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Abstract

Transient in situ DRIFTS and flow-reactor experiments were performed to study the storage and reduction of NOy over Pt/BaCO3/Al,03,
Pd/BaCO3/Al; 03, and Rh/BaCO3/Al, O3 samples using CO, Hy, C3Hg, or C3Hg as the reducing agent. The DRIFTS results show that exposure
of the examined samples to NO, results in the formation of nitrite/nitrate peaks over alumina and barium and that the reduction of stored
NOy is influenced by the type of precious metal and reducing agent. Using CO as the reductant results in a lower NOy reduction capacity for
Pt/BaCO3/AlpO3 compared with Pd- and Rh-based samples, whereas Hy shows a significant ability to reduce the stored NOyx on all samples
examined. In addition, the reduction with CO and C3Hg proceeds via the formation of isocyanate species over both barium and alumina sites.
The intensity of barium-isocyanate species for Pt/BaCO3/Al,O3 is significantly lower than the corresponding intensity for the Pd- and Rh-
based samples, suggesting that the interaction between barium and Pt is lower than the corresponding interaction in the Pd/BaCO3/Al; O3 and

Rh/BaCO3/Al, O3 samples.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

NOy storage and reduction technology offers the possibility
of reducing emissions of NOy from vehicles operating under
lean-burn conditions. The concept is based on incorporating a
storage material (commonly Ba) in the conventional three-way
catalyst to store NOx (NO + NO») under lean conditions un-
til it is saturated with NOy. Subsequently the stored NOy is
released and reduced to N> by turning the engine to rich oper-
ating conditions under a short period [1].

Since the concept was introduced by Toyota in the beginning
of the 1990s [2], a substantial number of studies have been per-
formed to understand the mechanisms that control the operation
of the NOy storage catalysts using gas-phase and surface char-
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acterisation techniques. Spectroscopic techniques, including in
situ Fourier transform infrared spectroscopy (FTIR), have been
used to follow the evolution of different surface species under
different reaction conditions [3].

Many FTIR studies are devoted to understanding the NOy
storage and reduction processes [4—15]. Some of these studies
have indicated that NOy storage occurs via the formation of ni-
trites and nitrates over the storage component and the support.
Using a Pt/BaCO3/Al,03 catalyst, Fanson et al. [9] observed
that nitrites are transformed to nitrates when the NO pressure
is increased. Vibrational bands between 2000 and 2200 cm™!
were formed when propene was used to reduce the stored NOy.
These bands were correlated to isocyanato on platinum and
to cyano, isocyano, and cyanato on barium [9]. For barium-
based catalysts, the decrease in peak intensity for stored NOy
species (in the region 1200-1650 cm™') under regeneration
with carbon-containing reductants is hard to distinguish due
to overlap with barium carbonate peaks [9,16,17]. In contrast,
regeneration with Hy, where no carbonate species are formed
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during the reduction, clearly shows the decreased intensity of
the surface nitrate peaks.

The stability of stored NOyx under lean and stoichiometric
(propene—air) mixtures using Pt and Pt-free barium-based cat-
alysts was investigated by Anderson et al. [8] using combined
in situ FTIR and TPD techniques. These authors showed that
under lean conditions, the stability of stored NOx was influ-
enced mainly by the oxygen concentration, whereas under rich
conditions, the partial pressure of the reductant had only a mi-
nor influence on the stability of the stored NOy. Moreover, they
pointed out the impact of NOy spillover to Pt sites in hinder-
ing the activation of propene and thereby the NOy reduction
process.

Sedlmair et al. [4] investigated the formation of different sur-
face species and their thermal stability during the NOy storage
period using either NO, NO», or NO in combination with O»
over commercial NOy storage catalysts. Based on the FTIR
observations, they derived a reaction mechanism for NOy ad-
sorption. It was shown that for NO exposure, the dominant
surface species were nitrites formed over barium and alumina
with bands at 1537, 1440, 1422, 1380, 1340, and 1206 cm™!,
whereas both NO, and NO + O, exposures resulted in the for-
mation of surface nitrate species over both barium and alumina,
represented by vibrational bands at 1429, 1332, 1564 cm™ !,
respectively. These authors also showed that the barium and
aluminum nitrates were more thermally stable than the corre-
sponding nitrite species.

In a previous study [18], we investigated the effect of the
type of precious metal and reducing agent on the reduction step
using flow-reactor and NO,-TPD experiments. In the present
study, we aimed to obtain a deeper understanding of the in-
fluence of these parameters on the NOy storage and regen-
eration processes. Thus, we combined transient in situ FTIR
investigations with flow reactor experiments to study the NOy
storage and regeneration processes using Pt/BaCOs3/Al;03,
Pd/BaCO3/Al;03, and Rh/BaCO3/Al; O3 catalysts. To achieve
a better understanding of the regeneration of the tested cata-
lysts, we examined a set of reducing agents (Hy, CO, C3Hg,
and C3Hg) and temperatures (350, 250, and 150 °C). Moreover,
for more realistic comparison, we performed new flow-reactor
experiments using the same catalyst materials and gas compo-
sitions during lean and rich cycling for FTIR and flow reactor
experiments.

2. Experimental
2.1. Sample preparation

2.1.1. Powder samples for FTIR experiments

Three powder NOy storage catalyst samples (M/BaCO3/
Al,O3, where M = Pt, Pd, or Rh) were prepared by wet im-
pregnation. A BaCO3/Al,03 sample with a barium loading
(20 wt%) was prepared by adding an aqueous solution of
Ba(NO3); to y-Al,O3 (SASOL) dispersed in milli-Q water
under continuous stirring and adjusting the pH of the solu-
tion to 11 by adding NH4OH. The sample was then freezed,
freeze-dried, and calcined in air at 600°C for 1 h. After-

ward, an aqueous solution of ammonium carbamate was added
under continuous stirring to the barium—alumina sample to
form BaCO3/Al,03. Then once again, the sample was freezed,
freeze-dried, and calcined in air at 500 °C for 1 h.

