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Abstract

A series of Pt—-Ba/Al, O3 catalysts with Ba loadings in the range of 4.5-33 wt% was prepared using a two-nozzle flame spray pyrolysis method.
The structural properties and activities of these catalysts in NO, storage-reduction (NSR) were compared to corresponding standard Pt-Ba/Al, O3
catalysts prepared conventionally via wet impregnation. The catalysts were characterized by XRD, TEM, ESI, DRIFT, TG-MS, TPRD, and
gas adsorption. Calcined flame-derived catalysts were composed of agglomerated spherical nanoparticles of alumina and Pt/barium carbonate
of low thermal stability (LT-BaCOj3), whereas barium carbonate of high stability (HT-BaCOs3) was absent. In contrast, in the corresponding
conventionally prepared catalysts, the Ba-containing phases were composed of BaO, LT-BaCOs3, and HT-BaCO3. DRIFTS measurements of CO
adsorption revealed distinct differences in the distribution of CO chemisorbing sites on Pt particles depending on the preparation method applied.
The CO:Ptratio varied between 0.8 and 0.7 depending on the Ba loading and the preparation method. Decreased Pt dispersion at higher Ba loadings
was observed for the wet-impregnated catalysts, whereas Pt dispersion increased only slightly at higher Ba loadings for the flame-made catalysts.
The structural differences of flame-made and conventionally prepared catalysts affected strongly their NO, storage efficiency. Investigation of the
behavior of the catalysts in NSR showed that the larger Ba/Al, O3 interface existing in conventionally prepared catalysts results in a higher NOy
storage efficiency of these catalysts at Ba loadings up to ca. 17 wt%, whereas the absence of the HT-BaCOj3 phase in flame-made catalysts lead to
improved NOy storage potential at higher Ba loadings.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction by wet impregnation of an alumina support with aqueous solu-
tions of barium and platinum precursors [8].

NO, pollution from combustion processes has been a chal- The classical NO, storage mechanism assumes that either

lenging area of environmental chemistry ever since new, more ~ BaO or BaCOj3 species are the storage compounds [8]. Re-

efficient engines operating under lean conditions were intro- cently it has been shown that the distribution of different Ba-

duced [1,2]. NO, storage-reduction (NSR) catalysts proposed  containing species over the support [9-14] is a crucial fac-
by Toyota in 1995 [3] seem to offer the most realistic solution  tor for storage efficiency [15,16], especially in the case of
in terms of dynamic NO, control. Nitrogen oxides are stored  alumina-supported catalysts [17,18]. A detailed study of the
under lean conditions over an alkaline or alkaline-earth com- influence of the Ba loading in standard Pt-Ba/Al, O3 revealed
ponent (i.e., BaCO3 or BaO) in the form of nitrates, which are  the presence of different Ba-containing phases in the conven-
then reduced to nitrogen during a short fuel-rich period [4-7]. tional Pt-Ba/Al,O3 NSR catalyst. The existence of different
The standard NSR catalyst is Pt-Ba/Al,O3 generally prepared By containing phases was traced to varying interaction of the
Ba species with the alumina support [15]. In a preceding study
¥ Corresponding author. Fax: +41 1 632 1163. we described the activity of each of these Ba-containing phases
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tween thermal stability and storage potential of the diverse
BaCOs3 phases [16]. BaCOj3 in intimate contact with the support
(LT-BaCOs3), partially decomposing to BaO at low tempera-
tures, was found to be the most active Ba-containing phase in
the NO, storage process, whereas bulk-like BaCO3 decompos-
ing at higher temperatures (HT-BaCO3) represents a limiting
factor for NO, storage efficiency. Recently our findings were
confirmed by Chen et al. [13], who identified two different Ba-
NO, species with different thermal stabilities, resulting from
the thermal decomposition of alumina-supported Ba(NO3),.

Intrigued by our earlier findings, we attempted to prepare
Pt—-Ba/Al,O3-based catalysts with limited formation of larger
BaCOs3 clusters, accompanied by HT-BaCOs3 formation [15].
Among the various preparation methods, flame spray pyrolysis
(FSP) was chosen, based on some of its unique features [19].
This method, based on dispersing and igniting combustible
precursor solutions [20], gives access to all kinds of metal-
containing nanoparticles [19]. Such flame-made (FM) materials
are characterized by a relatively high surface areas [21] due
to the external surface of the nanoparticles and the nonporous
structure generally improving thermal stability [21,22].

The conventional single-nozzle FSP process has some in-
herent limitations in controlling the distribution of two or more
components in the material, as in the case of mixed metal ox-
ides, resulting in poor NSR catalysts [23]. Recently, we have
shown that a two-nozzle flame process adds further flexibility
in setting of flame parameters and provides better control of
particle mixing at the nanolevel in the Pt—-Ba—Al system [23].

Consequently, intrigued by the obvious advantages of the
two-nozzle flame process, we prepared a series of FM Pt-Ba/
AlyO3 catalysts with Ba loadings in the range of 4.5-33 wt%
and compared their structural properties and behavior in NO,
storage reduction to those of corresponding standard Pt—
Ba/Al, O3 catalysts prepared by wet impregnation (W1).

2. Experimental
2.1. Catalyst preparation

Two sets of NO, storage-reduction catalysts, with the stan-
dard formulation Pt-Ba/Al, O3, were prepared by means of two
different methods: the incipient wetness technique (denoted as
WI catalysts) and the flame spray pyrolysis (denoted as FM cat-
alysts). The WI samples were prepared using Pt(NH3)2(NO3),
and Ba(CH3COO); as precursors, and commercial y-Al,O3
(BET surface area = 210 m? g~!) as a support. The detailed
preparation procedure has been described previously [15]. As-
prepared samples with a Pt content of 1 wt% were dried for
12 h at 80 °C and then calcined at 500 °C for 2 h, all in air. After
calcination, the samples were impregnated with Ba(CH3COO),
solutions affording nominal Ba loadings of 4.5, 9, 16.7, 22, and
28 wt%, and then dried for 12 h in air at 80 °C. Before each ex-
periment, the samples were calcined in situ with a temperature
ramp of 10 °C min~! up to 500 °C.

