all cases. For the desulfurized catalysts, the NO breakthrough time
is higher and the amount of NOy stored increased compared to the
corresponding sulfated systems. Also, the NO to NO, oxidation abil-
ity improved after desulfurization, by 15-20%. The total amounts of
NOy stored before and after sulfation as well as after desulfuriza-
tion for each catalyst are shown in Fig. 11. The N balances are within
4-7%. The best performance after desulfurization was obtained for
the nanofibrous Pt-Ba/Alng and Pt-Ba/Al-Ti systems (data listed in
Table 4).
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Fig. 11. NO, storage over fresh (with and without H,0 and CO,), sulfated and desul-
furized catalysts.

Table 4

Catalyst activity recovery after sulfation and desulfurizarion (Apgs) in Hy.
Catalyst Apks Apgs*
Pt-Bast 0.97 0.92
Pt-Ba/Alnr 0.90 0.78
Pt-Ba/Al-Ti 0.86 0.44
Pt-Ba/Al-Tiyr 0.91 0.78

Apks =(NOggs — NOjqs pEs)/(NOads — NOagssuir ), Apes+ = (NOaqgs — NOags pes )/

(NO,qgs* — NOggssurr ), Wwhere NO,4s —amount NO adsorbed during TRM at 623 K under
‘clean’ conditions, NO,4s- — amount NO adsorbed during TRM at 623 K with CO, and
H,0 added, NO,4s pes — amount NO adsorbed over desulfurized catalyst during TRM
at 623 K with CO; and H,0 added, NO,q4s su.r — amount NO adsorbed over sulfated
catalyst during TRM at 623 K with CO, and H,0 added.

Interestingly, SO, and H,S were still observed being released
over the previously desulfurized catalysts (Fig. 10). SO, release
during the storage phase is observed mostly for Ti-free systems,
indicating that some residual S-species are present on the Pt-Bast
and Pt-Ba/Alng catalyst surfaces after desulfurization and that the
added NOy and O, presumably induces some release that did not
occur under the reducing TPR conditions. In this context, Ti presum-
ably increases sulfur desorption, which is in agreement with the
data discussed above as well as previous work [7]. However, there
is also a noticeable increase in unconverted NOy release after the
TPR protocol. After desulfurization the highest amount of uncon-
verted NO, was released with Pt-Bast (1.42 x 10~ mol ggalt) and
Pt-Ba/Alnr resulted in less (2.84 x 10~ mol gg;t), but more than
prior to the TPR. Moreover, for those catalysts, the highest decrease
in overall activity is obtained, i.e. 33 and 25% for Pt-Bast and Pt-
Ba/Alng, respectively. For Pt-Ba/Al-Ti, the amount of unconverted
NOy is almost negligible (5.61 x 108 mol gga1t) and for Pt-Ba/Al-
Time the amount of unconverted NOy (1.09 x 10~7 mol g_1) falls
between those obtained for Pt-Ba/Alnr and Pt-Ba/Al-Ti. H,S release
was observed during the rich phase for Pt-Bagt in the first TRM
cycle, but was not for the other catalysts.

The NO, storage-reduction tests with the desulfurized catalysts
reveal that the NO, storage capacity was higher for the nanofibrous
alumina and Al-Ti supported catalysts compared to standard Pt-Ba,
further suggesting that sulfur desorption was promoted over those
catalysts, resulting in better recovered performance.

4. Conclusions

Different NOy storage catalysts deposited on nanofibrous sup-
ports were prepared, with comparison also made to a model NSR
catalyst. The modification of the nanofibrous y-Al, 03 structure by
Ti negatively affected NOy storage properties but enhanced the
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thermal durability and S resistance. NOy storage increased with
temperature, up to 773K with the addition of Ti, while for the
other samples, trapping ability decreased at this high temperature
relative to lower temperatures. This was due to the availability of
additional NOy adsorption sites associated with the Ti or Ba/Ti inter-
actions. The Pt-Ba catalyst supported on pure nanofibrous y-Al,;03
had the best results at temperatures below 723 K. This sample also
resulted in the best NO oxidation performance, likely leading to the
improved trapping ability, although its better dispersion of both
Pt and Ba sites also leads to improved performance. S exposure
affected both NOy storage and unconverted NOy release during the
regeneration phase. The Ti-modified sample released more sulfur
during TPR than the others indicating enhanced contact between
A1203 and TiOz.
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