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Abstract
Operando measurements were carried out in a quartz reactor to evaluate the catalytic performance of NOx storage and reduction materials

containing Pt and Ba supported on Al2O3. Carbonates present on the surface after activation were removed after the first exposure of the sample to

the nitration flow. Nitrite species bound to barium were observed at low temperatures. Barium nitrates are the predominant species in the studied

temperature range under wet and dry conditions. These species are not stable at temperatures above 723 K. The presence of water inhibits the

formation of alumina nitrates favoring the coordination of nitrates with the barium sites.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the search of more energetically and ecologically

efficient systems, NOx storage and reduction catalysts

represent one alternative for the emission control from

automotive sources [1–4]. These catalysts are predominantly

used for the exhaust control of lean-burn engines resulting in

lower overall CO2 emissions. The lowering of NOx emissions

using this type of technology leads to the increase of fuel

consumption (catalyst management) and high after treatment

price (precious metal loading). Knowing that this technology is

still under development, the actual commercially available

technologies do not allow meeting the NOx reduction targets

after high mileage.

Optimization of this technology in terms of durability and

definition of the best trade off between fuel consumption (CO2

emissions) induced by catalyst management, price and NOx
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reduction is needed for an extended and efficient serial

application. Deep understanding of the chemical mechanisms

taking place on this catalyst in real working conditions is

needed to reach the above-mentioned goals.

Due to the complexity of commercial NOx trap impregna-

tions, high precision ‘‘operando’’ analytical tools adapted to

this technology can help understanding the catalyst behavior

under simulated representative gas and temperature conditions.

The aim of the present work was to study the phenomena

occurring on a Pt/Ba/CeO2–ZrO2/Al2O3 catalyst during the

NOx storage by using a newly designed cell that allows time-

resolved measurements under flow at temperatures as high as

873 K.

2. Experimental

2.1. Materials

The commercial NOx storage catalyst was supplied by

Rhodia. The material contains Pt, Ba, CeO2, ZrO2 supported on

Al2O3. Prior to any study, the catalyst was aged at 1123 K using

a mixture of air and water (10 vol.%) during 12 h.
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Fig. 1. Difference spectra of the surface collected during the nitration of the

sample (carbonated surface) at 623 K. (a) 5–1 min; (b) 10–5 min; (c) 20–

10 min; (d) 30–20 min; (e) 60–30 min; (f) 120–60 min.
2.2. Operando measurements

The material was pressed into self-supporting wafers of

10 mg cm�2 and placed into the quartz reactor equipped with

KBr windows. For the analysis of the surface, operando

measurements were carried out with a Nicolet FT-IR Nexus

spectrometer equipped with a MCT detector. FT-IR spectra

were collected with a resolution of 4 cm�1. The analysis of the

outlet gases was performed by means of a Pfeiffer Omnistar

mass spectrometer. Likewise FT-IR spectra of the gas phase

were collected using a gas microcell.

The sample was activated in situ by heating from room

temperature to 873 K over 3 h under a flow of 10% oxygen in

argon. Then the temperature was decreased to the nitration

temperature. Different temperatures ranging from 473 to 873 K

were tested. Experiments were performed at a total flow of 25

cm3 min�1. Concentrations of the reactants were 500 ppm NO,

10% oxygen, and 1.5% water. Argon was used as the carrier gas.

The exposure of the sample to the nitration flow was carried

out during 120 min. Weakly adsorbed surface species were

desorbed by flushing the cell with a flow of 1.5% water in argon

during 30 min at the nitration temperature. The desorption of

the strongly adsorbed surface species was carried out by

increasing the temperature with an increment of 5 K min�1

until 873 K under a flow of 1.5% water in argon.

3. Results and discussion

3.1. Activation

Intense bands at 1467 and 1434 cm�1 attributed to polyden-

tate carbonates [5–7] were observed before the activation of the

sample. Pairs of bands at 1536 and 1371 cm�1, 1506 and 1400

cm�1 corresponding to the n03 and n003 vibrations of two different

types of monodentate and polydentate carbonates (average

�1450 cm�1) were detected as well. After the pretreatment in

oxygen at 873 K, these species were still observed but the

intensities of the corresponding bands were much weaker.