The setup for flame synthesis of Pt—Ba/Al, O3, described in
detail previously [23], consisted of two separate FSP nozzles,
with the angle between them fixed at 120° and the internoz-

Table 1
Nominal composition of WI and FM Pt-Ba/Al, O3 catalysts: Ba and Pt loading
in wt%

WI Pt-Ba/Al, O3

FM Pt-Ba/Al, O3

Ba (wt%) Pt (wt%) Ba (wt%) Pt (wt%)
4.5 0.94 4.5 0.94
9 0.91 9 0.91
16.7 0.83 16.7 0.83
22 0.77
23 0.76
28 0.71
33 0.66

zle distance between the angle tip and each nozzle center fixed
symmetrically at 6 cm. The Al- and Pt/Ba-containing precur-
sor solutions were fed separately through the two nozzles. The
Al precursor consisted of aluminum(IIl) tri-sec-butoxide (Alfa
Aesar, 95%) dissolved in a 2:1 vol% mixture of diethylene gly-
col monobutyl ether (Fluka, 98%) and acetic anhydride (Riedel
de-Haén, 99%). For the Pt/Ba precursor mixture, barium(II)
2-ethylhexanoate (75% in 2-ethylhexanoic acid; Alfa Aesar,
99.8%) and platinum(Il) acetylacetonate (Strem, 98%) were
dissolved in ethanol (Alcosuisse, 98%). The Al concentration
was maintained at 0.5 mol L™! for all experiments. The plat-
inum and barium concentrations were adjusted to afford a Pt
content of 1 wt% and nominal Ba loadings of 4.5, 9, 16.7,
23, and 33 wt%. The flames were operated in open air en-
vironment, reaching maximum flame temperatures of up to
2500 °C [20]. Liquid and gas flow rates were as described pre-
viously [23].

For comparison, Pt—-Ba/Al,O3 powder (with a relative for-
mulation of 1:20:100) was also produced by one-nozzle FSP
with a precursor feed rate of 5 mlmin~! and an oxygen disper-
sion gas flow rate of 5 L min~'. In that precursor, the solutions
of aluminum(III) tri-sec-butoxide, barium(II) 2-ethylhexanoate
(Aldrich, 98%), and platinum(II) acetylacetonate were dis-
solved in toluene (Al = 0.5 molL™1).

Both the WI and FM samples are designated as Pt-Ba(x),
where x denotes the nominal wt% of Ba in the sample, for
example, Pt—-Ba(22.0). The relative loading of Pt was kept con-
stant (i.e., Pt(1)-Ba(x)-Al;03(100)); therefore, the absolute
Pt content decreases with increasing Ba loading to a minimal
value of ca. 0.7 wt% for WI Pt-Ba(28) and 0.6 wt% for FM
Pt-Ba(33) [15]. Table 1 lists the composition of the catalysts
used in this study.

2.2. Catalyst characterization and NO, storage-reduction
tests

Specific surface areas (Sggr), specific pore volumes (V),),
and average pore diameters ({(d) =4V, /Sggr) of the calcined
supports and supported Pt—-Ba samples with different Ba load-
ings were determined by nitrogen adsorption—desorption mea-
surements at 77 K using a Micromeritics Tristar 3000 instru-
ment. Pore size distributions (not shown) were calculated using
the Barrer—Joyner—Halenda method [24]. The assessment of mi-
croporosity was made using ¢-plot constructions [25].
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Powder X-ray diffraction (XRD) patterns of calcined WI
samples were recorded with a Siemens D5000 powder X-ray
diffractometer using the CuK,, radiation in step mode between
10 and 80° 26 with a step of 0.01° and 2 sstep~!. XRD analy-
sis of FM materials was carried out on a Bruker D8 advance
diffractometer in step mode (26 = 15°-75°) with a step size of
0.04° and a scan speed of 0.48° min~!.

For transmission electron microscopy (TEM), the calcined
material was dispersed in ethanol and deposited onto a perfo-
rated carbon foil supported on a copper grid. The investiga-
tions were performed on a Tecnai F30 microscope (FEI [Eind-
hoven]; field emission cathode, operated at 300 kV). TEM im-
ages were recorded with a slow-scan CCD camera. An energy
filter (Gatan imaging filter [GIF]), which is installed below the
Tecnai F30, allows the recording of element-specific images
(elemental maps) of barium (Ba-L edge at an energy loss of
781 eV) by means of the electron spectroscopic imaging (ESI)
technique [26].

CO-pulse chemisorption was performed by injecting pulses
(0.35 ml) of 10% CO/He into 5% Hjy/Ar at 40°C on a Mi-
cromeritics Autochem IT 2920 instrument. A mass spectrom-
eter (Pfeiffer Vacuum, Thermostar) was used to analyze the
off-gas and derive the amount of chemisorbed CO. Before
CO chemisorption, all samples were freshly pretreated to re-
move impurities as follows: Samples were first heated in 10%
O2/He up to 500°C (10°C min_l) and maintained for 30 min
at 500 °C, then cooled in He to 350 °C to prevent mixing of O3
and H,. Complete reduction of PtO, sites was then achieved
by exposing the samples to 5% Hy/Ar for 30 min at 350 °C.
Subsequently, the samples were kept for 30 min at 350 °C be-
fore cooling in He to 40 °C. Preferential chemisorption of CO
instead of H, on the Pt sites can be assumed [27-29].

DRIFTS analysis of CO chemisorption was performed on
a Bruker IFS 55 spectrometer. A Praying Mantis diffuse re-
flection attachment (DRA) coupled with a HVC-DRP2 reac-
tion chamber (Harrick) was used. Before each analysis, all
samples were freshly pretreated following the procedure pre-
viously described for CO chemisorption. Gas flow was kept at
10 mImin~!, and pure H, was used in the reducing step. For
determination of metal dispersion, the adsorption stoichiom-
etry defined CO molecules per surface Pt atom was calcu-
lated, taking into account the relative proportion of linear-CO
and bridged-CO as shown by DRIFTS analysis. CO:Pt ratios
were between 0.8 and 0.7 depending on the catalyst preparation
method and the Ba loading.