Nitrate solutions of Pt, Pd, or Rh were used to prepare
the Pt/BaCO3/Al,03, Pd/BaCO3/Al;03, and Rh/BaCO3/Al,03
samples. Each precious metal precursor solution was provided
to a portion of the BaCO3/Al,O3 powder under continuous stir-
ring for 1 h, followed by freeze-drying and calcination in air at
550°C for 2 h, resulting in a loading of 2 wt% Pt or an equal
molar amount of Pd and Rh (see Table 1).

2.1.2. Monolith samples for flow-reactor experiments

Monolith samples used in the transient reactor experiments
were prepared by depositing a constant amount (250 mg) of
each NOy storage powder catalyst prepared as described in
Section 2.1.1 on a monolith substrate. The substrates were im-
mersed in a slurry, prepared by 20 wt% colloidal silica (Nyacol
2034DI, Akzo Nobel) and the powder catalyst dispersed in dis-
tilled water, until the channels were filled. The samples were
then placed in an oven at 95 °C for 2 h. The procedure was re-
peated until the desired amount of washcoat was deposited on
the monolith substrates. Finally, the samples were calcined in
air at 550°C for 1 h.

2.2. Catalyst characterisation

The BET surface area for the different catalysts was de-
termined using a Micrometrics TriStar 3000 instrument. The
precious metal dispersions were determined using N>O disso-
ciation. The catalysts were oxidized in 1% O3 in Ar for 10 min
at 500 °C, flushed with Ar for 5 min, reduced in 2% Hj in Ar
also for 10 min at the same temperature, and finally flushed with
Ar for 10 min. After the pretreatment, the temperature was de-
creased to 90 °C, and the catalysts were exposed to 500 ppm
N>O in Ar, with a total flow rate of 190 ml/min, for 30 min.
For platinum samples, one oxygen atom was left on one surface
Pt site, whereas one N molecule desorbed to the gas phase for
each dissociated N> O molecule [19]. For the Pd sample, the sto-
ichiometric factor for oxygen chemisorption was approximated
to 1, whereas for Rh, the corresponding factor was estimated to
be twice as high as that for Pt or Pd [20].

Precious metal dispersion was calculated by integrating the
Ny signal (m /e = 28) during the dissociation period, after sub-
tracting the amount of N; generated from N, O cracking in the
mass spectrometer. For Pt sample, the amount of generated
N> molecules is assumed to be equal to the number of active
platinum atoms on the catalyst surface [21]. The results are tab-
ulated in Table 1.

2.3. Transient DRIFTS and flow reactor experiments

The in situ DRIFTS experiments were performed using a
BioRad FTS6000 FTIR spectrometer equipped with DRIFTS
optics and a heated reaction chamber (Harrick Scientific Pray-
ing Mantis with a DRIFTS cell), using a resolution of 2 cm™!.
All powder catalysts were initially stabilized in a gas mixture
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Table 1

Compositions, BET surface area, and estimated noble metal dispersion for the samples

Powder samples Pt? (wt%) Pd? (wt%) Rh? (wt%) BaCOs3 (wt%) Al O3 (Wt%) BET (m2 /2) Metal dispersionb (%)
Pt/BaCO3/Al,03 2.0 - - 78.0 161 5
Pd/BaCO3/Al,03 - 1.09 - 76.9 149 12
Rh/BaCO3/Al,03 - - 1.06 76.9 153 31

4 Constant noble metal loading of 205 pmol.

b The noble metal dispersion was determined for powder samples on monolith substrates with a stoichiometry factor of 1 for Pt and Pd [19]; and 2 for Rh [20].
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Fig. 1. NOy storage and reduction cycles for Pt/BaCO3/Al, 03 using (a) CO and (b) Hj as the reducing agent at 350, 250 and 150 °C.

(with a total flow rate of 200 ml/min) consisting of 500 ppm
NO,, 800 ppm C3Hg, and 8% O, balanced in Ar at 500°C
for 20 min. The catalysts were then flushed with Ar until the
pretreatment temperature (400 °C) was reached. Thereafter, the
catalysts were reduced with 3% H, for 10 min, followed by
flushing in Ar for 5 min and oxidation with 8% O, for 10 min.
Finally, the samples were cooled to the experiment temperature
and left for 5 min to reach a stable catalyst temperature at which
the background spectrum was collected.

Transient DRIFTS experiments were conducted at 350, 250,
and 150 °C, using a constant total flow rate of 200 ml/min giv-
ing a space velocity of 106,000 h~!. The pretreated catalyst was
first saturated with NOy by exposing it to 500 ppm NO; in Ar
for 19 min. The stored NOy was subsequently reduced by in-
troducing a reducing agent to the NO/Ar flow. Thus, the regen-
eration gas mixture consisted of 500 ppm NO, and 4000 ppm
CO, 4000 ppm Hjy, 444 ppm CzHg, or 400 ppm C3Hg (same
molar reduction capacity) balanced with Ar for 6 min. Two con-
secutive storage—reduction (lean—rich) cycles were conducted
to follow the evolution of the surface species under the sec-
ond cycle. The spectra were collected during the entire NOy
storage—reduction cycles with a time resolution of 0.5 s. A fresh
sample was used for each experiment.

To correlate the evolution of surface species to the forma-
tion of gas-phase species measured under the corresponding
reaction conditions, transient flow reactor experiments were

performed using the same conditions as for the DRIFTS cell
measurements (gas compositions, concentrations, and lean/rich
cycles with 40/5 min intervals). However, the tubular reac-
tor system has been described elsewhere [18]. The total flow
rate was 2500 ml/min, corresponding to a space velocity of
75,000 h~!. Finally, when comparing the flow reactor mea-
surements with the corresponding DRIFTS measurements, it is
important to take into consideration the effect of the differences
in space velocity (of about 30%), mass, and heat transport in
the two systems.