3.2. Nitration

3.2.1. On the carbonated surface

The activated sample was exposed to the wet nitration flow at

623 K. In order to facilitate the bands attribution, the difference

spectra obtained by subtraction of the spectra collected during

nitration are shown in Fig. 1. The formation of polydentate

nitrates on barium occurring mainly during the first 30 min of the

nitration was observed by the presence of the bands at 1415 and

1328 cm�1 [8,9]. Other nitrates, most probably monodentate

nitrates, associated to the bands at 1472 and 1272 cm�1 were

detected at earlier times. Additional nitrate species adsorbed at

the interface between Al3+ and Ba2+ were observed by the

presence of the bands at 1544 and 1226 cm�1 [8]. The band at

1028 cm�1 results from the n1 vibrational mode of the nitrate

species [10]. The bands at 1351 and 1387 cm�1 observed during

the last minutes of the nitration and increasing with time are

attributed to ionic nitrates formed on the KBr [11] windows
(spectra e and f, Fig. 1). The temperature programmed desorption

carried out after the nitration caused the complete desorption of

the nitrate species, recovering an infrared spectrum similar to that

obtained after the activation with oxygen, except for the

carbonate bands which were no longer present.

3.2.2. In the presence of water—effect of temperature

Wet nitration was carried out between 473 and 873 K. Fig. 2A

shows the evolution of the surface species with time for the first

5 min of the nitration at 473 K. Bands at 1214, 1152, 1414 and

1328 cm�1 were observed during the first moments of exposure

of the sample to the nitration flow. The 1214 and 1152 cm�1

bands can be assigned to nitrite species bound to barium [12–16].

Theweak bands at 1414 and 1328 cm�1 are assigned to the n03 and

n003 vibrations of surface nitrate species [15]. As a function of time

the rate of formation of the nitrite species decreased and that of

the nitrate species increased. In the difference spectrum at 5 min

(spectrum h in Fig. 2A) another nitrate species was observed by

the presence of the band at 1470 cm�1. Its coupled vibration is

most likely masked in the broad band observed in the 1500–

1000 cm�1 range. The difference spectra of the nitration until

120 min are shown in Fig. 2B. Nitrite species started to disappear

after 20 min of adsorption. At the end of the 120-min nitration,

species with bands at 1426 and 1331 cm�1, 1453 and 1302 cm�1,

1482 and 1269 cm�1, as well as 1516 and 1243 cm�1 were the

most abundant species on the surface. These bands are attributed

to the splitting of the n3 vibration of surface nitrates coordinated

to energetically-different barium sites [13,17]. We can observe,

by looking at the evolution of the bands, that after 120 min of

exposure of the sample to the nitration flow the surface was still

not saturated.

The formation of nitrites was not very clear during the first

moments of the nitration at 623 K [18]. Three different nitrate

species associated to the pairs of bands at 1473 and 1273 cm�1,

1437 and 1300 cm�1, 1412 and 1326 cm�1 were visible (spec-

trum d in Fig. 3A). Nitrate species bound to the alumina phase

were detected by the presence of the band at 1545 cm�1, which

might be coupled to the band at 1223 cm�1. The concentration

of nitrate species on barium increased with time.
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Fig. 3. (A) Surface spectra after 120-min nitration at (a) 473 K; (b) 523 K; (c)

573 K; (d) 623 K; (e) 673 K; (f) 723 K; (g) 773 K; (h) 823 K; (i) 873 K. (B)

Variation with temperature of the NOx storage capacity calculated for the 120-

min nitration.

Fig. 2. Difference spectra of the surface collected during the nitration of the

sample at 473 K. (A) During the first 5 min: (a) 1.5–1 min; (b) 2–1.5 min; (c)

2.5–2 min; (d) 3–2.5 min; (e) 3.5–3 min; (f) 4–3.5 min; (g) 4.5–4 min; (h) 5–

4.5 min. (B) During the 120-min nitration period: (a) 5–1 min; (b) 10–5 min; (c)

20–10 min; (d) 30–20 min; (e) 60–30 min; (f) 120–60 min.
During the nitration in the presence of water at 873 K,

similar bands to those observed at 623 K were visible.

However, at 873 K the nitrate species bound to barium were

formed only during the first 10 min and they were present in

very small amounts as indicated by the intensity of the infrared

bands (spectrum i in Fig. 3A).

3.2.3. Desorption

Desorption at 473 K under a flow of 1.5% water in argon,

carried out after the nitration, shows that the nitrate species

were stable at 473 K. Desorption of the nitrate species began as

soon as the temperature started increasing, and they were not

present any longer at temperatures above 773 K.

