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The effect of regeneration conditions on NH3; formation in a fully formulated Pt-Rh/BaO/Al, 03 lean NOy
trap catalyst was investigated. Experiments were performed on a bench flow reactor under simulated
diesel exhaust conditions, employing NO, storage/reduction cycles. Using CO/H; as the reductant, the
selectivity of NO, reduction to NH3 increased with increasing regeneration time, reductant concentration
and space velocity, and decreased with increasing amount of stored NO, and increasing temperature. At a
given temperature the effect of these parameters on NHs selectivity can be interpreted in terms of the local
H,:NOy ratio at the precious metal sites and the extent to which NHj3 is consumed in the reductant front
as it propagates through the catalyst. However, selectivity to NH3 increased with increasing temperature
(>300°C) during rich purging using CsHg as the reducing agent. It was shown that NH; selectivity was

Keywords:
Lean NOy trap
NOjy storage/reduction catalyst

Ammonia

Selectivity governed by the steam reforming activity of the catalyst, selectivity to NH3 increasing with increasing
Reductant H, generation. Experiments using a second catalyst to which ceria had been added as an OSC material
SpaciMS confirmed these trends, although the presence of the ceria resulted in lower selectivity to NH; when

using H, and/or CO as the reductant. After aging, the catalysts displayed increased selectivity to NHs;
this is attributed in part to lengthening of the NO, storage-reduction zone, as demonstrated by SpaciMS
data, and decreased OSC, resulting in decreased NH3 consumption by NO, and O, downstream of the

reductant front.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lean-burn engines provide more efficient fuel combustion and
lower CO, emissions compared with traditional stoichiometric
engines. However, the effective removal of NOx from lean exhaust
represents a challenge to the automotive industry. In this context,
lean NOy traps (LNTSs), also known as NOy storage-reduction (NSR)
catalysts, represent a promising technology, particularly for light
duty diesel and gasoline lean-burn applications. Moreover, recent
studies have shown that the performance of LNTs can be signif-
icantly improved by adding a selective catalytic reduction (SCR)
catalyst in series downstream [1-18]. SCR catalysts promote the
selective reduction of NOy with ammonia (NH3) in the presence of
excess oxygen. In the combined LNT-SCR system, NH3 is generated
in the upstream LNT during rich purges and subsequently stored on
the SCR catalyst where it reacts with NOy that breaks through the
LNT during lean operation. This contrasts with active SCR systems
in which NHj is typically generated from urea carried on-board
the vehicle. Compared to an LNT-only system, the LNT-SCR system
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has several advantages. First, the SCR catalyst eliminates NHs3 slip
from the LNT by storing it and subsequently catalyzing its reaction
with unreacted NO, from the LNT. Second, the presence of the SCR
catalyst relaxes the NOy conversion requirements of the LNT. Con-
sequently, the LNT catalyst volume in the LNT-SCR system can be
lower than for an LNT-only system, reducing the precious metal
costs for the system [12].

Neither the optimal engine control strategy nor the optimal cat-
alyst formulations for generating and reacting NH3 in an LNT+in
situ SCR application is obvious, however. NH3 generation is the
result of deep, rich purges of the LNT, which comes at the price
of fuel economy. Thus there is a need to identify LNT and SCR
formulations and reductant injection strategies that optimize NH3
generation, storage, and reaction with NOy to enhance overall NOy
conversion, while minimizing fuel consumption. Towards the goal
of optimizing LNT-SCR system performance, this study seeks to
elucidate the influence of a range of process parameters on the
selectivity of NOx reduction to NH3 in a fully formulated LNT
catalyst. In this context, we note that several previous studies
have addressed the issue of product selectivity during LNT catalyst
regeneration. Pihl et al. [19] performed pseudo-steady state con-
tinuous flow experiments using a commercial LNT and found that
selectivity to NH3 increased with higher reductant concentrations
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Table 1
Composition of catalysts used in this study?.

Component Catalyst code/loading

30-0 30-50
Pt, g/L 3,53 3.53
Rh, g/L 0.71 0.71
Bao, g/L 30 30
Ce0, ", g/L 0 50
Al,03 ¢, gL Balance Balance

2 Nominal loadings. Total washcoat loading =260 g/L.
b Stabilized with 5 wt% La;03.
¢ Stabilized with 3 wt% La;0s.

(i.e., increasing H,:NO and CO:NO ratio) and lower temperatures.
Related experiments showed that NH3 was readily oxidized by both
NO and O, over the catalyst. Similarly, using model catalysts, Xu
et al. [20] and Clayton et al. [21] showed that the selectivity of NO
reduction by H, (to N,O, N, and NH3) is largely dictated by the
H,:NO ratio and temperature under steady-state conditions. These
findings are consistent with a study of NO reduction by H, on Pt-Rh
single crystal surfaces [22], which concluded that the selectivity of
the reaction is determined by the relative amounts of H,, NO and
N adatoms on the surface. Using an engine test-bench, Hackenberg
and Ranalli [23] studied the dependence of NOy reduction selec-
tivity on NOy loading, regeneration time, rich phase lambda and
hydrocarbon injection. NH3 formation was found to be dependent
on regeneration time and the air-fuel ratio but was not influenced
by the amount of stored NOy. The use of post-injection of hydrocar-
bons into the exhaust to assist engine-based regeneration resulted
in a significant increase in NH3 formation. In contrast, Nova et al.
[24] found that NH3; formation is dependent on the amount of
stored of NOy, as did Abdul-Milh and Westberg [25], in addition
to temperature and H; concentration. Additionally, several other
research groups [26,27] have reported that LNT selectivity to NH3
increases with increasing rich purge duration and reductant con-
centration.

