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removed in the rich phase. C2H4 also poisons the catalyst, but to a lesser 

extent as all the stored NOx in the preceding lean phase is released and 

reduced. The type of reducing agent also affects the NOx breakthrough profile 

observed in the following lean phase. After catalyst regeneration with CO, the 

NOx breakthrough profile shows simultaneous NO and NO2 breakthrough and 

both NO and NO2 concentrations increase gradually in time. The NOx 

breakthrough profile with C2H4 as reductant, shows a combination of the 

profiles observed for CO and H2. 

 H2O in the lean phase inhibits NO oxidation and no NO2 formation is 

observed. Less NO is stored in the presence of H2O, which supports the 

higher storage capacity towards NO2 than NO. Lean/rich cycling experiments 

with H2O and CO2 and H2 as reducing agent show that H2 is efficient in 

catalyst regeneration for temperatures between 200 and 300 0C. Experiments 

with CO show that at temperatures above 250 0C, the water gas shift reaction 

takes place and H2 acts as reductant instead of CO. At 200 0C, CO and C2H4 

are not able to regenerate the catalyst. At higher temperatures, C2H4 is 

capable of reducing all stored NO, although C2H4 poisons the Pt sites at 250 
0C. H2O prevents catalyst poisoning by C2H4 at 300 0C.  

 The previous developed model is adapted to describe lean/rich cycling 

in the presence of CO2 and H2O for temperatures between 200 and 300 0C 

and for different reductants (CO, H2 and C2H4). The model can be used to 

simulate and optimize the catalyst at transient operating conditions.  
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geconsumeerd in de oxidatie van nitrieten naar nitraten, waarbij NO vrijkomt 

en door opslag op semi-bulk barium-“sites”. Hierdoor vertoont de NO2-

doorbraak een vertraging en laat de NO-concentratie een maximum zien. 

 In de aanwezigheid van CO2, toont de rijke fase bij 300 0C met CO 

katalysatorvergiftiging door koolstofafzetting op de Pt-“sites” en vorming van 

isocyanaten. Bij deze condities wordt opgeslagen NOx niet volledig 

vrijgemaakt in de rijke fase. C2H4 toont ook katalysatorvergiftiging maar 

minder aangezien de opgeslagen NOx in de voorafgaande “lean”-fase volledig 

wordt vrijgemaakt en gereduceerd. Het type reductant in de rijke fase heeft 

onder deze condities ook effect op het NOx-doorbraakprofiel in de volgende 

“lean”-fase. Na regeneratie met CO, laat het NOx-doorbraakprofiel gelijktijdig 

NO- en NO2-doorbraak zien en zowel de NO- als de NO2-concentratie neemt 

toe in de tijd. Het NOx-doorbraakprofiel na C2H4 in de rijke fase toont een 

combinatie van de profielen waargenomen bij CO en H2. 

 H2O in de “lean”-fase hindert NO-oxidatie en NO2-vorming wordt niet 

waargenomen. Minder NO wordt opgeslagen in de aanwezigheid van H2O, 

hetgeen overeenkomt met de betere opslagcapaciteit voor NO2 dan voor NO. 

“Lean”/”rich” cyclische experimenten in aanwezigheid van H2O en CO2 en met 

H2 in de rijke fase laten zien dat H2 in staat is de katalysator te regenereren 

voor temperaturen tussen  200 0C en 300 0C. Experimenten met CO tonen dat 

bij temperaturen boven 250 0C, de “water gas shift”-reactie plaatsvindt en dat 

H2 de reductant is i.p.v. CO. C2H4 en CO zijn niet in staat de katalysator te 

regenereren bij 200 0C. Bij hogere temperaturen is C2H4 wel in staat om de 

opgeslagen NO te reduceren, hoewel C2H4 de Pt-“sites” vergiftigt bij 250 0C. 

In de aanwezigheid van H2O wordt er geen katalysatorvergiftiging 

waargenomen bij 300 0C. 

