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a b s t r a c t

The performance of a NOx storage-reduction (NSR) catalyst is strongly dependent on the relative stabilities
of nitrates and sulfates on the catalyst surface. This effort studies the effects of introducing 5 mol% La, Ca,
and K-dopants into a BaO phase of a model Pt/Ba/Al2O3 NSR catalyst. The dopants were chosen with a
range of properties to affect the BaO lattice spacing and/or the number of oxygen vacancies. The resulting
changes in the storage material, in turn, impact the stability of stored nitrates and sulfates, as measured by
NOx conversions and desulfation temperatures. The Ca- and La-doped material shows equivalent or better
NOx reduction performance between 200 and 400 ◦C, while the K-doped NSR catalyst showed significant
decreases in performance at 200 ◦C but maintained the high performance at 300 and 400 ◦C. Following
the performance measurements, the samples are then sulfated to 5.5 mg S/gcat and desulfated to 1000 ◦C.

All NSR catalysts generally show similar desulfation behavior, but in determining the temperature of 20%
sulfur removal (T20%), it is shown that the Ca + Ba sample has a 25 ◦C lower T20% than both the Ba-only
and La + Ba samples, while K + Ba is 70 ◦C higher. Additional Ca-based samples were than prepared at the
10, 20 and 100 mol% levels. The higher Ca-doped materials show similar NOx reduction performance, but
the 5% Ca + Ba sample maintains the lowest T20%. Interestingly, the Ca-only sample has a T20% that is 60 ◦C
higher than the Ba-only NSR catalyst, which indicates that the introduction of 5% Ca into the Ba-lattice
has a synergistic effect in lowering the desulfation temperature.
. Introduction

Lean-burn engines are fundamentally more fuel efficient than
ngines operating with a stoichiometric fuel/air mixture. A major
hallenge with these efficient systems is the reduction of NOx

missions in the lean exhaust. Although several solutions have
een demonstrated, each one has drawbacks with respect to cost,

mplementation, or durability. One of these solutions is the NOx

torage-reduction (NSR) catalyst. It is generally formulated with
NOx storage component, usually alkali or alkaline earth metal

xides such as Ba or K, and platinum-group metals dispersed
ver a high surface area �-alumina washcoat [1,2]. Additionally,

ommercial-intent NSR catalysts typically contain several other
omponents such as ceria–zirconia for oxygen storage or additives
o improve durability [2–5]. Unfortunately, fuel- and lubricant-
orne sulfur is also trapped on the storage component in the form

� This paper is for a special issue entitled “Heterogeneous Catalysis by Metals:
ew Synthetic Methods and Characterization Techniques for High Reactivity”, guest
dited by Jiolong Gong and Robert Rioux.
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of very stable sulfates, diminishing the storage capacity and overall
NOx reduction performance of the NSR catalyst. The sulfates must
be removed through periodic high temperature excursions.

The NOx storage-reduction (NSR) catalyst has shown feasibility
in a variety of vehicles [6,7], but the amount of platinum-group
metals (PGM) that is required to meet the stringent emissions
regulations make these catalysts less attractive. This is especially
the case because the high temperatures that these NSR catalysts
must endure to maintain functionality results in PGM sintering
[5,8–12]. Thus, to meet the durability requirements of the emis-
sions regulations, an even higher PGM loading is required. In
moving towards second generation NSR catalysts, it is desirable to
reduce the temperature that is required to desulfate the catalysts,
while maintaining high NOx reduction performance over a wide
operating window. This performance of NSR catalysts is strongly
dependent on the relative stabilities of nitrates and sulfates on the
catalyst surface, and to some extent within the bulk of the sam-
ple. With typical Ba-based formulations, sulfates are much more

stable than nitrates, so sulfur is very effective at poisoning the NOx

storage sites. Further, the high stability of sulfates requires periodic
high temperature desulfation to recover the NOx storage capacity
of the catalyst. These high temperature excursions rapidly age the
catalyst, adversely impacting NOx reduction activity [13–16]. The

dx.doi.org/10.1016/j.cattod.2010.08.009
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Table 1
Storage material and dopant properties.
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Covalent radius 1.98 Å 1.74 Å
Oxidation state 2+ 2+
Expected impact n/a Lattice strain

oal of the present work was to measure the impact of dopants on
he NOx reduction activity and on the stability of sulfates in a model
SR catalyst.