3. Results and discussion
3.1. NOy storage and reduction over Pt/BaCO3/Al,03

To obtain an integrated understanding of the formation and
disappearance of surface species during the storage and reduc-
tion periods, it is important to compare the observations from
the DRIFTS study with the corresponding gas-phase measure-
ments. Fig. 1 shows flow reactor outlet NOy concentration for
Pt/BaCO3/Al,O3 during three consecutive lean/rich cycles at
350, 250, and 150 °C using CO and H; as reducing agents, re-
spectively. Fig. la shows that the reduction efficiency of the
Pt/BaCO3/Al;03 catalyst decreases with decreasing tempera-
ture when CO is used as the reducing agent. At 350 °C, the
initial reduction capacity is relatively high. However, over time,
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Fig. 2. DRIFT spectra for Pt/BaCO3/Al, O3 during the first storage period (recorded after 2, 6, 12 and 18 min) and the subsequent reduction period (recorded after
2,3, 5 and 6 min) using CO as the reducing agent at 350 (a) and (b), and 250 °C (c) and (d), respectively.

the outlet NOy concentration increases, indicating deactivation
of the reduction efficiency of the catalyst. During the active re-
duction period, a minor amount of N>O is detected (not shown
in Fig. 1a). At 250 and 150 °C, almost no NOy is reduced dur-
ing the rich period with CO as the reducing agent. However,
a short and fast NOy reduction is observed when switching
from rich to lean conditions. A probable explanation for this
is that during the reduction period, due to strong CO poisoning
of the Pt sites, these sites are covered with either adsorbed CO
or other C-containing species like isocyanate. When switching
to the subsequent lean conditions, these species are readily ox-
idised by NO,, resulting in the observed short and fast NOy
reduction.

In contrast to CO, H, shows considerable reduction effi-
ciency at 350, 250, and even 150 °C. At all temperatures, the
reduction is concomitant with relatively high ammonia forma-
tion (not shown), whereas a minor amount of N,O is formed
only at 250 °C.

Fig. 2 shows the corresponding DRIFTS spectra recorded
after 2, 6, 12, and 18 min of the NOy storage period and af-
ter 2, 3, 5 and 6 min of the subsequent reduction period for
Pt/BaCO3/Al,03 catalyst at 350 and 250 °C with CO as the re-
ducing agent. For the sake of clarity and to include the whole re-
duction period, we chose to show the spectra starting after 2 min
of reduction. However, all spectra before the first 2 min under
the reduction period were been checked, and no probable inter-
mediates were detected. The main features observed during the
first NOy storage cycle when exposing the Pt/BaCO3/Al,03
sample to 500 ppm NO; at 350 °C are the growing bands in the
1230-1600 cm™! region. The band at 1544 cm™! can be as-
signed to bidentate nitrate over alumina [5]. The doublet bands

at 1337 [ug(NOy)] with 1436 cm™! [uy(NO2)] may be at-
tributed to monodentate nitrate over barium [4,9]. The bands
at 1305 cm™! [us(NO»)] and at 1235 cm™' [vs(NO,)] are
assigned to bridge-bonded bidentate nitrite over barium [4],
whereas the band at 1411 cm™! [u(N=0)] may be assigned
to monodentate nitrite over barium [4]. Finally, the peak at
1472 cm™! can be attributed to monodentate nitrite over alu-
mina [4,5]. From the foregoing peak assignment, it seems that
the NOy storage occurs via the formation of nitrites and ni-
trates of both barium and alumina, in agreement with previous
observations in the literature. It is noteworthy that the peak as-
signments are not precise due to the overlap between the peaks
for barium nitrite/nitrate and those for alumina, particularly at
low-vibration frequencies. Comparing the features observed at
350 °C with those at 250 °C (Fig. 2c) shows that the peak at
1305 cm™! is more pronounced at 250 °C than at 350 °C. In ad-
dition, the peak at 1544 cm™! is slightly shifted toward higher-
vibration frequencies (about 1560 cm™h).

In an attempt to follow the evolution of surface species
during NOy storage periods using FTIR, Pazé et al. [22] ex-
posed a Pt/y-Al,O3 sample to NO, at different temperatures
and found that the intensity of bands in the 1350—1200 cm™!
and 1700-1500 cm~! regions were increased with decreasing
temperature. The authors related the increased band intensity,
with more pronounced peak growth at 1566 and 1300 cm™!,
to an increased NOy uptake on y-Al,Oj3. Interestingly, this is
almost what is found in our current study (see Fig. 2c). Thus,
we believe that we have a significant NOy storage on alumina
at 250 °C. However, with increasing temperature, NOy storage
on barium becomes more significant.
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Fig. 3. DRIFT spectra for Pt/BaCO3/Al,O3 during the second storage period (recorded after 2, 6, 12 and 18 min) and the subsequent reduction period (recorded
after 2, 3, 5 and 6 min) using CO as the reducing agent at 350 (a) and (b), and 250 °C (c) and (d), respectively.