In the present paper we report the results of a study concern-
ing the effect of reductant concentration and type, purge length,
amount of stored NOy, and space velocity on the selectivity of NOx
reduction to NHs. Given that we have previously observed that
catalyst oxygen storage capacity (OSC) can influence the selectiv-
ity of NOy reduction [28-30], the effect of catalyst OSC was also
considered in this study by employing two catalysts, one of which
contained an OSC material (ceria) while the other did not. In order to
rationalize the observed dependencies, we also present the results
of related continuous flow and SpaciMS (spatially resolved capillary
inlet mass spectrometry) measurements.

2. Experimental
2.1. Catalyst preparation and characterization

Two fully formulated Ba-based LNT catalysts were used in this
study, the compositions of which are shown in Table 1. Details of the
catalyst preparation have been described elsewhere [29]. In both
cases, the washcoat was applied to a 4" x 6 cordierite monolith
substrate, possessing a cell density of 400 cpsi and a wall thick-
ness of 6.5 mil. As shown in the table, the catalysts have the same
nominal loadings of Pt, Rh and BaO, differing only in the loading of
La-stabilized CeO,. The BaO component (21.5 wt%) was supported
on alumina, while bare alumina was also used as balance to bring
the total washcoat loading up to 260 g/L.

Surface area and pore volume measurements on the fresh and
aged catalysts were performed according to the BET method by
nitrogen adsorption at —196 °C using a Micromeritics Tri-Star sys-

Table 2

Base conditions used for NO, storage-reduction cycling experiments?.
Parameter Lean Rich
Duration, s 60 5
Temperature (°C) 200-400 200-400
NO, ppm 300 0
02, % 10 0
Hy, % 0 1.3
CO, % 0 4
H,0, % 5 5
COy, % 5 5
No, % Balance Balance

a GHSV=30,000h-"! for all conditions.

tem. Prior to the measurements catalyst samples (washcoat and
monolith) were ground to a fine powder and outgassed overnight
at 160 °C under vacuum. The dispersion of precious metal (Pt+Rh)
was determined with a Micromeritics AutoChem II Analyzer by
means of pulsed H, chemisorption at dry ice temperature (—78 °C).
OSCvalues of the catalysts were determined under lean-rich cycling
conditions as described previously [29].

2.2. Catalyst aging

Catalyst aging was performed on a synthetic gas bench using
cores (2.1cm diameter x 7.4cm long) drilled out from the LNT
monoliths. The protocol used for the rapid aging has been detailed
in earlier publications [12,30]. This method is designed to sim-
ulate the road aging of a LNT catalyst used in conjunction with
a diesel particulate filter (DPF). Each aging cycle is composed of
three modes: sulfation, desulfation, and simulated DPF regenera-
tion. A maximum mid-bed catalyst temperature of 770+ 10°C was
observed during desulfation due to the exotherm resulting from
the fast lean-rich cycling. Depending on actual fuel sulfur levels,
one aging cycle is estimated to be equivalent to 1000-1500 miles
of road aging. 50 cycles were used for the aging runs, requiring a
total aging time of ca. 100 h per sample.

2.3. Lean-rich cycling experiments

Catalyst tests using monolithic samples were performed on a
synthetic gas bench reactor. Catalyst cores were wrapped in Zetex
insulation tape and inserted into a vertical reactor tube (2.2cm
inner diameter). The reactor tube was heated by an electric fur-
nace, and simulated exhaust gas mixtures were introduced from
pressurized gas bottles. Water was introduced by a peristaltic car-
tridge pump (Cole-Parmer) to a heated zone, vaporized and added
to the simulated exhaust mixture. A rapid switching 4-way valve
system was used to alternate between the lean and rich gas mix-
tures so that the lean/rich/lean transitions in these experiments
were almost instantaneous (within 0.2s). Three K-type thermo-
couples were placed just before the LNT, at the LNT mid-point and
just after the LNT to monitor the temperature profiles. A multi-
gas analyzer (MKS Model 2030) was used to monitor NO, NO,,
N,O, NH3, CO, CO,, H,O at the reactor outlet. During lean-rich
cycling, the observed catalyst breakthrough profiles stabilized to
a fixed limit cycle in about 2 h, at which point it was possible to
characterize the performance in terms of the ‘stationary’ concen-
tration cycles. The base conditions for the cycling experiments are
summarized in Table 2; in order investigate the effect of the dif-
ferent process parameters on the selectivity of NOy reduction to
NH3s, the parameters in question were sequentially varied, while
the other parameters were fixed at these base values. The selec-
tivity to N, during rich purges was determined by difference (i.e.,
Sn, = 100% — Sn,0 — SnH, )- In the case of measurements performed
on fresh catalysts, the samples were in all cases first de-greened
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by exposing them to lean-rich cycling conditions at 500°C for
5h.