The introduction of dopants can result in three effects on the
a structure: changes in lattice spacing, oxygen vacancies, or Ba-
acancies. Ba, with a covalent radius of 1.98 Å, is the largest atom
hat naturally occurs in the 2+ oxidation state, so it is only possible
o impart lattice strain through the introduction of smaller atoms.
a has a 2+ oxidation state but a covalent radius 12% smaller than
a at 1.74 Å, so it is expected to impart only lattice strain to the
a-phase. To isolate the impact of introducing oxygen vacancies,
n atom of similar covalent radius with a 1+ oxidation state is pre-
erred. K was selected since it has about the same covalent radius,
.03 Å, and a 1+ oxidation state. Finally, to introduce Ba- or metal
acancies an atom of similar size and a 3+ valence is preferred.
nfortunately, there is not an atom that will consistently have an
xidation state of 3+ that is similar in size to Ba. La was the clos-
st, but since its covalent radius is 1.69 Å, 15% smaller than Ba, it is
xpected to introduce lattice strain as well as metal vacancies. For
eference these effects and parameters are listed in Table 1. Each of
hese factors is expected to impact the stability of stored nitrates
nd sulfates, and this impact is the focus of the study as it relates
o NOx conversion and desulfation temperature.

. Experimental

The NSR catalysts were synthesized in a stepwise fashion. The
t was dispersed on commercial-grade �-Al2O3 using H2PtCl6 and
he incipient wetness technique to obtain a 1.5 wt% loading. The
torage phases were added to the Pt/Al2O3 support using a wet
mpregnation technique with the corresponding nitrate salts fol-
owed by thermal decomposition. The three impregnation solutions

ere prepared by using 1.28 g of barium nitrate and 10 g of water
or each solution; and the dopants in the solutions were 0.025 g
f KNO3, 0.058 g of Ca(NO3)2·4H2O, and 0.08 g of La(NO3)3·xH2O
espectively. All of these masses represent a 5 mol% substitution of
he Ba metal. 2 g of 1.5 wt% Pt/Al2O3 were placed in a 15 cm ID Petri
ish and then impregnated with 1 g of nitrate solution. The Petri
ish was transferred into a well vented oven that was preheated
o 100 ◦C for removing water. The impregnation/drying cycle was
epeated until each impregnation solution was completely loaded
nto the Pt/Al2O3. After the wet impregnation, the samples were
hen heated at 2 ◦C/min to 500 ◦C in a box furnace and held at
his temperature for 2 h to ensure the complete decomposition of
itrates. Samples were taken out of the furnace right after the tem-
erature cooled to 100 ◦C and stored in a sealed glass vial to avoid
dsorption of moisture.

Nitrogen sorption isotherms of the samples were measured at
7 K by using a Micromeritic Gemini 275 system. The specific sur-
ace areas were calculated by using the Brunauer–Emmett–Teller
BET) theory based on the adsorption branches of the isotherms.
o determine the phases present in the samples, X-ray diffrac-
ion was employed. The samples were pretreated at 700 ◦C mixed

ith acetone on a zero background tray. A PANalytical X’Pert PRO
iffractometer operating at 45 kV and 40 mA with a 0.5◦ divergence
lit, a 1◦ incident-beam anti-scatter slit, and a 0.5◦ diffracted-beam
nti-scatter slit was used for the primary XRD diffractograms in
his study. Scans were taken between 15◦ and 90◦ (2�) with a
2.03 Å 1.69 Å
1+ 3+
O-vacancies Ba-vacancies + lattice strain

step size of 0.017◦ (2�) and 20 s/step using an X’celerator position-
sensitive detector. For the quantitative analysis, additional patterns
were recorded using programmable slits for a 2 mm irradiated
area on the sample; LaB6 was used as the internal standard and
the XRD patterns were refined through Rietveld refinements. Unit
cell parameters were derived from the entire XRD pattern using
the PANalytical X’Pert HighScore Plus software program. The tech-
niques applied to acquire the unit cells in this study are expected
to be accurate to the fourth decimal place.