The spectra during the first NOy reduction period at 350 °C
show a decrease in the intensity of the peaks at 1337 and
1305 cm~! with time, with the peak at 1616 cm~ ! increas-
ing simultaneously, most likely due to the formation of barium
carbonate [16]. The vibrational frequencies related to barium
carbonates are represented by different peaks, depending on
whether surface or bulk carbonates are present [23]. These
peaks consist of main and shoulder peaks [24] that can shift
and/or overlap with other peaks. In addition, a significant
growth of two high-intensity bands at 2230 and 2170 cm~! in
combination with a weak band at 2070 cm™! is observed (see
Fig. 2b). These peaks can most likely be assigned to surface
isocyanate over alumina [25,26], either isocyanate over barium
[17,27] or cyanide species over alumina [28], and linear bonded
CO over platinum [29], respectively. The peak at 2170 cm™!
can be related to species adsorbed over barium sites, based
on the investigation by Szailer et al. [17] on Pt/BaCO3/Al,03
and Pt/Al;O3 catalysts, which demonstrated a corresponding
peak assigned to barium isocyanate (at around 2158 cm™!) be-
cause it appeared only on the barium-containing catalyst. The
decreased intensity of nitrite and nitrate species as a function of
time demonstrates that at 350 °C and at the CO concentration
used, the NOy storage sites are at least partially regenerated,
as is expected under oxygen deficit conditions. Because NO;
exposure occurs under both lean and rich conditions, it is not
clear whether the cyanide/isocyanate species are formed as in-
termediates from the reaction between the stored or gas-phase
NOyx with CO. Fig. 2b shows that CO adsorption on platinum
increases slightly with time (band at 2070 cm™'). Correlating
this observation to the continuous decrease in the reduction ef-
ficiency of the catalyst under the corresponding flow reactor

experiment (Fig. 1a), we suggest that CO accumulation on the
surface platinum sites is the main reason for the deteriorating
reduction efficiency of the catalyst at 150 and 250 °C. At 250 °C
(Fig. 2d), no decrease in the intensities of the nitrite and nitrates
bands is observed, indicating that the regeneration of the NOy
storage sites is not possible using CO as a reducing agent at this
temperature. In addition, the intensity of the cyanide/isocyanate
peaks is significantly lower than that of the corresponding peaks
observed at 350 °C. However, at 250 °C a new peak is observed
at 2117 cm™!. This peak increases slightly with time during the
reduction period and seems to be stable, because it is observed
with unchanged intensity during the subsequent second storage
cycle (Fig. 3c). Accordingly, the peak at 2117 cm™!, among
several possibilities, could be related to CO adsorption over
platinum or cyanide species adsorbed over platinum or barium
sites. Bridge-bonded CO on Pt has a significantly lower vibra-
tion frequency (about 1870 cm™!) [29] and is thus not likely.
Mavrikakis et al. [30] have shown that the adsorption of CO
on a Pt step or kink position has almost twice the binding en-
ergy than adsorption on a terrace or a side position. However,
assignment of the 2117 cm™! peak to CO adsorbed over Pt step
or kink positions is not likely, because any CO should be easily
oxidised at such a temperature under strong oxidising condi-
tions. Taking into consideration the work of Lennartz et al. [31],
who showed that cyanide adsorption on Pt(111) results in a sin-
gle band between 2100 and 2130 cm™ 1, the feature at 2117 can
even be assigned to cyanide adsorbed on platinum sites. Thus,
it is likely that the peak at 2117 cm™! is due to accumulation
of cyanide species over barium sites or in the Pt—barium inter-
face region. This assumption is supported by the fact that the
proposed cyanide species remain stable even under lean con-
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ditions and by the observed decay in the rate of reduction of
stored NOy (where spillover of NOy from storage to Pt sites is
blocked).

In addition, Fig. 3 shows that the features related to alumina
and barium isocyanate formed under the first reduction period
(Fig. 2) are preserved to some extent under the second NOx
storage period at both 350 and 250 °C. At both temperatures,
the peaks related to nitrite and nitrate species (features in the
1600-1200 cm™~! region) increase only slightly, in line with the
corresponding flow reactor experiment presented in Fig. la. It
has been previously shown that the NOx reduction process fol-
lows three main steps: (i) release of nitrite/nitrate species from
the different storage sites, (ii) spillover of species between the
storage sites and the precious metal sites, and (iii) a subse-
quent reduction by an active reducing agent over the precious
metal into N> [32]. Therefore, the main assumed pathways to
deactivate the reduction could be hindering the spillover from
the storage sites to the precious metal and/or blocking the pre-
cious metal. Our DRIFTS observations during the regeneration
phase with CO as the reductant suggest that at 350 °C, forma-
tion of isocyanates on both barium and alumina may hinder
spillover of NOy from these sites to platinum. Szailer et al. [17]
claimed that NCO species may poison Pt/BaCO3/Al,O3 due to
the strong adsorption properties of these species, whereas CO
adsorption over platinum (even with small amounts) may block
these sites. In our study, the formation of the cyanide species
(feature at 2117 cm™!) at 250°C may play a key role in the

deterioration of the NOy reduction process, because it is prob-
ably strongly adsorbed on the barium sites (particularly in the
Pt-barium interface region), blocking these sites and preventing
accessibility for the NOy storage process.

Fig. 4 shows the different DRIFTS spectra for the first NOy
storage/reduction cycle over the Pt/BaCO3/Al,O3 sample at
350, 250, and 150 °C using H as the reductant. Figs. 4a and
2a show the same features (NO; exposure at 350 °C), as is also
true for Figs. 4c and 2¢ (NO; exposure at 250 and 150 °C). At
lower temperatures (250 and 150 °C), a new peak is observed
at 1567 cm~! that may be assigned to bidentate nitrite over alu-
mina [10]. Compared with CO, the spectra during the reduction
periods at 350 °C (Fig. 4b) and 250 °C (Fig. 4d) clearly reveal
the high reduction efficiency of H.