2.4. Temperature ramp experiments

Temperature ramp experiments were performed using
2.1cm x 2.54cm (d x1) catalyst cores operating at a higher
Gas Hourly Space Velocity (GHSV; 120,000 h~1) than the cycling
experiments (30,000h~1) in order to ensure a fast approach to
steady-state. The catalyst was allowed to equilibrate under the gas
flow at 125°C, after which the temperature was ramped to 500°C
at arate of 5°Cmin—!.

2.5. Temperature programmed steam reforming and NO
reduction experiments

Steam reforming tests were performed in a U-shape quartz tube
(inlet 10 mm L.D. and outlet 3 mm I.D.) connected to a mass spec-
trometer (Pfeiffer Thermostar GSD301) for the continuous on-line
analysis of the outlet gases. 100 mg of crushed monolithic cata-
lyst in the form of small particles (100-120 wm) and a total gas
flow of 120 sccm were used in each run. Before each experiment,
catalysts were pretreated at 500°C for 15min under a flowing
gas mixture containing 10% Hy, 5% CO,, 3% H,0 and Ar (balance).
After cooling to 150°C, the gas flow was switched to one con-
taining 5000 ppm C3Hg, 5% CO,, 3% H,0 and He (balance) and the
temperature was ramped to 500°C at a rate of 5°C min~!. The tem-
perature of the catalyst was measured and controlled by a K-type
thermocouple directly immersed in the catalyst bed. The following
mass-to-charge ratios were used to monitor the concentration of
products and reactants: 2 (Hy), 15 (NH3), 28 (N, or CO), 30 (NO),
32(03), and 41 (C3Hg). The mass spectrometer data were quantita-
tively analyzed using the fragmentation patterns and the response
factors determined experimentally from calibration gases. Rele-
vant interferences in the mass-to charge signals were taken into
account indetermining the product composition. Temperature pro-
grammed NO reduction experiments with C3Hg were performed
similarly, using a feed gas consisting of 300 ppm NO, 5000 ppm
C3Hg, 5% CO,, 3% H,0 and He (balance).

2.6. SpaciMS measurements

Catalyst samples for SpaciMS measurements were divided into
two groups. In the first group, the samples were de-greened by
exposure to flowing gas consisting of 500 ppm NO, 5% CO,, 5% H, 0,
and the balance N, at 800 °C for 2 h. The second group was aged by
exposure to lean conditions for a period of 24 h at 800°C, the feed
gas consisting of 8% 05, 500 ppm NO, 5% CO,, 5% H,0, and the bal-
ance N,. The catalyst monolith cores measured 1.75cm x 2.54cm
(d x I), resulting in a GHSV of 30,000 h—'. The samples were subse-
quently exposed to 60 s lean/5 s rich cycles in a quartz tube reactor
at three temperatures (200, 250, and 300 °C). The lean phase gas
contained 500 ppm NO, 8% 0,, 5% CO,, 5% H,0, and balance N,
while the rich phase gas contained 4.2% H,, 1% 0,, 5% CO,, 5%
H-0, and balance N,. Prior to the measurements, each sample was
exposed to the cycling conditions until the component concentra-
tions in the reactor effluent were constant from one cycle to the
next. During this period, a coated fused silica polyamide capillary
(SGE Scientific) with a 250 pm outer diameter was positioned near
the centerline of the monolith for the purpose of gas sampling, at
a location 10 mm from its rear face. Gas was sampled at a rate of
14 cm3 min~!, its composition being analyzed usinga V & F Airsense
2000 chemical ionization mass spectrometer. The measurement
time was ~10 ms. The low energy ion source, Hg, was used to iden-
tify reaction products. Once “stationary” cycles had been attained,
data were collected at different positions measured from the front

face of the catalyst. The first of these positions corresponded to the
rear face (25.4 mm from the catalyst inlet), with successive sam-
pling at 19.4 mm, 13.4 mm, 7.4 mm, 4.4 mm, and 0.0 mm from the
inlet. For each measurement at a given temperature, the system was
allowed to stabilize for two 605s/5s cycles before data were taken
over five successive cycles. These cycles were then averaged to pro-
duce the spatio-temporal plots of species concentration versus time
for each axial location.

3. Results and discussion
3.1. Catalyst characterization

Extensive characterization data for the two catalysts used in
this study have been reported previously [29,31]. For this reason,
in Table 3 we report only those data most relevant to this study.
As shown, in the fresh state the estimated washcoat BET surface
areas for the two catalysts are similar. The surface areas of both
catalysts are decreased after aging, that for catalyst 30-50 show-
ing the largest decline. This is consistent with sintering of the ceria
component in 30-50 [31], which is also reflected in a significant
decrease in OSC, although the OSC of 30-50 remains superior to
that of 30-0 after aging. Also noteworthy is the substantial decline
in precious metal dispersion that occurs upon aging, based on both
H, chemisorption and previously reported TEM data [31].