To measure NOx reduction performance of the NSR catalysts,
a powder-based microreactor equipped with a Stanford Research
System RGA100 (residual gas analyzer) quadrupole mass spectrom-
eter and a fluorescent SO2 analyzer model 100A from Advanced
Pollution Instrumentation was employed. This microreactor has
been previously described in detail [5,13]. Briefly, it consists of an
8-mm ID quartz U-tube sample holder with an electronically con-
trolled 4-way valve upstream to enable fast switching from lean
to rich conditions. The 4-way valve is equipped with a pressure
transducer at each of its outlet streams and a back pressure regu-
lator on the non-reactor line to ensure that the switch from lean
to rich is isobaric. This minimizes the impact of switching on the
reactor flow and analyzer response. Additionally, since an SO2 ana-
lyzer was employed to monitor all sulfur species, and significant
H2S is expected during desulfation [17–20], a secondary oxidation
reactor was employed. Pt/SiO2 was used to minimize sulfur trap-
ping and the reactor was operated at 700 ◦C with a constant supply
of O2 (7.5 sccm) added to the 150 sccm coming out of the NSR cat-
alyst reactor. A similar setup for monitoring SO2 has been used
elsewhere [21,22], and they reported a portion of the SO2 is con-
verted to SO3 which is not detected by the analyzer. This can be
accounted for during calibration as long as the calibration gases
are directed through the oxidation reactor. Additionally, the SO2
analyzer requires ∼1 L/min for operation so the effluent is further
diluted with 1 L/min of air to ensure that there is enough flow for
the instrument.

NOx reduction measurements were performed at 200, 300,
and 400 ◦C while operating at an approximate space velocity of
30,000 h−1; space velocity is based on the volumetric gas flow at STP
and the volume of the powder bed; typical catalyst loadings were
150 mg. The evaluation protocol consisted of a multi-step process
as detailed below:

1. Pre-treat freshly loaded catalyst at 700 ◦C under rich conditions
for 8 h.

2. Evaluate initial catalyst NOx conversion while cycling between
lean and rich conditions; begin at 400 ◦C, followed by 300 ◦C, and
finally 200 ◦C.
a. Rich (17 s): 0.71% H2, 1.19% CO, 5% H2O, 5% CO2, balance Ar.
b. Lean (127 s): 300 ppm NO, 10% O2, 5% H2O, 5% CO2, balance

Ar.
c. NOx reduction performance evaluated after cycle-to-cycle

variation became negligible; typically 1–1.5 h.
These lean:rich ratios and switching times are based on the
guidelines set forth by the Cross-cut Lean Exhaust Emissions
Reduction Simulations (CLEERS) protocol for NSR catalysts [23].
An additional 7 s is added to each phase to allow for the experi-
mentally measured rise time associated with the switching from
lean to rich.
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Table 2
Catalyst composition, initial surface area, and characteristic desulfation temperatures for the Ca-, K-, and La-doped samples.

Catalyst Pt (wt%) Ba (mol%) Dopant (mol%) Surface area (m2/g) T20% (◦C) Desulfation T

T80% (◦C) T80% − T20% (◦C)

Pt/Al2O3 1.5 – – 133 – – –
77 590 772 182
79 565 767 203
78 661 780 119
80 588 784 196
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Ba-only 1.1 20 0
Ca + Ba 1.1 19 1.0
K + Ba 1.1 19 1.0
La + Ba 1.1 19 1.0

. Sulfate catalyst by introducing 45 ppm SO2 at 400 ◦C while
cycling between lean and rich conditions. Sulfation was contin-
ued until the samples were exposed to a total of 5.5 mg S/gcat.