Due to the absence of overlapping of carbonate and nitrate
bands (due to the absence of any carbon source), the spectra at
350 °C show complete reduction of the adsorbed nitrite/nitrate
species over the catalyst surface during the first 3 min of re-
duction. The appearance of a broad and slightly negative peak
centered at 1368 cm™! is attributed to the decomposition of a
certain type of barium carbonate [16]. To clarify the appearance
of this negative peak, thermodynamic calculations were per-
formed using the commercial software HSC chemistry to study
the stability of barium carbonate in the presence of hydrogen
(because all samples were pretreated at higher temperature in
hydrogen before the DRIFTS measurements), as well as on ex-
posure to NO;. The calculations show that decarbonisation of
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barium carbonate is (thermodynamically) favored in the pres-
ence of Hy at temperatures above 700 °C. In contrast, replace-
ment of carbonate by nitrate is thermodynamically possible at
room temperature. Accordingly, barium carbonate is probably
stable after being pretreated with Hy, with the background col-
lected before the NOy storage and reduction measurements. In
contrast, during the NOy storage period with NO;, the barium
carbonate is transformed to barium nitrates via the adsorption
of NO; and release of CO;. This decarbonisation cannot be
seen during the storage period due to the overlap with the ni-
trite/nitrate peaks. However, during the subsequent reduction
period, where no carbon source is present in the feed, negative
carbonate peaks (compared with the background spectrum of
the Pt/BaCOs3/Al, O3 catalyst) appear. Because the intensity of
this negative peak is rather low, we suggest that only a fraction
part of barium is involved in the NSR process.

When lowering the temperature to 250 °C, a decrease in
NOy reduction efficiency is observed, with minor amounts of
nitrite/nitrate species observed even at the end of the reduc-
tion period. At 150 °C, the catalytic reduction efficiency is even
lower. However, the decreased intensity of the peaks at 1544
and 1305 cm™! indicates that the Pt/BaCO3/Al,03 sample has
some reduction efficiency at this temperature.

In line with the observations by Fanson et al. [9] when using
H, as a reductant, neither ammonia nor any other intermediates
could be detected on the catalyst surface (spectra range above
1800 cm™! not shown in Fig. 4). This suggests that the rel-
atively high formation of gas-phase ammonia detected during
reduction proceeds rapidly.

For propene, gas-phase experiments show a relatively high
reduction efficiency at 350 °C that decreases significantly when
the temperature is lowered to 250 and 150 °C [33]. The corre-
sponding DRIFTS experiments (figures not shown) show that
at 350°C, the intensity of the bands at 1337 and 1305 cm™! de-
creases only slightly during the reduction period. At the same

time, a small feature appears at 2230 cm™!, indicating the for-
mation of isocyanate on alumina. At 250 °C, no decrease in the
nitrite/nitrate bands is observed, indicating that propene is not
able to regenerate the catalyst at this temperature. This may
bring out the platinum’s low ability to activate propene (under
certain reducing conditions) even at 350 °C. Thus, the relatively
high gas-phase reduction efficiency at 350 °C could stand for
reducing the gas-phase NOy.

Propane shows no reduction efficiency in either the gas-
phase experiments or the DRIFTS study.

3.2. NOx storage and reduction over Pd/BaCO3/Al;03

Fig. 5 shows the alternate gas-phase NOy storage-reduction
cycles when using CO, H,, C3Hg, or C3Hg as the reductant
over the Pd/BaCO3/Al;03 sample at 350 and 250 °C. The fig-
ure clearly shows the high ability of Pd/BaCO3/Al,0Os3 to reduce
NOy at 350 °C with any reductant used even propane, probably
due its ability to activate unsaturated hydrocarbons [18].

At 250 °C, the catalyst is still able to reduce NOy efficiently
with H, as the reductant, whereas CO appears to impair the
NOy reduction process just after a short reduction period. How-
ever, propene and propane are almost completely unable to re-
duce NOy at 250°C.

The corresponding DRIFTS spectra for the first NOy
storage—reduction cycle over Pd/BaCO3/Al,O3 using CO as
the reductant at 350 and 250 °C are shown in Fig. 6.

In line with the corresponding gas-phase results shown in
Fig. 5, the spectra recorded at 350 °C clearly show the high
NOyx reduction efficiency represented by the decrease in the
intensity of the different nitrite/nitrate peaks. Meanwhile, the
development of peaks at 1610, 1575, and 1462 cm~! during
the reduction period indicates the replacement of barium ni-
trite/nitrate by barium carbonate [11,34]. An interesting obser-
vation during the reduction period (Fig. 6b) is the appearance
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of high-intensity peaks at 2230 and 2170 cm™! assigned to iso-
cyanate over alumina and barium, respectively. The large for-
mation of isocyanate coincident with the high NOx reduction
efficiency indicates that the formation of the isocyanate species
on barium and alumina does not affect the reduction process
in the case of the Pd/BaCO3/Al,O3 sample, as was supposed
to be the case for the Pt/BaCO3/Al,O3 sample. In addition,
during the reduction with CO, bands are observed in the 1950—
1700 cm™! range with two maxima at 1910 and 1760 cm™ !,
which may be attributed to different configurations of NO ad-
sorbed on palladium [35].

The NOy storage—reduction cycle with CO at 250 °C (Figs.
6¢c and 6d) shows that even though some barium carbonate
(band at 1610 cm™!) is formed during the reduction period, the
nitrite/nitrate bands are more or less stable. Analysing the spec-
tra to interpret the deactivation of the NOy reduction efficiency
shows the evolution of a new feature at 2053 cm~!. The new
peak most likely can be assigned to linearly bonded CO over
palladium; however, it is uncertain whether such small amount
(according to its low intensity) can block the palladium sites
and thus deactivate the NOyx reduction. A more reasonable ex-
planation could be that at relatively low temperatures (250 °C),
CO is not able to promote the release of the stored NOy, and
thus the availability of active Pd sites is not a key factor for the
regeneration process. In contrast, the formation of isocyanate
species over both alumina and barium in addition to the ap-
pearance of peaks related to adsorbed NO (resulting from NO»
reduction) on the surface indicates that the Pd sites catalyse the
reaction of CO with nitrogen-containing species resulting from
the dissociation of adsorbed NO, over Pd.