3.2. Effect of rich phase time

Fig. 1 shows the effect of rich phase duration on NOyx conversion
and selectivity to NH; at different temperatures. From Fig. 1(a) it
is apparent that NOy conversion increases with increasing purge
length, albeit that for catalyst 30-50, which is exceptionally active,
NOy conversion reaches close to 100% at 300 and 400°C at purge
times of only 5s and 7 s, respectively. Fig. 1(b) shows that for both
catalysts selectivity to NH3 increases with increasing rich time and
decreases with increasing temperature. Comparing the two cata-
lysts, it is evident that NOx conversion over 30-50 is always higher
than that of 30-0 at the same reaction conditions, whereas the
selectivity to NH3 exhibited by 30-0 is consistently higher than
that of 30-50. As we have previously detailed [28-30], the presence
of ceria is beneficial for increased NOy storage capacity, increased
water—gas shift activity (favoring in situ generation of Hy ), and NOyx
reduction activity, all of which contribute to the superior cycle-
averaged NOy conversion displayed by 30-50. The presence of ceria
is also expected to affect NH3 selectivity due to its OSC properties.
Specifically, as discussed in the literature [29,32,33], the follow-
ing effects can be proposed: (i) consumption of the reductant by
stored oxygen results in decreased H,:NOy ratios during regenera-
tion, which should favor the formation of N, over NH3 (as discussed
in Section 3.4) and (ii) oxygen stored in the rear of the catalyst can
consume NH3 formed upstream via oxidation (with N, NO and N, O
as the possible products).

3.3. Effect of CO/H, concentration

Fig. 2 shows the dependence of NOx conversion and NH3 selec-
tivity on different CO/H, concentrations for 30-0 as a function
of temperature. Catalyst 30-50 exhibited similar trends and so
the results are not shown here. From Fig. 2(a) it is apparent that
NOy conversion increases with increasing CO/H, concentration,
the effect being particularly significant at 200°C. Evidently, the
catalysts are unable to utilize the reductants efficiently at this tem-
perature, this being a consequence of the relatively slow kinetics of
NOy release and reduction at such relatively low temperatures [34].
From Fig. 2(b), NH3 selectivity is seen to increase with increasing
CO/H; concentration at each temperature. This result is consistent
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Table 3
Physical properties and oxygen storage capacity of fresh and aged catalysts?®.

Catalyst Estimated washcoat BET SA (m?/g)P Total BET surface area (m?/g) PM dispersion (%) Oxygen storage
capacity (mmol O/L)¢
Fresh Aged Fresh Aged Aged Fresh Fresh Aged
30-0 121 107 43.5 37.8 34.0 8.5 215 194
30-50 126 88 47.5 32.7 51.2 9.2 38.1 26.0
2 Aging protocol as detailed in Section 2.2.
b Estimate calculated from washcoat loading and surface area of 1 m2/g for cordierite substrate.
¢ Measured at 350°C.
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Fig. 1. Dependence of (a) cycle-average NOy conversion and (b) NH3 selectivity on regeneration time at different temperatures. Rich phase duration=3, 5, 7, 9s; other

conditions as for Table 2.

with previous literature reports [20,21,23-26] indicating that the
reductant:NOy ratio is a key factor in determining the selectivity of
NOy reduction during LNT regeneration.

3.4. Steady-state study of NO reduction by H,

The transient nature of cycling experiments, coupled with the
integral nature of monolithic catalysts, make it difficult to directly
relate outlet gas composition to the chemistry taking place inside
the catalyst. For this reason, the steady-state reaction of NOy with
H, was studied in order to examine the sensitivity of the NOy
reduction selectivity to the H,:NOy ratio. Fig. 3 shows the results
of experiments performed with 30-0 using H,:NO ratios of 1:1
and 2.5:1. Again, the trends shown by 30-50 are similar and so
the results are not shown here. As shown, the NO+H, reaction
lights off at very low temperatures, NO conversions in excess of
80% being obtained at 50 °C. Fig. 3 also shows that temperature has

—=—CO/H,= 2%/0.67%
—o COM,=4%/1.3%
40 —4— COIH,= 6%/2%

NOx Conversion (%)

200 250 300 350 400

Inlet Temperature (°C)

a strong effect on product composition. NO is reduced to a mixture
of all three product species (NH3, N5, and N,O) at low temperatures
(<200°C), whereas the reactions become highly selective towards
either NH3 or N, higher temperature (200-500 °C). Specifically,
when the mixture is stoichiometric for N, generation (Hy:NO=1:1),
the reduction reaction is highly selective towards N,, whereas
when the feed gas ratio is stoichiometric for NH3 (Hy:NO=2.5:1),
NHj3 is the primary product. Similar results have been reported by
Pihl et al. for a commercial LNT [19], and Xu et al. [20] for model
catalysts of the Pt/Al,03 and Pt/BaO/Al,0O3 type. Above 375°C the
selectivity to NH3 drops significantly, an occurrence which can be
attributed to the catalyzed decomposition of NH3 to N, and Hy; this
was confirmed in separate experiments (data not shown). Overall,
these steady-state results are consistent with the lean-rich cycling
results presented above and highlight the important role that the
reductant:NOy ratio plays in determining the selectivity of NOy
reduction in LNT catalysts.
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Fig. 2. Dependence of (a) cycle-average NO, conversion and (b) NH3 selectivity on reductant (CO +H,) concentration for catalyst 30-0. Other conditions as for Table 2.
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120,000 h~! GHSV, and 5°C min~! ramp rate.