 Het reactiemodel is verder aangepast om “lean”/”rich”-experimenten in 

de aanwezigheid van CO2 en H2O te beschrijven voor temperaturen tussen 

200 0C en 300 0C met verschillende reductanten (CO, H2 en C2H4). Dit model 

kan gebruikt worden voor simulaties en optimalisatie van de katalysator bij 

transiënte condities. 
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Abstract 

Nowadays, there is an increased interest in lean-burn technologies, i.e. diesel 

and lean-burn gasoline engines, mainly due to their higher fuel efficiency 

compared to conventional gasoline engines. These engines work under 

excess oxygen and consequently produce oxygen-rich exhaust. However, 

effectively reducing NOx in oxygen-rich exhaust is a challenging endeavor, 

because the conventional three-way catalyst technology is not able to reduce 

NOx efficiently under these circumstances. Therefore, new catalytic systems 

have been developed. Several approaches have been suggested, and among 

the most promising is the so-called NOx storage reduction (NSR) concept. In 

order to explain the motivation of the research described in this thesis, the 

reader is introduced briefly about the need to control the NOx emission of 

lean-burn gasoline and diesel engines. Additionally, the working principle of 

the NSR catalyst is given in a few words. Furthermore, the scope of the 

research and the layout of the thesis are described.  
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1.1. Legislation of air pollutants 

 One of the most important environmental concerns is air pollution. Due 

to the huge numbers of vehicles in the world, their emissions of air pollutants 

contribute a significant fraction of the total amount of emissions. In European 

urban areas e.g. the toxic compound CO is produced almost entirely (90 %) 

from road traffic emissions [1]. Major air pollutants in exhaust gas are nitrogen 

oxides (NOx), carbon oxides (COx), hydrocarbons (HC), sulfur oxides (SOx), 

and particulate matter (PM). The term particulate matter refers to fine particles 

that are released from the engine, mostly based on carbonaceous matter. 

These fine particles can be carried deep into the lungs where they can cause 

inflammation and a worsening of heart and long diseases [2]. SOx refers 

mainly to SO2, what gives rise to formation of H2SO3 which is known to cause 

acid rain [3]. HC are known to be involved in the formation of ozone, which is 

a major component of smog [4]. HC harm the human health, as they are toxic 

and extremely carcinogen. COx consists of carbon monoxide (CO) and carbon 

dioxide (CO2). CO is also extreme toxic and may reduce the oxygen-carrying 

capacity of the blood. This can lead to a significant reduction in the supply of 

oxygen to the heart, particularly in people suffering from heart diseases [5].  

 

Table 1.1.  

Tailpipe maximum EU emission standards for passenger cars in g/km [9-12] 

Tier Year CO HC HC+NOx NOx PM 
Diesel       
EURO 1 1992 2.72 - 0.97 - 0.14 
EURO 2-IDI 1996 1.0 - 0.7 - 0.08 
EURO 2-DI 1996 1.0 - 0.9 - 0.10 
EURO 3 2000 0.64 - 0.56 0.50 0.05 
EURO 4 2005 0.50 - 0.30 0.25 0.025 
EURO 5 2009 0.50 - 0.25 0.20 0.005 
Petrol (Gasoline)       
EURO 1 1992 2.72 - 0.97 - - 
EURO 2 1996 2.2 - 0.5 - - 
EURO 3 2000 2.30 0.20 - 0.15 - 
EURO 4 2005 1.0 0.10 - 0.08 - 
EURO 5 2009 1.0 0.075 - 0.06 0.005 
 

CO2 is a so-called greenhouse gas and is expected to contribute to the global 

warming [6]. NOx emissions, both nitrogen monoxide (NO) and nitrogen 

dioxide (NO2), contribute to the formation of smog and acid rain [3,7]. In 
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addition, excessive exposure to NOx may affect the human respiratory system 

and may increase the risk of respiratory allergies. 

The negative impact of these emissions on the human health and on 

the climate led to legislation to control and limit the emissions. Emission limits 

in the European Union have been introduced in 1970 [8] and since then the 

legislation has become more and more stringent. Table 1.1. shows the most 

important amendments  

 

Figure 1.1: Fuel consumption and 3-way performance of a gasoline engine as a 

function of air-fuel (A/F) ratio [15] 

 

to the original directives including EURO 1, EURO 2, EURO 3, and EURO 4 

standards [9-11] and the most recent EURO 5 limits [12]. The emission limits 

for CO, HC, NOx and PM are given for gasoline and diesel engine equipped 

passenger cars. Legislation of the exhaust gas emissions led to the 

development of exhaust after treatment systems. Today, the three-way 

catalyst (TWC) oxidizes CO and HC to CO2 and H2O and simultaneously 

reduces NOx into the harmless N2 with high efficiency for gasoline engines 

[13,14]. The stoichiometric air-fuel ratio of 14.5:1 of gasoline engines 

produces exhaust gas that contains the right balance of CO, H2 and HC to 

reduce NOx and O2 (Fig. 1.1). However, diesel engines operate at air-fuel 

ratios of 25:1 and above, resulting in exhaust gas with oxygen excess (Table 

1.2).  
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Table 1.2. Exhaust gas composition [26] 