Thermogravimetry (TG) combined with mass spectrometry
(MS) was performed on a Netzsch STA 409 thermoanalyzer
connected to a valve device enabling pulse thermal analysis
(Pulse TA®). This setup [30] allows the injection of controlled
amounts (0.5-5 ml) of probe gas into a carrier gas stream
(here fixed at 50 N cm? min~!) flowing through the thermoan-
alyzer. The composition of the gas phase was monitored by a
ThermoStar Pfeiffer Vacuum GSD 301 O1 mass spectrometer,
which was connected to the thermoanalyzer by a heated (ca.
200 °C) stainless steel capillary.

Application of mass spectrometry in analyzing the mixtures
containing both NO and NO; is biased by the fact that the

main m/z signals are the same for both gases (m/z = 30).
This problem has been circumvented by careful calibration of
the mass spectrometer (injection of NO and NO;) and deter-
mination of the specific fragmentation pattern. This procedure
allowed estimation of the amount of NO; evolved during TPRD
experiments. Note that the measured concentration of NO; was
generally ca. two orders of magnitude lower than that of NO.

Before each experiment (i.e., TG-MS, TPRD, NO, storage,
and NSR), the samples were calcined in situ in 20 vol% O,/He
at 500 °C (at a temperature ramp of 10 °C min~!) for 2 h. Cool-
ing was conducted in controlled atmosphere as well.

TPRD experiments were carried out with 20 mg samples in
He with a heating rate of 10 °Cmin~!. NO, storage tests were
performed at 300 °C in a 5 vol% O,/He atmosphere, with re-
peated 1 cm® NO pulses injected into a carrier gas stream until
saturation (maximal mass uptake) was reached.

NO, storage-reduction (NSR) in an inert atmosphere was
performed at 300 °C in He with 1 cm® C3Hg pulses injected al-
ternatively with a certain number of 2 cm? NO/3 cm? O, pulses.
The injection of NO/O» results in a mass gain. The reduction by
propene (marked by arrows in Figs. 13 and 14) was done after
one and three pulses of NO/O; and finally after saturation of
active Ba sites was reached, that is, after five (Fig. 13A) or six
(Figs. 13B—13D) NO/O; pulses. NSR in the presence of oxygen
was tested at 300 °C in an 8000 ppm O,/He atmosphere.

3. Results
3.1. Structural and chemical properties of catalysts

Wet-impregnated Pt-Ba/Al,O3 (WI) and flame-made (FM)
catalysts were characterized with respect to their surface
area, morphology, platinum and barium distribution, and crys-
tallinity. Special attention was given to the elucidation of struc-
tural features that can be directly related to the innovative
preparation method, involving two-nozzle FSP.

The BET surface areas, Sggr, of non-Ba-containing sam-
ples (Pt/A1,03) were 190 m?g~! for the WI samples and
155 m? g~ ! for the FM samples. Ba loading led to a decrease
in surface area irrespective of the preparation method applied.
However, the BET surface area of FM catalysts was less af-
fected by high Ba loading than that of corresponding WI cat-
alysts, as reflected by an Sggr of 118 m? g_1 for FM Pt—
Ba(33) compared to 104 m? g~! for WI Pt—Ba(28) (Fig. 1).
N, adsorptions/desorption isotherms of the WI samples indi-
cate a significant mesoporosity [average pore diameters, (d), of
ca. 10 nm Pt—Ba(4.5)] characteristic for material with tubular-
shaped pores open at both ends [18,31] (Fig. 2, inset). The
partial blocking of these pores by the deposited Ba-containing
component resulted in a decrease of SggT and of the cumulative
pore volume with increasing Ba loading. FM catalysts (Fig. 2)
show the typical hysteresis loop for flame-synthesized materials
composed of nonporous primary nanoparticles [21].

The specific morphology of FM catalysts results in a smaller
Ba/Al, O3 interface in the FM than in the WI materials. Re-
sults of TEM analysis combined with ESI characterizing the
morphology of WI Pt-Ba(28) (left column) and FM Pt—Ba(33)
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Fig. 1. Influence of Ba loading on the BET surface area of calcined

Pt—Ba/Al, O3 catalysts prepared by wet impregnation (WI) and by flame spray
pyrolysis (FM).
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Fig. 2. Nitrogen adsorption—desorption isotherms of calcined WI (inset) and
FM catalysts as a function of the Ba loading marked in wt% on the curves.

catalysts (right column) are presented in Fig. 3. Deposition of
Ba via wet impregnation of the Pt/Al,O3 support (WI cata-
lysts) afforded relatively large agglomerates of Ba-containing
species (ca. 80—100 nm) in high Ba-loaded samples (Fig. 3,
left middle). The thickness of the Ba-containing domains in-
creased with increasing Ba loading. In contrast, FM catalysts
(Fig. 3, right column), with Pt, Al, and Ba organic precursors
burned together, were composed of relatively small spherical
particles of alumina (Fig. 3, right bottom) in intimate con-
tact with slightly larger particles of Ba-containing species (ca.
30 nm). These characteristic features were observed virtually
independent on the Ba loading. Note that in FM materials, a
large fraction of the alumina surface was not covered by the Ba
component.

Fig. 4, showing high-resolution STEM images of the same
samples, indicates that in FM catalysts Pt is observed on both
Ba-containing (spherical particles of ca. 34 nm, encircled)

and Al,Os particles, as confirmed by ESI analysis. Thus, we
may conclude that the FM catalysts are composed of primary
spherical particles of alumina and barium carbonate that are
aggregated to larger particles (Scheme 1). Platinum is dis-
persed on both types of primary particles. This morphology
is distinctly different than that of WI catalysts, where the Ba-
containing phase is deposited on the alumina support parti-
cles.