3.5. Effect of NOy loading

The dependence of selectivity to NH3 on the amount of NOy
stored is shown for catalyst 30-0 in Fig. 4. In these experiments
the amount of NOy stored was varied by altering the lean phase
feed NOy concentration (at constant lean phase duration). Addi-
tional experiments were performed in which the amount of NOx
stored was varied by altering the lean phase duration at constant
NOy concentration in the feed. The data for these latter experiments
show identical trends to the first and so are not included in Fig. 4. In
both cases the selectivity of NOy reduction to NH3 decreases with
increasing amount of NOy stored. While this finding contrasts with
the work of Hackenberg and Ranalli [23], it is in agreement with
earlier reports by Nova et al. [24] and Abdul-Milh and Westberg
[25], who found a clear correlation between NOy loading and NH3
selectivity.

3.6. Effect of space velocity

Fig. 5 shows the effect of varying the GHSV on NOy conversion
and NHj selectivity for catalyst 30-0. As expected, the NO, conver-
sion decreases with increasing GHSV (decreasing residence time)
at each temperature. Simultaneously, selectivity to NH3 increases
with increasing GHSV. Several possible explanations for this behav-
ior can be advanced, which are considered in Section 3.8.
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Fig. 4. Dependence of NHj3 selectivity on amount of NO, stored for catalyst 30-0.
Conditions as for Table 2.

3.7. Effect of reductant type

The effect of reductant type on NOy conversion and NHj3 selectiv-
ity was examined for catalysts 30-0 and 30-50 in lean-rich cycling
experiments utilizing H,, CO and C3Hg (propene) as the reductant
(Fig. 6). From Fig. 6(a) and (b) it is evident that at 200°C H; (1.5%) is
a significantly better reductant than CO (1.5%) or C3Hg (0.5%). This
result is consistent with reports from other researchers [35-40].
However, for catalyst 30-50, at 300 and 400 °C slightly higher NOy
conversion is obtained with C3Hg as reductant compared to Hj.
Epling and co-workers [40] found that at temperatures of 300°C
and higher, C3Hg is as efficient as H, and CO in LNT regeneration.
The slightly improved activity of 30-50 with 0.5% C3Hg is likely
related toits very high intrinsic activity, combined with the fact that
one molecule of C3Hg represents nine reducing equivalents, assum-
ing that it is fully oxidized to CO, and H,0 during NO, reduction.
Consequently, the supply of reducing equivalents was greater when
using 0.5% C3Hg as reductant as compared to 1.5% H,. The behavior
of 30-50 contrasts with that of 30-0, however, which evidently is
unable to use C3Hg as efficiently as 30-50; consequently, NOy con-
version over 30-0 at 300 and 400 °C is slightly higher with H, than
C3Hg. Subtle differences are also observed between 30-0 and 30-50
with respect to the selectivity of NO, reduction. The most striking
feature of the NH3 selectivity plots (Fig. 6(c)and (d)) is that whereas
the selectivity to NH; decreases with increasing temperature when
H, or CO are used as the reductant, the opposite trend is observed
with C3Hg. For both catalysts the selectivity to NH3 is less than 5%
at 200 and 300 °C but becomes significant at 400 °C. However, NH3
selectivity is higher for 30-50 than 30-0 at both 300 and 400°C, a
trend which contrasts with the findings for LNT regeneration using
CO/H; mixtures (Fig. 1) and H; (Fig. 6(c) and (d)), for which 30-50,
possessing higher OSC than 30-0, consistently displays lower NH3
selectivity.

Suspecting that differences in the steam reforming activity of
30-0 and 30-50 may account for the trends in catalyst behavior
observed with C3Hg, their activity in the stream reforming of C3Hg
was examined. According to Fig. 7(a), the light-off temperature
of 30-50 is at least 50°C lower than that of 30-0, while 30-50
is also considerably more active than 30-0 for H, generation at
higher temperatures (>350°C; see Table 4). These results clearly
show that the presence of ceria in catalyst 30-50 promotes the
steam reforming reaction of C3Hg, thereby generating H; in situ
and facilitating NOy reduction to NHs. As shown in Fig. 7(b) for
30-0, when NO is added to the feed gas, significant NO reduc-
tion activity is observed in the temperature range 200-250°C, NO
conversion reaching ~80% at 250°C. Below the on-set of steam
reforming (>250°C), C3Hg must participate in NOx reduction via
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Fig. 5. Dependence of (a) cycle-average NO, conversion and (b) NH3 selectivity on GHSV for catalyst 30-0. Other conditions as for Table 2.

other pathways, such as the redox mechanism proposed by Burch
et al. [41] (involving NOx decomposition to N, and/or N,O on pre-
cious metal particles, with associated oxygen removal by reaction
with C3Hg), or via the reaction of C3Hg with NOy to form organo-
nitrogen species which decompose to afford ultimately N, or N,O
[41,42]. Indeed, the relatively low concentrations of H, generated
over both 30-0 and 30-50 at temperatures below 450°C indicate
that the steam reforming pathway represents a minor route for NOy
reduction by C3Hg at typical LNT working temperatures, although
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it significantly impacts the selectivity of NOx reduction to NH3 at
400°C.