The DRIFTS spectra for the first NOy storage—reduction cy-
cle when using Hj as the reductant over Pd/BaCO3/Al,O3 at
350 and 250 °C are shown in Fig. 7.

The spectra recorded during the reduction period at both
350 and 250 °C show significant NOy reduction efficiency. Af-
ter 2 min H, exposure, the nitrite/nitrate species are completely
reduced; simultaneously, two main negative peaks appear at
1560 and 1320 cm~!. The magnitude of these two negative
peaks is significantly higher than the magnitude of the negative
peak at 1368 cm~! observed for the Pt/BaCO3/Al,03 sample
under the same reaction conditions. Accordingly, we suppose
that a higher fraction of barium sites in the Pd/BaCO3/Al,03
sample is active in the NSR process compared with the
Pt/BaCO3/Al,03 sample. This can be due to the fact that the
precious metal dispersion for the Pd-based sample is higher
than that for the Pt-based sample. Also, this might be a re-
sult of a higher precious metal-barium interface area, which
previously had been shown to be a key parameter in the NSR
process [36]. Another interesting finding is the relationship be-
tween the barium distribution on the support surface and the
NOy storage and reduction efficiency. Our previous studies [21,
37] clearly show that the alumina surface is not entirely covered
by barium in the samples prepared according to the preparation
procedure used in the present study. Thus, it seems reason-
able that NOy storage occurs on both alumina and barium
sites in the case of Pt/BaCO3/Al,03. Although no such surface
characterization study was performed for Pd/BaCO3/Al;03,
the above DRIFTS results indicate a greater precious metal—
barium interaction for Pd/BaCO3/Al,O3 than for Pt/BaCOs3/
Al O3.



Log R’

LogR"

0.4

H. Abdulhamid et al. / Journal of Catalysis 244 (2006) 169-182

0.3

0.24

0.14

00—~

0.1
0.4

(@) First storage period s
at 350 °C 0

t 1305 (b) First reduction period BaCO
at 350°C

0.3

0.24

0.1

(¢) First storage period

at 250 °C

0.0

0.1

i (d) First reduction period
i at 250 °C

- 1370

2000

1800

1600 1400
Wavenumber (cml)

1200 2000 1800 1600 1400

Wavenumber (cm'l)

1200

177

Fig. 7. DRIFT spectra for Pd/BaCO3/Al,O3 during the first storage period (recorded after 2, 6, 12 and 18 min) and the subsequent reduction period (recorded after
2,3, 5 and 6 min) using Hy as the reducing agent at 350 (a) and (b), and 250 °C (c) and (d), respectively.

Log R’

LogR’

0-4_(2) First storage period ] 1305 (b) 0O O First reduction period
0.3- 3 ¢ =
- ; | PdPd
' b= qR X
0.2 A= SRS ) l
0.1 I %lt ég §§|
o/ g A t LA ot
i © [ [ l I A i
0.0+ — = i | .
0.4 '
|

|(€) Second storage period

2400

2200

2000 1800 1600

Wavenumber (cm‘l)

1400 1200 2400 2200 2000 1800 1600
-1
Wavenumber (cm )

1400

1200

Fig. 8. DRIFT spectra for Pd/BaCO3/Al, O3 during the first (a) and (b), and second (c) and (d), respectively, storage period (recorded after 2, 6, 12 and 18 min) and
subsequent reduction period (recorded after 2, 3, 5 and 6 min) using C3Hg as the reducing agent at 350 °C.

Compared with the Pt/BaCOs3/Al,O3 sample, the corre-
sponding Pd-based catalyst shows a higher regeneration capac-

ity when using H» as a reductant.

For propene as the reducing agent (Fig. 8), the spectra dur-
ing the reduction period show significantly decreased intensity

of the bands for the barium nitrite/nitrate species, especially



178

H. Abdulhamid et al. / Journal of Catalysis 244 (2006) 169-182

2000 2
1500
Gl |
1000
S
& | L GH
= L] [ — : —
=} ] / co
2 B CH
£ 200875
=) i
S
2 1500 4
S
(]
ON 1000 + C]Hﬁ
Z, T \/ CH,
500 e [ e —
“/r H2_\-k_/-—’—‘
. S ————
0 15 30 45 60 75 90 105 120 135
Time (min)

Fig. 9. NOy storage and reduction cycles for Rh/BaCO3/Al, 03 using either CO, Hy, C3Hg or C3Hg as the reducing agent at (a) 350 and (b) 250 °C.

for the peak at 1305 cm™!. This decrease is coincident with
the evolution of a barium carbonate band at 1597 cm~!. In
addition, the spectra for the first reduction period show the for-
mation of isocyanate over alumina and barium (peaks at 2230
and 2170 cm™!, respectively), NO adsorption on palladium
(peak at 1748 cm™'), and both linear and bridge-bonded CO
over palladium sites (peaks at 1952 and 2036 cm™!, respec-
tively).

An interesting feature in Fig. 8 is the relatively high NOy
reduction efficiency with propene regardless of the fact that
some of the palladium sites are covered with CO (Fig. 8c).
The presence of CO on the palladium probably does not
impair the NOy reduction process, as was the case for the
Pt/BaCO3/Al,03 sample. One probable interpretation could be
that palladium has high activity for NO; dissociation, which
provides sufficient oxygen on the surface to oxidise the weakly
adsorbed CO.