CO pulses over preactivated catalysts showed that Ba load-
ing affected the specific CO uptake differently. With the WI
catalysts, the CO uptake decreased strongly with Ba loading,
whereas with the FM catalysts, CO uptake increased slightly
with Ba loading (Fig. 5, inset). In situ DRIFTS analysis showed
that both linear-CO (L-CO) (1970, 2016, 2060 and 2076 cm™")
and bridged-CO (B-CO) (1790 and 1810 cm™ 1) species were
present (Fig. 5). The relative abundance of these species de-
pended on the preparation method and on the Ba loading. The
significant concentration of B-CO species indicates a CO:Pt ra-
tio < 1. The adsorption stoichiometry derived from the ratio of
the signal areas of L-CO and B-CO species varied between 0.7
and 0.8 depending on the preparation method and the Ba load-
ing. This stoichiometry agrees well with that found recently by
Dawody et al. [32].

The crystallinity of Ba-containing phases was investigated
by means of XRD (Fig. 6). BaCOj3 reflections were observed
already at the low Ba loading of Pt-Ba(4.5) in FM cata-
lysts, whereas in WI samples, crystalline BaCO3 appeared only
above a Ba loading of ca. 16 wt% due to the formation of
high-temperature (HT)-BaCO3 phase [15]. However, after pro-
longed exposure to ambient atmosphere reflections indicative
of crystalline LT-BaCOs3 were also found in low Ba-loaded WI
samples [15]. Both orthorhombic (witherite) and monoclinic
BaCOj3 [33] were present in freshly calcined samples of WI
and FM catalysts, but the relative concentration of monoclinic
BaCOs3 was significantly higher in FM catalysts [34] (Fig. 6).
Irrespective of the preparation method used, monoclinic BaCO3
progressively transformed into the more stable orthorhombic
phase [34-36].

3.2. Thermal stability of supported BaCOj3

The influence of the different preparation methods on the
thermal stability of supported barium carbonate was investi-
gated by means of TPRD measurements. Fig. 7 shows CO,
evolution traces recorded during heating the FM Pt-Ba(16.7)
sample in He to 900 °C with a rate of 10 °C min~!. Three CO,
evolution peaks (mass spectrometric signal m/z = 44) were
observed, closely resembling those monitored during TPRD
of corresponding WI catalyst calcined ex situ and exposed
to ambient atmosphere (Fig. 7, inset B). From a qualitative
comparison to the results of TPRD of WI catalyst calcined
in situ (Fig. 7, inset A), it seems reasonable to assume that
only part of the totally evolved CO, (i.e., the signal cen-
tered at ca. 650°C) accounts for the presence of LT-BaCO3
(Fig. 7, dotted line) [15]. The first two CO; peaks can be at-
tributed to the decomposition of very unstable carbonates (CO»
evolution centered at ca. 380 °C) formed during exposure to
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Fig. 3. Transmission electron micrographs (top and bottom) and ESI mapping of Ba component (middle) in alumina supported WI Pt—Ba(28) (left column) and
FM Pt-Ba(33) (right column) showing major structural differences. Note that the scale of TEM images on top and bottom is different. Bottom images show higher

resolution of the structural features of the main component alumina (support).

atmosphere after synthesis and to desorption of physisorbed
CO; from the catalyst. The contribution of the alumina sur-
face (peak centered at ca. 170 °C) to the physisorption of CO»
must be taken into account particularly for FM materials due
to a higher relative fraction of the uncovered alumina surface

compared to WI materials, as indicated by the ESI-TEM re-
sults.

It should be stressed that in the flame synthesis, the high
CO» in the flame results in higher relative concentration of LT-
BaCOs3, whereas the BaO concentration is very low (inner core
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Fig. 4. High-resolution STEM images showing Pt particles (bright spots) in WI Pt—Ba(28) (left) and FM Pt-Ba(33) (right) catalysts. In the FM sample (right),
Pt particles are discernible on both, Ba-containing (encircled) and alumina, particles. Different phases have been identified by ESI.
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Scheme 1. Schematic presentation of the difference in the main structural features of WI and FM catalysts, as suggested from TEM and ESI analysis (cf. Fig. 3).
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Fig. 6. XRD patterns of calcined WI Pt-Ba(22) and FM Pt-Ba(23) samples.
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Fig. 7. TPRD CO; evolution profiles of FM Pt-Ba(16.7) catalyst: experimen-
tal m/z = 44 signal (solid line), estimated LT-CO, evolution profile (dotted
line). The inset shows TPRD CO; evolution profiles of WI sample Pt-Ba(9):
(A) freshly calcined, (B) calcined and stored for 4 months at ambient at-
mosphere.

of BaCO3 particles). Fig. 8 presents the amount of barium car-
bonate in the form of LT-BaCOs3 versus Ba loading derived
from TPRD results for FM and in situ calcined WI catalysts.
The concentration of Ba in the form of LT-BaCO3 is much less
dependent on the Ba loading in the FM catalysts than in the
WI catalysts, where it progressively increases with Ba loading.
The FM catalysts showed no HT-BaCO3 even at very high Ba
loading, whereas HT-BaCO3 was present in WI catalysts at Ba
loading >16.7 wt%.

3.3. NOy storage
The influence of the different distributions of BaO, LT-

BaCO3, and HT-BaCO3 in FM and WI catalysts on the effi-
ciency of NO, storage was studied. Because HT-BaCO3; was

100

i) FM catalysts
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Fig. 8. Fraction (wt%) of Ba-containing phases in FM (top) and calcined WI
(bottom) catalysts present in the form of LT-BaCOj3 (light grey) and HT-BaCO3
(dark grey) as a function of Ba loading. Larger open circle (O) at ca. 58%
indicates the corresponding content of BaCO3 in WI Pt-Ba(9) catalyst calcined
and stored for 4 months in ambient atmosphere.

shown to be the major factor responsible for the limited NO,
storage efficiency in the WI catalysts [16], the absence of this
phase in the FM catalysts should result in a better performance
at higher Ba loadings. To test this hypothesis, catalysts calcined
up to 500 °C were exposed at 300 °C to NO pulses in 5 vol%
O,/He atmosphere until saturation of the active storage sites
was achieved.