. Stop flowing SO2, switch to rich conditions and wait for the mea-
sured SO2 to decrease below 2 ppm.

. Desulfate the catalyst in rich conditions while ramping from 400
to 1000 ◦C at 10 ◦C/min. Convert released H2S to SO2 in oxidation
reactor.

For each step, the cycles are allowed to continue until the cycle-
o-cycle variation is minimal, typically greater than 1 h. This is
s close to a “steady-state” as can be achieved for the inherently
ynamic NSR process. Gas flow to the system was controlled using
series of mass flow controllers using pure gases or blends with gas
urity levels of 99.999% except for NO (99.0%), CO2 (99.99%) and SO2
99.8%). When using blends the balance gas was always Ar.

. Results and discussion

The first portion of this study was aimed at evaluating the impact
f the dopants Ca, K, or La on Ba-based NSR catalysts. The specific
opant levels are reported in Table 1; it should be noted that the
ase NSR catalysts is a 20 mol% BaO which corresponds to 27 wt%
aO. XRD on the calcined samples showed that the primary phases
resent were BaCO3 and BaAl2O4 and that no independent dopant
hases were present (Fig. 1). Further analysis of the diffraction
atterns using the Rietveld method allowed the determination of
he unit dimensions; the resulting cell volumes are listed in Fig. 1.
ince the dopants were either smaller than Ba or would result in
acancies, it was expected that the substitutions would result in

maller lattice dimensions. Indeed, a small decrease in cell size was
bserved in each of the samples. Additionally, the doped samples
ll had slightly higher surface areas than the base case, as shown in
able 2, but these differences are statistically insignificant when

ig. 1. XRD patterns comparing a Ba-only NSR catalyst with of Ca-, K-, and La-doped
amples following 700 ◦C pretreatment step. Sharp unmarked peaks are indicative
f BaAl2O4.
Fig. 2. Typical NOx profile of NSR catalysts studied during lean-rich cycling. Results
are for the Ba-only sample.

taking into account sample weighing and the sensitivity of the
instrument.

While material properties are important to analyze with respect
to determining the success of the substitutions, the key metric that
we are interested in is NOx reduction performance and desulfation
properties. The NOx reduction performance was measured under
cycling conditions at 200, 300 and 400 ◦C; results are reported only
after the cycle-to-cycle variations were minimal. Typical catalyst
outlet NOx concentration profiles for each temperature are shown
in Fig. 2; as described in step 2 above, NO was only introduced
during the lean phase. This example is for the Ba-only case. To
determine the overall NOx conversion the following equation was
employed:

Overall NOx conversion =
[

NOx stored − unconverted NOx released
NOx fed to reactor

]
(1)

The NOx stored during the lean phase is the difference between
the blank reactor NOx profile and the experimental NOx profile
during the lean phase. The unconverted NOx released is calcu-
lated from the NOx measured during the rich phase. Integration
of the NOx effluent profiles reveals that 34%, 86% and 77% of the
NO is converted at 200, 300 and 400 ◦C, respectively. For com-
parison, the full cycle conversions of the 5% doped Ca, La, and
K are shown in Fig. 3. The general trends are the same for each
sample with the highest conversions at 300 ◦C and the lowest at
200 ◦C.1 The primary observation in this comparison is that the
K + Ba sample has notably poorer NOx reduction performance at
200 ◦C; both La + Ba and Ca + Ba samples have essentially the same

NOx conversion as Ba-only. Before discussing the physicochemical
implications of these observations, we will analyze the tempera-
ture programmed desulfation profiles to gain further insight into
sulfate bond strength.