3.8. Qualitative description of LNT regeneration

Any attempt to interpret the data presented in Sections 3.2-3.7
must take into account the integral nature of the catalyst mono-
liths used in this work. According to the model proposed by Ribeiro
and co-workers [43,44], during LNT regeneration a H,-rich reaction
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Fig. 6. Dependence of cycle-average NO, conversion (a and b) and NHj3 selectivity (c and d) on reductant type for catalysts 30-0 and 30-50. Reductant concentrations: 1.5%

CO, 1.5% H;, 5000 ppm C3Hg; other conditions as for Table 2.
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programmed reduction of NO with C3Hg over catalyst 30-0. Conditions as for (a) but with 300 ppm NO added.

Table 4
Steam reforming of C3Hg over catalysts 30-0 and 30-502.
T(°C) C3Hg conv. (%) H, yield (ppm)
30-0 30-50 30-0 30-50
300 1 1 112 397
400 3 8 372 1730
500 17 50 1609 9845

2 Conditions as for Fig. 7(a).

front propagates along the length of the catalyst in which N, and
NHj3 are formed from the reduction of the stored NOy. The formed
NH3 may then react further with nitrates stored downstream of the
front, resulting in the formation of N,. This explains the temporal
sequence of product formation, N, breakthrough occurring before
NH3; breakthrough of the latter corresponds to the point at which
the stored NOy is sufficiently depleted for the NH3 consumption
to be incomplete. A similar two-step model has been also been
proposed by Lietti et al. [17,45]. Direct evidence supporting the
existence of parallel direct-H, and intermediate-NH3 regeneration
pathways has been provided by SpaciMS measurements [46] and
by effluent measurements performed on different length catalysts,
from which the evolution of intracatalyst species was reconstructed
[47].In both cases the data are consistent with NH3 being produced
and consumed along the catalyst, thereby functioning as an inter-
mediate reductant. In addition to the NH3-NO reaction, NH; can
also be consumed by reaction with stored oxygen as alluded to in
Section 3.2, or can undergo decomposition at high temperatures
(Section 3.4). Fig. 8 summarizes the complete network of possible
reactions involving NH3.

Considering the effect of the rich phase time on NH5 selectivity,
it is clear that the chemistry occurring in the reductant front will
not be affected by the duration of the purge. However, longer purge

NOx
H,
NH;3, N,, N,O
'\y \Decomposition
0,
N,, N,O N,+H,
N,, NO, N,O

Fig. 8. Schematic showing reaction pathways for NH3 generation and consumption.

times enable the regeneration of those NOy storage sites located
relatively far away from the Pt and Rh sites, i.e., sites for which
diffusion of NOx within the Ba phase is rate limiting (as opposed
to the feed rate of reductants to the Pt or Rh sites). Regeneration
of these sites will occur behind the leading edge of the reductant
front, giving rise to high local H,:NOy ratios which favor NH3 for-
mation. Furthermore, NH; formed behind the front is less likely to
be subsequently consumed than NH3 formed in the front, given the
lower concentrations of adsorbed NO, remaining behind the front.

The effect of reductant concentration on NHj3 selectivity can be
expected to manifest itself in two ways. First, as shown in Section
3.4, high H,:NOy ratios favor the formation of NH3 from the NO + H,
reaction. Second, since the oxidation of NH3 in the reaction front
by adsorbed NOy or O, proceeds in direct competition with the
NOy + H, and O, + H, reactions, increasing the H, concentration will
favor the latter reactions, causing more NH3 to break through the
catalyst. Similar reasoning can be applied to the effect of the NOx
loading on NHj selectivity. The observation that NH3 selectivity
decreases with increasing NOy loading suggests that the H;:NOyx
ratio in the reaction front exerts a major influence, i.e., as the NOy
concentration is increased, so the H,:NOjy ratio decreases, favoring
N, formation over NH3. Furthermore, as the H, :NOy ratio decreases,
relatively more NOy should slip through the reaction front, and,
after re-adsorption, be available for NH3 consumption in the SCR
reaction. Hence, NH3 emissions should decrease.

The effect of space velocity on NH3 selectivity must also be con-
sidered. One possible explanation for the observed increase in NH3
selectivity with increasing GHSV involves the relative rates of the
propagation of the reductant front through the catalyst and the rate
of reverse spillover (transport of NOy from the storage sites to the
precious metal sites). At high space velocities the reductant front
will propagate rapidly; therefore, by the time released NOy reaches
the precious metal sites, the front will have passed by and the NOx
will experience high local H, concentrations, favoring the forma-
tion of NHs. Similar reasoning has been advanced by Harold and
co-workers [48] to explain the increase in NH3 selectivity observed
with decreasing Pt dispersion in model LNT catalysts: decreased
Pt-Ba contact at decreasing Pt dispersion results in slower kinetics
of NOy release and/or transport relative to the rate of propagation
of the reductant front and hence higher local H,:NOy ratios. In the
present work, it is also conceivable that the rates of the reactions of
NH3 with stored NOx and O, could be kinetically limited at high
space velocities; this would result in decreased consumption of
NHj3 in the reductant front and hence higher NH; concentrations
in the reactor effluent. Finally, it should be noted that at low space
velocities the NSR zone will be concentrated in the front of the cata-
lyst[32,33,46] (reflecting the fact that NOy storage proceeds largely
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Fig. 9. Selectivity to NH; shown by fresh (de-greened) and aged catalysts 30-0 and
30-50 at different temperatures. Conditions as for Table 2; aging protocol as detailed
in Section 2.2.

in a chromatographic-like fashion), whereas high space velocities
can be expected to “stretch” the NSR zone along the length of the
catalyst monolith. Consequently, increasing the GHSV will tend to
move NH3 formation deeper into the catalyst with the result that
formed NH3 will have less opportunity to react with NOy or O,
stored in the rear of the catalyst. This situation is somewhat anal-
ogous to that for aged catalysts, which is discussed in Section 3.8.
Given the integral nature of catalyst monoliths, ascertaining the
relative importance of these different effects is difficult based on
reactor data alone; further clarification requires the use of tech-
niques such as SpaciMS which can provide spatio and temporal
resolution of the data.