When exposing BaCOs-containing catalysts to NO/O, NO;
storage occurs mainly according to the following global reac-
tion:

3
BaCO3 4+ 2NO + 502 — Ba(NO3)2 4 COs.

Therefore, the mass changes observed during this process re-
sulted from two counteracting processes: (i) a mass loss due
to COy evolution and (ii) a mass gain due to barium nitrate
formation. A direct comparison of the TG curves recorded dur-
ing NO, storage is presented in Fig. 9. Note that saturation
of the active sites by NO, was approached in the FM cata-
lysts after the third NO pulse, whereas many more NO pulses
were required for the WI catalysts. The monitored MS signal
m/z = 44 (not shown) revealed that the end of evolution of
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Fig. 9. NOy storage over differently Ba-loaded WI and FM catalysts: TG
mass-gain signals registered during 1 cm3 NO pulses at 300°C in 5 vol%
O,/He atmosphere.

CO; corresponded to the end of the mass change for the FM
catalysts. This indicated a correlation between the saturation of
active sites and the consumption of the LT-BaCOj3 phase. The
same relationship between TG and CO; signals was previously
observed for WI samples [16]. FM samples showed similar be-
havior even at higher Ba loadings (Fig. 9, bottom).

The results are in agreement with the specific NO, storage
efficiency of the LT-BaCO3 phase described in detail in our
previous work on WI catalysts [16]. Further indication of the
importance of the LT-BaCOs3 phase in FM materials emerges
from a comparison of the NO, storage capacity of FM mate-
rials [Pt-Ba(16.7)] prepared by applying one nozzle (FM1) or
two nozzles (FM2) in the FSP [23]. The FM1 sample contained
no LT-BaCOs3 and had a very poor NO, storage capacity, ba-
sically resembling that of Pt/Al,O3, whereas the FM2 sample
had a high LT-BaCO3 content and a high NO, storage capac-
1ty.

Quantification of the NO stored on differently Ba-loaded
samples was achieved by TPRD (Fig. 10). Similar m/z = 30
traces were observed for the FM and WI samples.

Active Ba sites present in the samples were derived from
Ba(NOs3); content, in turn quantified by determination of the
amount of NO evolved during TPRD as NO,. species are stored
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Fig. 10. TPRD NO evolution profiles of FM and WI catalysts after NOy storage
on different Ba-loaded samples (Ba loading in wt% is marked on curves).

as nitrates once saturation of active sites is achieved [16,35,37].
The form of active Ba-containing species in the NO, storage
process is shown in Fig. 11. In the FM catalysts, ca. 80% of
active Ba was in the form of LT-BaCOs3, whereas in the WI
catalysts, the fraction of LT-BaCOs increased with increasing
Ba loading, as shown in Fig. 8. The remaining active Ba in
WI catalysts existed in the form of BaO [Ba(OH),] and HT-
BaCOs.

The amount of NO (in mg) stored per mg of catalyst is shown
in Fig. 12. Fig. 12 also shows the NO, storage efficiency of
the FM and WI catalysts with different Ba loadings, expressed
as percentage of Ba species active in NO, storage versus Ba
loading. These results confirm our working hypothesis assum-
ing that the major differences in NO, storage capacity at higher
Ba loadings are due to the absence of the limiting influence of
HT-BaCOj3 in the FM catalysts.

3.4. Reduction of stored NOy

The reduction of stored NO, species was carried out by
pulsing of C3Hg at 300 °C over NO,-saturated samples. CzHg
pulses were injected into the system after a certain number of
NO/O; pulses (i.e., 1, 3, and up to active NO, storage site sat-
uration [Fig. 13A]). Two sets of experiments were performed
under different conditions. A first set of NSR cycles was per-
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Fig. 11. Relative abundance of LT-BaCO3 (dark grey) in all Ba species involved
in NO, storage as a function of Ba loading.

formed in pure He as carrier gas (Figs. 13A and 13B); then in a
second set of NSR cycles, 8000 ppm of O, was introduced into
the carrier gas to evaluate the influence of oxygen on the re-
ducibility of stored NO, species (Figs. 13C and 13D). In both
cases, reduction of stored NO, species was monitored by the
TG signals indicating a significant rapid mass loss on injec-
tion of C3Hg pulses. The presence of oxygen in the gas stream
decreased the reducing effect of propene on the stored NO,
species; however, under both atmospheres, repeated C3Hg puls-
ing allowed an almost complete reduction of previously formed
barium nitrate. Moreover, under both atmospheres, the storage
reduction activity was similar for the FM and WI catalysts even
after repeated NSR cycles (not shown).

For very high Ba loadings (i.e., when approaching the
maximal NO, storage capacity), a clear limitation in the
reduction activity of the catalysts was observed (Fig. 14).
This limitation was more prominent in the FM materials.
At high Ba loading, TG traces indicated that WI Pt—Ba(28)
was still active (Fig. 14A), whereas the FM catalyst with
the highest loading [Pt-Ba(33)] showed a substantial de-
crease in reduction activity (Fig. 14B). Subsequent TPRD ex-
periments confirmed that a large amount of NO,-containing
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Fig. 12. NOy storage efficiency of FM and WI Pt-Ba/Al, O3 catalysts: mg of
NO stored per mg of catalysts (top). Ratio of Ba-containing species involved in
NOy storage to total amount of Ba species as a function of Ba loading (bottom).

species was still present in the FM sample after the reduction
(Fig. 14C).

3.5. Regeneration of supported BaCO3 phases after NSR

TPRD performed after reduction of variably Ba-loaded WI
and FM catalysts indicated a change in the distribution of the
BaCOj3 phases compared to that in corresponding fresh in situ
calcined samples (Figs. 15 and 16). Fig. 15 shows the respective
formation, disappearance, and reconstruction of VLT-, LT- and
HT-BaCOs3 phases during the calcination, storage, and reduc-
tion processes for the WI Pt—Ba(22)/Al,03 catalyst. Formation
of VLT-BaCOj3 during the storage step has been explained in
detail previously [16], whereas its formation during reduction
was due to the reaction of active BaO with CO, originating
from C3Hg oxidation during pulses at 300 °C. TPRD CO; pro-
files after reduction, recalling those obtained during TPRD ex-
periments of calcined samples, are shown for other WI and FM
catalysts in Fig. 16. The relative concentration of BaCO3 de-
composing below 800 °C in WI indicates that part of the active
BaO was converted to LT-BaCOs. Interestingly, FM Pt—Ba(33)
showed only partial regeneration of BaCO3 phases during the
reduction process (due to a diminished reduction activity) and
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the formation of traces of previously absent HT-BaCO3 (peak
centered at ca. 900 °C, bottom right).