1 At 300 and 400 ◦C experimental error is circa ±5%, and at 200◦C error it is
expected to be ±10%.
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ig. 3. Comparison of the NOx conversion for Ba-only NSR catalyst to the Ca-, K-,
nd La-doped samples at 200, 300, and 400 ◦C.

While the impact of sulfur on NOx reduction performance
s the primary inhibitor of further deployment of NSR catalyst
echnology, it can be difficult to measure and compare sulfur tol-
rance on various catalyst samples. However, the technique and
nalysis outlined here answers some key questions and allows

fair comparison to be made. As described above, the sam-
les are exposed to the same amount of sulfur and allowed to
urge. Temperature programmed reduction follows to 1000 ◦C.
his high temperature is sufficient to remove all of the sulfur and
eveal the nature of the stored sulfur, but because it is at such
n extreme temperature—well beyond what would normally be
xpected in an operating vehicle—additional NOx reduction per-
ormance measurements following desulfation are not reasonable.

typical profile of the catalyst outlet sulfur concentration during
his sequence is shown in Fig. 4 for the Ba-only case. During the
ulfation step, there is a period during which all of the sulfur is
dsorbed, followed by the breakthrough during the later cycles. Sul-
ur is then turned off and the sample is purged, first while cycling,
hen after switching to rich conditions. When switching to rich
onditions, there is typically a significant sulfur release associated
ith removal of the weakly bound sulfates. After the sulfur level
ecreases to less then ∼10% of the feed value the TPR is started.
he TPR profiles are shown in Fig. 5 for each of the Ca-, La-, and
-doped samples.
While visual analysis of these profiles indicates general sulfate
tability, a quantitative metric can be used to enable easier com-
arisons. The T20% and T80% columns listed in Table 2 reflect the
emperature where 20% and 80% of the total sulfur evolved dur-

ig. 4. SO2 concentrations measured with fluorescence analyzer during a typical
ulfation, purge and desulfation experiment. Results are for the Ba-only sample.
ay 160 (2011) 131–136

ing the TPR has been released, respectively. The T20% for Ca + Ba is
25 ◦C lower than the La + Ba and Ba-only samples, while the K + Ba
sample has a T20% that is 70–95 ◦C higher than the other samples.
Although the sulfur releases at a higher initial temperature, the
sulfates that form on K + Ba are much more homogeneous and are
released over a narrower temperature window, as there is only a
difference of 119 ◦C between T80% and T20%. The Ca + Ba and La + Ba
behave much more like the Ba-only sample, as a broad desulfation
profile is observed with a release profile covering 200 ◦C. The sharp
sulfur release profile of the K + Ba sample results in a T80% that is
within 15 ◦C of the other samples. There are also some highly sta-
ble sulfates observed in the desulfation profiles for both La + Ba and
Ca + Ba samples above 900 ◦C. For the La + Ba sample ∼11% of the
sulfates are released in a symmetric peak centered at 914 ◦C. Ca + Ba
had a less substantial release of ∼5% of the sulfur centered at 924 ◦C.

While there was not a large shift in the NOx reduction perfor-
mance of the doped samples, the significant shifts in sulfur storage
and release imply the introduction of the dopants is changing the
physicochemical properties of the NSR catalysts. The lower T20% for
the Ca + Ba samples suggests that the introduction of lattice strain
from the smaller Ca atoms results in a fraction of the sites having
a weaker sulfate bond. Since La + Ba also introduces a smaller atom
into the lattice it would be expected that the same effect would
be observed, and in Fig. 5 we do see some signs of this less sta-
ble sulfate, but as listed in Table 1, the La3+ ion also introduces
Ba-vacancies. It is possible that the pronounced high temperature
peak at 924 ◦C is due to these metal vacancies, but it also could
be due to a simple La2O3 phase, which is a known high temper-
ature NOx reduction catalyst [24–27]. Since K and Ba have very
similar covalent radii a lattice strain is not expected, but instead
the storage material is expected to have oxygen vacancies. From
the dramatic difference in the sulfur release profile compared to
Ba-only and the relative homogeneity of the release, it would sug-
gest that dispersion of the K-dopant and the impact on adsorption
sites is significant and uniform. Unfortunately, this does not lead to
desirable characteristics such as improved NOx conversion and low
temperature sulfur release; however, these attributes could lead to
a NSR catalyst for high temperature applications. This observation
of higher temperatures is consistent with the previous reports of
increased stability with the inclusion of K [28,29].