Finally, an explanation must be sought for the strong tempera-
ture dependence of NOy reduction. In this case, two factors appear
to be of importance. First, it has been shown that H; is a better NOx
reductant than NH3 at low temperatures [47]. Consequently, as the
temperature is increased, the NOy-NHj3 reaction becomes compet-
itive with the NOx-H, reaction, resulting in a relative increase in
NH3 consumption in the reductant front. Second, according to the
results of arecent modeling study reported by Bhatia et al. [49], NH3
generation is favored under conditions where diffusion of stored
NO, within the Ba phase to the Pt/Ba interface is the rate deter-
mining process (giving rise to fast reductant breakthrough and high
H,:NOy concentrations at the Pt/Ba interface). Since NOy diffusivity
increases with increasing temperature [49], at higher temperatures
the reductant feed rate, rather than the NOy solid-phase diffusion
rate, becomes limiting. Consequently, the reductant takes longer
to break through, local H,:NOy concentrations are relatively lower,
and the selectivity of NOy reduction to N is increased.

3.9. Effect of catalyst aging—SpaciMS measurements

As shown in Fig. 9, after aging selectivity to NH3 is generally
increased for 30-0 and 30-50, particularly at 350 and 450°C. As
we have noted previously [30,31], there are a number of possible
factors which can account for this increase:

(i) Pt sintering (as shown in Table 3), which results in a decrease
in the Pt-Ba interfacial perimeter, i.e., Pt-Ba phase segrega-
tion occurs upon aging. Hence, the rate of transport of stored
NOy to Pt sites during regeneration (reverse NOy spillover) is
decreased. If this rate is slower than the H, feed rate, then H,
will break through with substantially more NO, remaining on
the catalyst after H, breakthrough. Consequently, the Pt surface
will be predominantly covered by hydrogen, and as the stored

NOy transports to the Pt particles, NH; will be preferentially
formed [48]. As mentioned above, recent modeling studies by
Bhatia et al. [49] confirm this idea: NH3; formation is favored
when solid-phase diffusion of NOy to the Pt/Ba interface is the
rate determining process, which becomes increasingly likely as
the Pt dispersion decreases.

(ii) The decreased OSC of the aged catalysts (see Table 3) should
result in decreased reductant consumption by stored oxygen
and hence higher effective H,:NOy ratios in the reductant front.
Furthermore, there is less oxygen available downstream of the
reductant front to react with formed NHs.

(iii) After aging, the NOy storage capacities of the catalysts are
decreased (as reported previously [30,31]), i.e., there are fewer
active sites available per unit of catalyst volume, which should
result in higher effective H,:NOj ratios in the reductant front.

(iv) As the catalyst ages, the length of the NOy storage-reduction
zone increases due to the decrease in NOy storage capacity.
The longer the NSR zone, the shorter the downstream OSC-
only zone (i.e., axial LNT portion free of stored NOy) [32,33].
This leads to decreased oxidation of NH3, slipping from the
upstream NSR-zone, by oxygen stored in the OSC-only zone.
Consequently, more NH3 escapes from the LNT without being
oxidized.

(v) A further possibility that must be considered pertains to the
rates of the NOx-NH3 SCR and NH3-0, reactions. If the rates
are sufficiently decreased after aging, then NH3 consumption
viareaction with NOy and O, stored downstream of the reaction
front may be decreased, resulting in higher NH3 emissions.

As noted above, the integral nature of monolith reactors greatly
complicates the interpretation of reactor data. Therefore, in an
effort to confirm the importance of the above factors, SpaciMS
measurements [50,51] were performed on fresh and aged 30-0. It
should be noted that the catalyst aging conditions employed for
these measurements (see Section 2.6) were different to those used
for the cycling experiments discussed above in Section 3.8, how-
ever, the maximum temperatures experienced during aging were
similar (respectively, 800 °Cunder lean conditions and 770 °C under
lean/rich conditions), and so the effects are expected to be quali-
tatively similar. Fig. 10 shows two-dimensional representations of
NH3 concentrations measured - as a function of time - at six dif-
ferent positions along the length of the catalyst monoliths during
a single regeneration event. In both cases the regeneration event
commenced at around 31.5s and lasted 5 s. It should also be noted
that the catalyst sample was 1”7 (25.4mm) in length; hence, the
profile corresponding to 25.4 mm represents the NH3 concentra-
tion measured at the outlet face of the monolith. For the fresh
(de-greened) sample, the NOy storage-reduction zone is largely
confined to the front of the catalyst. This is evidenced by the cor-
responding NOy release profiles, showing that the maximum gas
phase NOy concentration is attained near the front of the catalyst
(data not shown). Consequently, the gas phase NH3 concentration
increases along the length of the NOy storage-reduction zone peak,
attaining its peak value towards the end of the zone (close to the
middle of the catalyst in the axial direction). Subsequently, the NH3
concentration diminishes due to its consumption by reaction with
stored oxygen in the rear of the catalyst, as well as with any stored
NO, present and released NO, that re-adsorbs on the catalyst down-
stream of the reductant front. It is also worth noting there that is a
considerable delay in the evolution of NH3 at the successive mea-
surement points in the catalyst. This is indicative of a high level
of H, and NH3 consumption in the reductant front due to reaction
with stored NOy and O,, meaning that the front propagates fairly
slowly through the catalyst. This interpretation is consistent with
SpaciMS data collected on a commercial LNT by Partridge and Choi
[46], who similarly found that the NH3 onset time systematically
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conditions as for Table 2.