4. Discussion

The buildup and thermal stability of Ba-containing phases
resulting from the decomposition of Ba(Ac), supported on
alumina and platinum/alumina are strongly influenced by the
interfaces with the alumina support and platinum [15,16,
18]. In previous work [15], we showed that calcination of
the WI catalysts at 500°C results in the formation of two
types of barium carbonates with different thermal stabilities:
LT-BaCOs3, decomposing between 400 and 800°C, and HT-
BaCOs3, having bulk-like properties and decomposing at tem-
peratures above 800 °C. Remaining Ba-containing species were
in the form of BaO [Ba(OH),] confined to the interface with
the alumina support. We showed that the NO, storage oc-
currs mainly on active LT-BaCO3 and on BaO being in an
intimate contact with the support, and that the less active
HT-BaCO3 phase, more abundant at high Ba loading, de-

creases the NO, storage efficiency due to diffusional limita-
tions [16].

The present study compares new flame-derived catalysts
(FM catalysts) to conventional catalysts prepared by wet im-
pregnation (WI catalysts). The major benefit from applying a
two-nozzle FSP process for Pt-Ba/Al,O3 preparation is that
formation of the bulk-like HT-BaCO3 phase can be greatly sup-
pressed up to high Ba loadings.

The conventional single-nozzle FSP method led to forma-
tion of amorphous Ba species, showing very poor NO, storage
activity. The two-nozzle FSP process was developed with the
goal of forming crystalline BaCO3; and Al,O3 nanoparticles
well-mixed at the nanolevel [23]. The FM catalysts have sig-
nificantly different structure than the WI catalysts.

4.1. Morphology of the differently prepared catalysts

The absence of pores, characteristic of FM nanosized parti-
cle structure, allowed better stability of the catalyst surface area
with increasing Ba loading (Figs. 1 and 2). Increasing the Ba
content did not result in clogging of the pores of the support,
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as was observed with the WI catalysts. On the other hand, in
the FM catalysts the surface area of Al,O3 was only slightly
covered by Ba species, resulting in a lower Ba/Al,O3 inter-
face, limited to the contact area between individual primary
Ba-containing and Al,O3 particles.

Increasing the Ba loading had different effects in the FM
and WI catalysts. In the FM catalysts, the number of nanosized
Ba-containing particles continuously increased, whereas in the
WI catalysts, after an initial progressive support coverage up
to ca. 16 wt% Ba, the Ba-containing domains grew in thick-
ness (Fig. 3). Finally, it is also important to stress that in the W1
catalysts, the uncovered alumina surface area progressively de-
creased with increasing Ba loading, whereas in the FM catalysts
the alumina particles still exposed a relatively large alumina
surface area even at high Ba loadings.
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Fig. 15. CO; evolution profiles recorded during decomposition of BaCO3,
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Fig. 16. TPRD CO; evolution profiles of decomposition of BaCO3 formed dur-
ing reduction by C3Hg of Ba(NO3), formed during NO, storage on differently
loaded WI and FM samples.

A simplified schematic presentation summarizing the main
morphological differences between the FM and WI catalysts,
as evidenced by TEM and ESI analysis (Fig. 3), along with the
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related distribution of the Ba-containing species as a function
of Ba loading, is shown in Scheme 1.

Pt particles in the FM and WI catalysts show different ad-
sorption behavior of CO, as revealed by in situ DRIFTS analy-
sis during CO chemisorption (Fig. 5). The different intensities
of Kubelka—Munk-transformed signals characteristic of linear
CO (L-CO, 1970, 2016, 2060, and 2076 cm~') [36,38] and
bridge CO (B-CO, ca. 1800 cm™ 1) [38] observed for the FM
and WI samples (Fig. 5) indicate structural differences of the
platinum component probably arising from different interfacial
contacts (alumina, barium carbonate). Interestingly, we have
not observed CO chemisorption over Pt-free Ba/Al,O3 sam-
ples, which stands in contrast to signals assigned to CO ad-
sorption on BaO (signals in the range of 2100-1700 cm™')
[10]. However, it should be noted that in [10] the Pt-Ba/Al,O3
samples were prepared using different precursors most proba-
bly affording a higher concentration of BaO. Bands at 1790—
1801 cm~! (Fig. 5) were present in Ba-free Pt/Al,O3 and in
all Ba-containing samples (not shown). Prinetto et al. assigned
bands at frequencies 1750-1850 cm™! to “organic-like” car-
bonates originating from CO, coordinated to alumina [36],
whereas Szailer et al. assigned bands at 1782-1824 cm™! to
NO adsorbed on precious metal particles [39]. Apparently, in
both investigations, the samples were not prereduced before
CO exposure, whereas when samples were pretreated, bands
at ca. 1800 cm™! were typically assigned to bridge CO ad-
sorbed on Pt [38]. These different observations indicate that
CO chemisorption results may depend strongly on the pretreat-
ment conditions used for the Pt—-Ba/alumina catalysts, and that
rigorous comparison of results is thus biased for differently pre-
treated samples.

Using DRIFTS-derived stoichiometry factors, CO:Pt, to cal-
culate Pt dispersion by means of CO chemisorption, we ob-
tained 66% for the Pt—Ba(4.5), 28% for Pt-Ba(16.7), and 23%
for Pt—Ba(28) WI catalysts, whereas for corresponding FM cat-
alysts, the dispersions were 35 and 41, and 45% for Pt—Ba(33).
These findings confirm that the influence of Ba loading on Pt
dispersion depends on the preparation method [23,39-41]. In
WI catalysts, the highest CO chemisorption, and consequently
Pt dispersion, is reached with the lowest Ba-loaded Pt-Ba(4.5)
sample [40,42]. This may be traced to the fact that in wet-
chemical catalyst preparation, Ba is deposited over Pt/Al;O3,
which may lead to progressive coverage of some Pt sites with
increasing Ba loading [36].