Because the 5% Ca + Ba sample demonstrated the most promis-
ing attributes, i.e. less stable sulfates with equal or better NOx

conversion than Ba-only, additional samples were made with the
storage material comprising 10, 20, or 100 mol% Ca. The same fab-

rication technique outlined above was employed with the specific
compositions and surface areas displayed in Table 3. As before,
doping the Ba-based NSR catalysts had a minimal impact on the
specific surface area, however, for the Ca-only sample, the sur-

Fig. 5. Temperature programmed reduction (TPR) sulfur release profiles of the sul-
fated NSR catalysts.
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Table 3
NSR catalyst composition, initial surface area, and characteristic desulfation temperatures for the Ca-doped samples.

Catalyst Pt (wt%) Ba (mol%) Ca (mol%) Surface area (m2/g) T20% (◦C) Desulfation T

T80% (◦C) T80% − T20% (◦C)

Ba-only 1.1 20 0.0 77 590 772 182
5% Ca + Ba 1.1 19 1.0 79
10% Ca + Ba 1.1 19 2.0 80
20% Ca + Ba 1.1 19 4.0 82
Ca-only 1.1 0.0 20 57
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storage phase should increase the sulfate stability, yet it decreases.
ig. 6. XRD patterns comparing a Ba-only NSR catalyst with 5%, 10%, 20% and 100%
a-doped samples following 700 ◦C pretreatment step. Sharp unmarked peaks are

ndicative of BaAl2O4.

ace area decreased significantly from 77 to 57 m2/g. Following a
00 ◦C pretreatment, XRD was employed to investigate the impact
n the Ba-phase and to look for the appearance of other metal
xide phases. The patterns shown in Fig. 6 illustrate that BaAl2O4
bserved in Fig. 1 is present in these samples too, along with the
aCO3 phase that was used to determine the lattice parameters;
owever, the Ca-only sample does not have any detectable crys-
alline phases other than �-Al2O3. It should be noted that all of the
ata presented in this section on the Ba-only and the 5% Ca + Ba sam-
les is the same data presented above in the comparison between
a, K, and La and is only repeated for comparative purposes.

As before, the key metrics for this study are NOx reduction

erformance and desulfation temperature. Fig. 7 shows the NOx

onversion for the five samples, and similar trends are observed
or each sample. Except for the 10% Ca + Ba sample, it appears that
ncreasing levels of Ca-substitution lead to higher conversions at

ig. 7. Comparison of the NOx conversion for Ba-only NSR catalyst to the Ca-, K-,
nd La-doped samples at 200, 300, and 400 ◦C.
565 767 203
596 776 180
631 783 152
651 757 106

400 ◦C and possibly 300 ◦C. For instance, the Ca-only sample has
a NOx conversion of 93% compared to only 79% for the Ba-only
sample. This is generally consistent with other reports compar-
ing Ca and Ba storage components in NSR catalysts with the Ca
maintaining high NOx conversion at high temperatures [30]. Con-
sidering the surface area of the Ca-only sample is 25% less than
any other sample, this suggests significantly different storage and
release properties at 400 ◦C. At 200 and 300 ◦C, since the conver-
sions are within 6% of each other it is not possible to differentiate the
NOx reduction performance of the samples, but it is still remarkable
how well the Ca-only sample compares to the others considering
its low surface area. A possible explanation of this improved per-
formance is derived from the XRD pattern of the Ca-only sample.
The amorphous Ca phase, suggests a high dispersion and therefore
higher coverage of Al2O3. This more disperse Ca phase would have
a greater propensity to store and release NOx, i.e. more storage sites
would be available at the surface which would also result in a faster
release rate. This storage and release relationship is a symbiotic one
that is difficult to meaningfully measure independently, and thus
is why it is essential to rely on cycling data to effectively compare
the different samples.