Doi et al. [38] investigated the decomposition of N>O over
alumina-supported Pt, Pd, and Rh catalysts and found that Pd
and Rh have a higher activity for NoO decomposition com-
pared with Pt. By analogy, Pd and Rh likely also have higher
activity for NO» dissociation activity than Pt. Previous studies
also showed that CO interacts more strongly with Pt compared
with Pd as well as Rh, whereas the heat of adsorption of CO
over Pt(100) is 215 kJ/mol [39], compared with 165 kJ/mol
for Pd(100) [40] and 118 kJ/mol for Rh(100) [41].

However, in agreement with the gas-phase experiment
(Fig. 5), the corresponding DRIFTS experiment shows that
propene does not reduce the stored NOy at 250 °C. The spec-
tra for the reduction period at 250 °C (not shown) indicate the
formation of isocyanate over alumina and CO adsorption on
palladium. The low NOyx reduction activity at 250 °C is most
likely due to the low temperature for activating propene over
palladium (at this temperature).

3.3. NOy storage and reduction over Rh/BaCO3/Al;03

Fig. 9 shows the gas-phase NOyx storage-reduction cycles
over the Rh/BaCO3/Al,O3 sample when using either CO, Hj,
C3Hg, or C3Hg as the reductant at 350 and 250 °C. Both CO and
H; show high NOy reduction efficiency at both temperatures.
Using Hj as the reductant results in the formation of ammonia
(not shown in Fig. 9) at 350 and 250 °C, whereas no nitrous
oxide is observed. Using H» as the reductant also results in a
considerable NOy breakthrough peak (1270 and 1530 ppm at
350 and 250 °C, respectively). The amounts of NOy released in
the breakthrough peak when CO is used as the reductant are 66
and 260 ppm at 350 and 250 °C, respectively. At 350 °C, C3Hg
shows NOy reduction efficiency comparable to that of CO and
H,, whereas at 250 °C, propene is not able to reduce the gas
phase and stored NOy. During NOy reduction with propene,
a minor amount of ammonia is detected, whereas a 1360-ppm
NOyx breakthrough peak is observed when changing from lean
to rich phase.

Fig. 10 shows the DRIFTS spectra for the first and second
NOy storage-reduction cycles when using CO as the reductant
over the Rh/BaCO3/Al, 03 sample at 350 °C. In agreement with
gas-phase observations, the DRIFTS spectra for the first reduc-
tion period show a significant NOy reduction efficiency with
CO, as indicated by the decreased intensity of the bands for the
different nitrite/nitrate species.

Formation of barium carbonate as a consequence of NOy
reduction is clearly represented by the growth of peaks at 1610
and 1578 cm™!. Moreover, the spectra recorded during the re-
duction also show the evolution of several peaks at 2230, 2170,
2080, 2025, 1872, 1757, and 1705 cm™!. The peaks at 2230
and 2170 cm™! can be assigned to isocyanate species adsorbed
over alumina and barium. The bands at 2080 and 2025 cm ™! are
most likely due to CO adsorption on different Rh sites [42,43],
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whereas the bands at 1872, 1775, and 1705 cm™! represent dif-
ferent NO species adsorbed on Rh [44,45].

Similar to what occurs with Pd, CO adsorption on Rh sites
(especially the band with high intensity at 2015 cm™!) does
not seem to hinder the NOy reduction process at 350 °C. The
high intensity of the bands attributed to NO adsorption on Rh
indicates high activity of Rh to dissociate NO> to NO and oxy-
gen atoms on the surface. The oxygen atoms may react with
adsorbed CO. This, along with the lower adsorption character-
istics of CO on Rh (compared with Pt) may explain why CO
does not poison the Rh surface, maintaining efficient NOy re-
duction. Moreover, the spectra during the second storage period
(figure not shown) indicate fast oxidation of CO adsorbed over
Rh, as well as removal of the alumina and barium-isocyanate
species. Consequently, the catalyst is able to store NOy dur-
ing the second storage period. The spectra for the first NOy
storage and reduction cycle presented in Fig. 10c indicate suf-
ficient NOy storage capacity at 250 °C, in line with the cor-
responding gas-phase NOy storage results (Fig. 9b). However,
the reduction of the nitrite/nitrates in the subsequent reduction
period (Fig. 10d) is significantly limited. This is in disagree-
ment with the corresponding gas-phase results showing good
NOy storage performance during the second NOy storage pe-
riod.

Fig. 11 shows the DRIFTS spectra for the first NOy storage—
reduction cycle over the Rh/BaCO3/Al,03 sample using H» as
the reductant at 350 and 250 °C. At 350 °C, the spectra show
that Hj is able to completely reduce the adsorbed nitrite/nitrate
species. Similar to the case with the Pd/BaCO3/Al,O3 cata-

lyst, negative peaks appear at 1560 and 1320 cm™! during
the reduction period using H, as the reducing agent, due to
removal of BaCO3 peaks from the background. Interestingly,
the magnitude of these negative peaks is rather similar for
the Pd/BaCO3/Al,03 and the Rh/BaCO3/Al,03 catalysts but
is significantly greater than the corresponding negative peaks
observed for the Pt/BaCO3/Al, O3 catalyst under the same con-
dition.