On the other hand, in FM material, the combustion of a
solution containing both Pt and Ba precursors at different con-
centration results in a more uniform Pt dispersion that is less
dependent on Ba loading. Eventually, the formation of barium
carbonates limits the growth of Pt particle size, favoring high
Pt dispersion at higher Ba loading [23]. Interestingly, at low Ba
loading, the Pt dispersion in the WI catalyst was almost double
that in corresponding FM materials. This may be attributed to
partial entrapping of Pt inside the Ba particles.

The Pt dispersion values for FM catalysts reported here are
somewhat lower than those reported previously [23]. This is due
to the fact that in the previous work, the standard Pt dispersion
measurement method was applied [43,44]. This method was op-

timized for binary systems like Pt/Al,O3. The present DRIFTS
studies of CO adsorption indicate that this method is inappro-
priate for more complex catalytic systems containing a high
concentration of carbonates, decomposing well above 400 °C.
The commonly applied reduction pretreatments in Hy result in
a water—gas shift reaction between Hp and CO, stemming from
decomposing BaCO3, causing CO to remain on the catalyst sur-
face. On the other hand, the pretreatment cannot be performed
at temperatures above 500 °C due to possible sintering of Pt par-
ticles. Therefore, the CO chemisorption procedure adopted here
has been optimized to limit the influence of carbonates present
in these catalysts. Finally, it is noteworthy that the improved
method for determining Pt dispersion used in this work con-
firms the general trend toward correlation between Ba loading
and Pt dispersion observed previously for FM catalysts [23].

4.2. Stability and distribution of supported BaCOj3 phases

As is clear from the preceding discussion, the formation of
barium carbonate phases depends on the catalyst preparation
method. In the WI catalysts, the primary phase resulting from
precursor decomposition was BaCOs3, which partly decomposes
in BaO due to its low thermal stability. The relative ratio of BaO
and LT-BaCO3 species depended on the Ba loading. At very low
Ba loading, most Ba-containing species were in intimate con-
tact with the support, leading to high instability of the BaCO3
thus formed, which decomposes completely into active BaO
(see Fig. 8). Increasing the Ba loading led to increased thick-
ness of the barium phase, characterized by weaker interaction
with the support and a slightly higher thermal stability (LT-
BaCO3). Note that prolonged exposure to ambient atmosphere
led at room temperature to partial transformation of the very ac-
tive BaO into LT-BaCOs3, as can be clearly seen in Figs. 7 and 8
(single point). Above a Ba loading of ca. 16 wt%, the relative
concentration of LT-BaCOs3 in WI catalysts was constant, and a
new, thermally more stable HT-BaCOs3 phase was formed.

In FM catalysts, the primary phase after precursor combus-
tion was BaO, which progressively formed BaCOj3 phases with
varying thermal stabilities during cooling in the CO»-rich at-
mosphere surrounding the flame. Note that in this case the inter-
face of the Ba component with Al,O3 was significantly smaller
than in the WI materials, which in turn limited the influence
of the support on the properties of the newly formed BaCO3
phase. However, the presence of alumina had a significant influ-
ence on the size of the BaO nanoparticles. Flame-made barium
carbonate prepared in the absence of alumina resulted in much
larger (100 x 50 nm), bean-shaped particles [34] than those ob-
tained in the present study (ca. 30 nm; see Fig. 3). Moreover,
unsupported FM BaCO3 showed high thermal stability, compa-
rable to that of bulk-like material. In summary, we can state
that the BaCO3; found in Pt—Ba/Al,O3 FM catalysts decom-
posed very similarly to LT-BaCOj3 contained in the W1 catalyst,
whereas unsupported FM BaCO3; decomposed as bulk-like HT-
carbonate at temperatures above 800 °C [34]. The high CO,
concentration during flame synthesis (FM catalysts) resulted
in higher concentration of LT-BaCOs3 at the expense of active
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BaO, which was more abundant in the corresponding WI cata-
lysts with the same Ba loading.

4.3. NOy storage

The different distributions of BaO, LT-BaCO3, and HT-
BaCOj3 in WI and FM catalysts significantly affected NO, stor-
age capacity at high Ba loading, as illustrated in Fig. 12. The
NO, storage efficiency in high Ba-loaded samples was higher in
the FM catalysts than in the corresponding W1 catalysts (Figs. 9
and 12), where the bulk-like HT-BaCO3 was less active and
caused diffusional limitations for Ba loadings higher than Pt—
Ba(22) [16].

At low Ba loadings in WI catalysts, two phases contributed
to the storage of NO, species: very active BaO formed by de-
composition of LT-BaCO3 and nondecomposed LT-BaCOs3. In
FM catalysts, the main phase contributing to NO, storage at all
Ba loadings was LT-BaCO3. Its thermal properties were very
similar to properties of this phase in WI samples, and its com-
plete consumption during NO, storage was proven by CO; evo-
lution profiles recorded during TPRD after exposure to NO/O,
pulses (not shown). Note that in FM catalysts, the majority of
active Ba was in the form of BaCO3 (Fig. 11); the remaining
BaO was mostly inactive as it was trapped in the core of the Ba-
containing particles and covered by a layer of BaCOs. Active
BaO was present in the WI catalysts; in the FM samples, it was
transformed into LT-BaCO3 due to exposure to high CO; con-
centrations in the preparation process and the lower interaction
of the Ba-containing phase with the alumina support, influenc-
ing the stability of the carbonate phases.

Finally, it should be stressed that the NO, storage tests were
performed with a model-type exhaust gas mixture that did not
contain CO;, H;O, and SO, as real exhaust gases do. It is
well known that these components can affect NO, storage and
reduction in various ways [8]. Thus a final assessment con-
cerning the NO, storage efficiency of the differently prepared
catalysts can be given only after corresponding studies are con-
ducted with real exhaust gases. Such studies, including in situ
characterization of the catalysts, are presently underway in our
laboratories.