The same sulfation and desulfation procedure outlined above
was followed with these Ca-doped samples. The desulfation TPR
profiles are shown in Fig. 8. Once again there is a divergence
in sulfate stability between samples. The 10% Ca + Ba sample has
essentially the same release profile as Ba-only with a T20% and T80%
within 6 ◦C (listed in Table 3). Similar to the K + Ba sample, the 20%
Ca + Ba and the Ca-only samples have more stable sulfates and nar-
rower release temperatures. The higher desulfation temperature of
20% Ca + Ba and Ca-only is not surprising considering the improved
NOx reduction at 400 ◦C for the high Ca-loadings; however, this
observation is particularly interesting since 5% Ca + Ba has a lower
T20% then Ba-only. It indicates that the inclusion of a small amount
of Ca has a synergistic effect on Ba—the simple addition of a Ca
Although further material characterization is still needed, a plausi-
ble explanation of these advantageous effects on sulfate and nitrate
stabilities is the changes in lattice structure brought about by dop-

Fig. 8. Temperature programmed reduction (TPR) sulfur release profiles of the sul-
fated NSR catalysts.
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ig. 9. Sulfur measurements at 400 ◦C: (a) sulfur breakthrough profiles during sul-
ation, (b) percentage of sulfur stored that is fed to the reactor, and (c) initial and
ulfated NOx conversion comparison.

ng with a small amount of Ca.
There are other chemical attributes to consider with these

amples—particularly with respect to the impact of sulfur on the
Ox reduction. Fig. 9a shows the sulfur breakthrough at 400 ◦C
uring the sulfation phase for the entire range of Ba/Ca samples.
ince SO2 is introduced while cycling between lean and rich con-
itions, this data shows that sulfur is breaking through at varying

evels depending on the sample. To quantify this phenomenon, the
raction of the SO2 introduced to the reactor that is stored is cal-
ulated and shown in Fig. 9b. This indicates that the addition of Ca
mproves the sulfur capture efficiency, with Ca-only storing all of
he SO2 introduced. In general, this would be considered a negative
esult since this sulfur would detract from the storage sites avail-
ble for NOx; however, it is important to take into account how this
xtra sulfur influences the NOx reduction. Fig. 9c illustrates the ini-
ial NOx reduction performance at 400 ◦C, and it can be seen that,
lthough each Ca sample stores more sulfur, the overall NOx reduc-
ion performance is maintained at a high level. In fact, the Ca-only
ample has a decrease in NOx conversion of only 6% compared to
5% for the Ba-only sample; this general observation has also been
eported elsewhere [30]. The 5% Ca + Ba and 20% Ca + Ba samples
how decreased NOx conversions similar to Ba-only, 15–16%, but
heir overall NOx reduction performance is maintained at a higher
evel than the Ba-only sample.
. Conclusions

Introducing metals with the same valence but different radii
an benefit both the NOx reduction performance and desulfation

[

[
[

ay 160 (2011) 131–136

of Ba-based NSR catalysts; however, the electronic manipulation
of the storage phase does not necessarily have a positive effect on
the NOx reduction performance or desulfation characteristics, as
indicated by the K- and La-doped samples. In the case of equal
valent Ca-substitution in the Ba-phase, a synergistic effect was
observed; although Ca-only samples adsorb sulfur with high sta-
bility, 5% Ca-substitution results in a decrease in sulfate stability
on Ba. These promising results will be further explored to investi-
gate if the potential of this approach for manipulating the storage
and release properties of NSR catalysts for improved NOx reduction
capabilities and decreased sulfur stability.
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