Surface nitrates formed at 623 K were adsorbed weakly and

disappeared during the desorption at constant temperature. The

desorption speed increased when the temperature started

increasing and they were completely removed when reaching

723 K. Consequently, after the nitration at 873 K, all the surface

species disappeared during the first moments of the desorption

at 873 K under the flow of 1.5% water in argon.

Similar barium nitrate species were formed during the

nitration of the sample in the temperature range between

473 and 873 K. However, stabilities of these species were
different, which may suggest that they are coordinated to

several types of barium sites [19–21], having different basicity

and therefore they are able to stabilize nitrates at different

temperatures.

3.2.4. Nitration in the absence of water

The water effect was studied by exposing the sample to the

nitration flow in the absence of water. Fig. 4A shows the infrared

spectra resulting from the nitration of the material under dry

conditions at 573 K. In contrast to the wet nitration, for the

nitration in the absence of water two intense bands at 1554 and

1245 cm�1 were visible. These bands have been attributed to the

n3 split mode of surface nitrates interacting with alumina

[11,13,22]. Bands at 1480 and 1257 cm�1, 1444 and 1299 cm�1,

1417 and 1331 cm�1 resulted from the presence of nitrate species

on barium coexisting on the surface.

To confirm that the formation of nitrates on alumina was the

result of the absence of water during the nitration, water was

introduced into the system once that the wafer had been exposed

to the dry nitration flow. The spectra resulting from this

experiment are shown in Fig. 4B. It is clearly observed that

adding water to the flow caused the weakening of the bands at

1554 and 1245 cm�1 and the increase of the intensity of the bands

at 1417 and 1331 cm�1, indicating the migration of nitrate

species from the alumina support to the barium sites.
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Fig. 4. (A) Difference spectra of the surface during nitration in the absence of

water of the sample at 573 K: (a) 5–1 min; (b) 10–5 min; (c) 20–10 min; (d) 30–

20 min; (e) 60–30 min; (f) 120–60 min. (B) Infrared spectra collected: (a) after

120 min under the dry nitration flow; (b) under 1.5% water flow; (c) under argon

flow.
During the temperature programmed desorption after the dry

nitration, it was observed that (similarly to the species formed

during the wet nitration [23]) surface nitrates originated from

the exposure of the sample to the dry nitration flow were stable

up to 723 K. In addition, nitrates bound to alumina desorbed

almost completely at 693 K and therefore they were slightly

less stable than those on barium.

The rather acid or slightly basic nature of the alumina

adsorption sites may cause their preferential interaction with

water during the nitration under wet conditions [21], favoring

the coordination of the nitrate species with the barium sites.

3.2.5. Storage capacity

For each temperature, the amount of NOx stored was

calculated from the mass spectrometer data by the difference

between the inlet NOx level and the measured m/e 30 signal. The

result was verified by the same analysis performed via IR gas

spectra. Fig. 3B shows the NOx storage capacity of the material

after 120 min of wet nitration, as a function of temperature.

Storage capacity decreased with temperature. Thus a maximum

of 90 mmol/g was obtained for the nitration at 473 K and a

minimum of 17 mmol/g at 873 K. This behavior was attributed to

the large dead volume of the reactor, which favors the presence of
NO2 in the feed gas, which is the rate-determining step for the

formation of nitrates [24,25]. In the case of the nitration at 573 K,

the storage capacity was higher in the presence of water,

compared to that obtained under dry conditions. This indicates

that water inhibits the adsorption of nitrates on the alumina

support sites allowing their coordination with the barium sites,

which have a higher storage capacity and stability.

4. Conclusion

Nature, thermal stability and relative amounts of the surface

species formed on a commercial catalyst upon NO and O2

adsorption in the presence and in the absence of water were

analyzed using a novel system consisting of a quartz infrared

reactor. Operando measurements showed that carbonates

present in the fresh catalyst are removed by replacement with

barium nitrate species after the first nitration of the material.

Nitrate species coordinated to different barium sites are the

predominant surface species under dry and wet conditions.

Stabilities of these species are different, suggesting that barium

sites possess different basicity and therefore that they are able

to stabilize nitrates at different temperatures. At temperatures

below 523 K, nitrite species were observed. The presence of

water at mild temperatures in the reactant flow makes

unavailable for NOx adsorption the alumina adsorption sites.

The results obtained in this study can give valuable information

about the behavior of typical NOx storage materials in real

application conditions.
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