4.4. Reduction of stored NOy-containing species

The WI and FM catalysts showed similar activity for the re-
duction of stored NO, by propene up to the highest Ba-loaded
samples (Fig. 13). At high Ba loading and complete saturation
with NOy, both the WI and FM catalysts showed a somewhat
reduced activity compared to the standard Pt-Ba(16.7) samples.
The decrease in activity was more pronounced with FM Pt—
Ba(33) (Fig. 14). This difference in reduction activity compared
with the standard Pt-Ba(16.7) samples was most prominent
when maximal NO, storage was reached (i.e., during the final
cycle of NO/O; pulses), indicating a direct influence of the con-
centration of NO,-containing species on the reduction activity
of the catalyst. The injection of a single pulse of C3Hg after a
specified number of NO/O; pulses indicated that the reduction
activity was affected by the amount of stored NO, species. The

chemistry ruling the reduction of stored NO, species is a matter
of debate; diverse mechanisms, which are not discussed here,
have been proposed [8,45]. Recently, Nova et al. [46] showed
how reduction of stored nitrates under isothermal conditions on
Pt—-Ba/Al,O3 occurs via a Pt-catalyzed reaction that does not
involve thermal decomposition of stored NO,.

A feasible explanation for the lower reduction activity of the
highly Ba-loaded catalysts (Fig. 14) is that the formation of a
larger amount of Ba(NO3); leads to surface reconstruction due
to the higher molar volume of that compound compared with
BaCOj3 [47]. This process may lead to blocking of Pt active sites
and, consequently, limited reduction activity of the catalyst.

In a detailed study on the reduction of NO by propene over
Pt-Ba/Al, O3 catalysts, Konsolakis and Yentekakis showed how
Ba overpromotion leads to an excessive concentration of sur-
face nitrates, affecting the number of Pt active sites available
for reactants [42]. Moreover, they reported Ba-promoting NO
adsorption on Pt sites at the expense of propene, which favors
NO reduction up to ca. 15 wt% of Ba, whereas higher Ba load-
ings seem detrimental to the reduction activity of Pt. Similar
behavior was observed by Anderson et al. [48], who reported
that activation of propene over Pt-Ba/Al,O3 catalysts was dis-
favored by stored NO, species. Decreased NSR efficiency with
increasing Ba loading was also reported by Castoldi et al. [40],
who found decreased selectivity in highly Ba-loaded WI Pt-
Ba/Al,O3 catalyst during the reduction with Hy of previously
stored NO, species [46].

4.5. Regeneration of supported BaCO3 phases after NSR

An important aspect of the NSR concept is the possibil-
ity of perpetually cycling the storage and reduction steps. It
seemed important to verify whether the distribution of the
BaCOj3 phases, described in detail in our previous studies [15,
16], is regenerated after repeated NSR cycles in both FM and
WI catalysts. The results depicted in Fig. 16 confirm the sta-
bility of the particular BaCOs3 phase distribution present in FM
catalysts, characterized by a high concentration of LT-BaCO3
and absence of HT-BaCOs. Stability was also observed for WI
samples (Figs. 15 and 16). The amount of BaCO3 decomposing
below 800 °C was determined from the m/z = 44 traces pre-
sented in Fig. 16. These values were similar for samples with
the same Ba loading (e.g., for samples with 16.7 wt% Ba, 41%
and 48% of the total Ba-loaded for WI and FM samples, re-
spectively). This indicates that despite the different phase com-
positions in fresh WI and FM catalysts, after one cycle of NO,
storage reduction, the relative amount of LT-BaCO3 was sim-
ilar in the two catalysts, due to the partial transformation of
active BaO into LT-BaCOj in the WI catalysts. The only excep-
tion to this was the highly Ba-loaded FM Pt-Ba(33) sample,
which showed slight high-temperature CO; evolution during
TPRD (Fig. 16), indicating probable formation of HT-BaCOs.
This finding suggests the partial conversion of LT-BaCOj3 into
less efficient HT-BaCOj3 and is in line with the interconversion
between the two different alumina-supported Ba-NO, species
recently described by Chen et al. [13]. Although this phenom-
enon needs further investigation, particularly with tests using
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real exhaust gases, it must be taken into account as a possi-
ble origin of the Pt-Ba/Al,O3 aging phenomena and a possible
cause of NSR catalyst deactivation. Consequently, a worthwhile
goal is to improve the efficiency and stability of NSR catalysts
by maximizing and stabilizing the LT-BaCO3 phase and mini-
mizing the formation of the less efficient HT-BaCOj3 phase.

5. Conclusion

The aim of the present work was to develop a novel Pt—
Ba/Al;O3 NSR catalyst with minimal HT-BaCO3 content but
high LT-BaCOs3 content. Active Ba in NO, storage in WI cat-
alysts was previously found to be in the form of LT-BaCOj3
and BaO in intimate contact with support [15,16]. Preparation
of FM catalysts using a two-nozzle FSP process proved useful
for reaching this goal. A series of FM Pt-Ba/Al,O3 catalysts
with Ba loading (4.5-33 wt%) was prepared, and the structural
properties and NO, storage reduction behavior of these cata-
lysts were compared to those of standard Pt—-Ba/Al, O3 catalysts
prepared by wet impregnation (WI catalysts) using model-type
exhaust gas mixtures. Varying relative abundances of BaO, LT-
BaCOs3, and HT-BaCO3 were found depending on the prepara-
tion method used. High Ba-loaded FM catalysts were virtually
free of HT-BaCOj3 and exhibited improved NO, storage capac-
ity compared to WI catalysts with the same Ba content.

DRIFTS investigation of CO chemisorption on the FM and
WI catalysts revealed that the preparation method and the Ba
loading affects the distribution of CO adsorption sites, indicat-
ing significant structural differences of the Pt particles, caused
by the preparation route and the Ba loading. Reduction tests
showed some limitation of the activity of high Ba-loaded FM
catalysts, possibly related to the partial blocking of active Pt
sites at high loading of Ba(NO3),. Preliminary tests based on
prolonged NSR cycling indicated the partial transformation of
some active LT-BaCO3; to HT-BaCO3, which may be a phe-
nomenon that needs to be taken into account when explaining
the deactivation of NSR catalysts.
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