shifts to later regeneration times with increasing distance into the
catalyst, and that it tracks the shift in the H, onset time.

The above findings contrast with the situation for the aged
catalyst. After aging, the time lag for the appearance of NHj is
greatly decreased, indicating that the reductant front moves rapidly
through the catalyst; this can be attributed to the lower amount of
NOy and O, stored in the front of the catalyst. Evidence that the
NOy storage-reduction zone is stretched along the length of the
catalyst is also provided by the observation that the maximum NOy
gas phase concentration is attained near the center of the monolith
(in the axial direction; data not shown) and that the maximum NHj;
concentration is attained approximately three-quarters of the way
along the monolith (Fig. 10). In other words, the maxima for both
NOy and NHj3 release are moved towards the rear of the catalyst.
As indicated above, this lengthening of the NOy storage-reduction
zone is a consequence of the fact that after aging there are fewer
storage sites available per unit of catalyst volume. This, in turn,
results in decreased oxidation of NH3 by oxygen stored in the OSC-
only zone, with the result that more NH3 escapes from the LNT
without being oxidized. Similar reasoning applies to the NH3-NOy
reaction; since the concentration of gas phase NOy peaks further
along the catalyst, there are fewer storage sites downstream of the
reductant front on which the NOy can re-adsorb and subsequently
undergo reaction with NH3 present in the reductant front. Further-
more, it is also apparent that the peak NH3 concentrations attained
at the different measurement points in the catalyst are signifi-
cantly higher after aging, consistent with a higher reductant:NOy
ratio (and hence higher selectivity of NOy reduction to NH3), and/or
decreasedrate of the NOyx—NHj3 reaction in the reaction front, result-
ing in less NH3 consumption in the reaction front as it propagates
along the monolith.

To summarize, these findings confirm that after aging the NSR
zone is stretched along the catalyst, moving the peak NH3; concen-
tration further into the catalyst and providing less opportunity for
NH3 consumption by stored O, and NOy downstream of the reduc-
tant front. Although the higher intracatalyst NH3 concentrations
measured after aging suggest that the intrinsic selectivity to NH3
is increased as a consequence of the increased local H,:NOy ratio
at the precious metal sites, higher NH3 concentrations can also be
explained by a decrease in the rate of the NOx—NH3 SCR reaction.
Distinguishing between these possibilities will require quantitative
analysis of the spatio-temporal data using appropriate models [52].
Such work is on-going in our laboratory.

4. Conclusions
In this study, the selectivity of NOy reduction over fully formu-

lated monolithic LNT catalysts was investigated as a function of the
regeneration conditions. The following effects were identified:

e When using CO+H,; as the reductant, selectivity to NH3 (at a
given temperature) increased with increasing regeneration time,
reductant concentration and space velocity. The effect of these
parameters on NHj3 selectivity can be interpreted largely in terms
of the local Hy:NOy ratio at the precious metal sites.

Catalyst oxygen storage capacity was also found to be important
in determining the selectivity of NOy reduction to NHs. This is
attributed to two main effects: stored oxygen can consume part
of the H; in the reductant front, thereby decreasing the effective
H,:NOy ratio, and can also consume formed NHj3 via oxidation,
giving N, as the main product.

e When using propene as the reductant, NH3 selectivity was
governed by the steam reforming activity of the LNT; hence, selec-
tivity to NH3 increased with increasing temperature and was
slightly higher for the ceria-containing catalyst compared to its
ceria-free analog.

After aging, the catalysts displayed increased selectivity to NHs;
this is attributed in part to lengthening of the NOy storage-
reduction zone, resulting in decreased NH3 consumption by NOy
and O, downstream of the reductant front. In addition, higher
intracatalyst NH3 concentrations measured after aging suggest
that selectivity to NH3 is increased as a consequence of the
increased effective H,:NOy ratio at the precious metal sites.
However, higher NH3; concentrations can also be explained by
a decrease in the rate of the NOx-NH3 SCR reaction.

Finally, it should be noted that in this work, excess H, was
present during reduction of the stored NOx. Under CO-rich, H-
deficient conditions it can be anticipated that NH3; formation will
proceed to some degree via an isocyanate route [53], in which case
the selectivity of NOy reduction to NH3 may follow somewhat dif-
ferent trends to those observed here.
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