At 250°C, an obvious decrease in the intensity of the
bands at 1544, 1337, and 1305 cm™! is observed; however,
the species are not completely removed. The spectra at both
temperature show that the bands at 1544 and 1305 cm™! are
reduced more rapidly than the bands at 1411 and 1337 cm™!,
Using Hj as the reducing agent indicates that nitrate species
on alumina generally are more easily reduced than the cor-
responding species on barium for all of the samples investi-
gated. Similar to the Pt/BaCO3/Al,03 and Pd/BaCO3/Al,03
samples, the spectra for the Rh/BaCO3/Al;O3 sample show
no ammonia adsorbed on the catalyst surface. Fig. 12 shows
the DRIFTS spectra for the first NOy storage-reduction cy-
cle over the Rh/BaCO3/Al,03 sample when using propene as
the reductant at 350 and 250 °C. The spectra reveal that at
350°C, the propene is able to efficiently reduce the stored
NOyx. During the reduction period, different peaks (between
2230 and 1700 cm™!) are formed, similar to those observed
during the reduction with CO (Fig. 10). This indicates that over
Rh/BaCO3/Al;03, the reduction of NOy may proceed via the
same reaction pathway using both CO and C3Hg as reducing
agents.
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However, at 250°C (Fig. 12d), the spectra during the re- peak is seen. Further, there is no evidence of the formation of
duction period reveal the inability of propene to reduce the any isocyanate or CO adsorption on the surface, most likely due
adsorbed NOy; only a very small decrease in the 1544 cm™! to low activation of propene at this temperature.
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The main conclusions from our previous study [18] were
that Hy and CO had higher NOyx reduction efficiency than
C3Hg and C3Hg. In addition, the type of precious metal was
found to affect the NOy storage-reduction properties. The
Pd/BaCOs3/Al,0O3 catalyst had both high storage ability and re-
duction efficiency, whereas the Rh/BaCO3/Al,0O3 catalyst had
high reduction efficiency but relatively low NOy storage ability.
There is a good agreement between the results of our previous
study and the present study.

An interesting observation for the different precious metal
catalysts is the formation of isocyanate species over barium
when using a carbon-containing reducing agent. Compared
with Pt/BaCO3/Al, 03, both Pd/BaCO3/Al;03 and Rh/BaCO3/
Al,O3 catalysts show significantly higher ratios of isocyanate
species formed over barium/alumina sites (1.1 for Rh, 0.81 for
Pd, and 0.32 for Pt using CO as the reductant). This com-
parison indicates that the number of barium sites involved in
the NOy storage and reduction process is significantly lower
in the Pt/BaCO3/Al,03 sample than in the Pd/BaCO3/Al,03
and Rh/BaCOs3/Al,O3 samples. The higher rate of barium car-
bonate transformation to barium nitrite and nitrate under lean
conditions for the Pd/BaCO3/Al,O3 and the Rh/BaCO3/Al;03
samples compared with the Pt/BaCO3/Al,O3 sample supports
this hypothesis. From these findings, we conclude that the Pt
sites are probably supported mainly on the alumina, whereas
both Pd and Rh seem to be dispersed on both barium and alu-
mina sites.

Comparing the NOy storage and reduction activities for
the tested samples reveals that the intensities of the bands for
the adsorbed NOy species on the Pd/BaCO3/Al,O3 and the
Rh/BaCO3/Al,03 catalysts are significantly higher than those
for the Pt/BaCO3/Al, O3 catalyst. The corresponding gas-phase
experiments show that the NOy storage capacity is higher
for the Pd/BaCO3/Al,03 and Rh/BaCO3/Al,03 samples than
for Pt/BaCO3/Al,03. The difference in NOy storage capac-
ity for the tested catalysts may be related to the variation in the
dispersion of the precious metal (Table 1) and/or the location of
the precious metal sites in relation to the different storage sites.

4. Conclusion

Transient in situ DRIFTS experiments were performed to
follow the evolution of various surface species during the
NOyx storage and reduction processes over Pt/BaCO3/Al,03,
Pd/BaCO3/Al,03, and Rh/BaCO3/Al,O3 samples using CO,
Hj, C3Hg, or C3Hg as the reducing agent. In addition, NOy
storage and reduction cycles with the same experimental condi-
tions were performed using a flow reactor system for compari-
son. The results from the DRIFTS measurements are in general
agreement with the flow reactor experiments. However, some
differences are observed, probably due to differences in space
velocity, mass, and heat transfer.

For all catalysts and at all tested temperatures, exposure to
NO; results in the formation of different nitrite/nitrate peaks
over alumina and barium regardless of the type of catalyst. In
contrast, the NOy reduction seems to be related to the type of
precious metal and the reducing agent. Using CO as the re-

ducing agent results in a lower NOyx reduction capacity for
Pt/BaCO3/Al;03 in comparison to the corresponding Pd and
Rh based samples. A stronger interaction between CO and Pt
compared with Pd and Rh likely suppresses the interaction be-
tween NO» and Pt. This may explain the observed deactivation
in NOy reduction capacity for the Pt/BaCO3/Al,O3 sample.
However, with H; as the reducing agent, all three samples show
similar high NOy reduction performance.

Regeneration with CO and C3Hg results in the formation of
isocyanate species over barium and alumina sites, indicating
that regeneration of the stored NOx proceeds via the same re-
action pathways for these two reducing agents. The intensity of
the barium isocyanate peak for Pt/BaCO3/Al, O3 is significantly
lower than the corresponding peaks for the Pd/BaCO3/Al,03
and Rh/BaCO3/Al,03 samples during reduction with CO and
C3Hg. In addition, regeneration with carbon-containing reduc-
tants results in the appearance and growth of barium carbonate
peaks accompanying a gradual decrease in the intensity of the
nitrite/nitrate peaks. With H», the removal of nitrite/nitrates re-
sults in the appearance of negative peaks due to the removal of
barium carbonate peaks from the background. The intensity of
these negative peaks for Pt/BaCO3/Al,Os is significantly lower
than that for Pd/BaCO3/Al,O3 and Rh/BaCO3/Al,O3, indicat-
ing that fewer barium sites are involved in the NSR process
in the Pt-based sample than in the Pd- and the Rh-based sam-
ples. From these results, we relate the lower NOyx storage
and regeneration performance for the Pt/BaCO3/Al,O3 sam-
ple compared with the Pd/BaCO3/Al,03 and Rh/BaCO3/Al,03
samples to the lower precious metal dispersion and/or lower
precious metal-barium interface area in the former sample
compared with the latter samples.
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