  Conventional gasoline  
engine 

Diesel engine Lean-burn 
gasoline engine 

O2  vol. % 0.2 – 2 5 – 15 4 – 18 
CO2  vol. % 10 – 13.5 2 – 12 2 – 12 
H2O  vol. % 10 – 12 2 – 10 2 – 12 
N2  vol. % 70 – 75 70 – 75 70 – 75 
CO  vol. % 0.1 – 6 0.01 – 0.1 0.04 – 0.08 
HC  vol. % C1 0.5 – 6 0.005 – 0.05 0.002 – 0.015 
NOx  vol. % 0.04 – 0.4 0.003 – 0.06 0.01 – 0.05 
SOx  Dependent on fuel S content 
 

The oxygen-rich environment of lean-burn engines favors the catalytic 

oxidation of CO and HC to water and CO2 over the reduction of NOx into N2, 

and the normal TWC is not capable of reducing NOx. It has therefore been 

necessary to restrict NOx emissions by sophisticated diesel engine control 

measures and to use an oxidation catalyst to convert excess HC and CO to 

water and CO2.  

 

1.2. Lean-burn gasoline and diesel engines 

Because of the three-way catalyst, the emission of NOx by gasoline 

engines has decreased significantly. However, this gain is counteracted by the 

continuing rise in vehicle numbers and distances traveled, particularly by the 

increase in the number of diesel engines that are not equipped with a catalyst 

to reduce NOx emission. The latest quarterly pricing survey by 

PricewaterhouseCoopers and eurocarprice.com [16,17] shows that diesel cars 

accounted for 49 % of the total European car market at the end of 2005. It is 

expected that the number of diesel engines continues to grow, potentially 

achieving 55-60 % of the total market. There are several reasons for the 

increased interest in diesel engines. The lean-burn combustion of diesel 

engines results in higher fuel efficiency compared to conventional gasoline 

engines and consequently significantly lower amounts of the greenhouse gas 

CO2 [18]. In addition, diesels have superior performance regarding CO and 

HC. Therefore, supported by the European environmental community, 

governments encourage the use of diesel technology. Tax regimes make 

diesel fuel cheaper than gasoline and encourage the sales of diesel engines. 

These advantages are, however, country dependent. The demand for diesel 
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engines has also been fuelled by their better performance as modern diesel 

engines have more power at lower engine speeds and are more durable than 

gasoline engines. Moreover, the latest diesel technology results in quiet 

engines, eliminating the noise from early diesel cars.  

The diesel engine is a so-called lean-burn engine, as there is an 

excess of air and combustion is completed in an oxidizing atmosphere. 

Another modern type of lean-burn engine is the lean-burn gasoline engine. 

Contrary to a conventional gasoline engine, combustion takes places with 

excess of air resulting in a more efficient combustion, improved power, and 20 

to 35 % higher fuel efficiency [19]. It is expected that these lean-burn gasoline 

engines will increasingly compete with diesels in terms of overall efficiency.  

 

1.3. Control of NOx for lean-burn engines 

The nowadays increased interest in lean-burn combustion has 

prompted research on the development of a new catalyst that is capable of 

reducing NOx in excess O2 to meet future legislation. Selective catalytic 

reduction (SCR) of NOx using ammonia (NH3) or urea (CO(NH2)2) is a well-

known process in industry, as well as in stationary diesel engine applications 

[20]. In the presence of O2, NH3 prefers to react with NOx to form N2. Urea, 

which is safer in use than NH3, can be used as NH3 source and urea-based 

systems are already applied for heavy-duty trucks [21]. However, application 

of this process in passenger cars has disadvantages such as the need for 

additional space for an urea tank and the development of an urea distribution 

network [22]. Another technique is SCR with hydrocarbons, with e.g. noble 

metal or Cu/ZSM-5 catalysts. However, these catalysts also have serious 

drawbacks such as low catalytic activities, narrow temperature windows and 

insufficient hydrothermal stability [23].  

 An alternative approach is the use of NOx storage-reduction (NSR) 

catalysts along with mixed lean combustion, where the air-fuel ratio is altered 

between lean (oxygen excess) and rich (fuel excess) conditions [15,24]. 

During the relatively long lean periods, NOx is stored on a storage component, 

e.g. barium. In the presence of O2, HC, and CO are readily oxidized into H2O 

and CO2. As the NOx storage component gets saturated, the catalyst needs to 

be regenerated. This is done during short rich operation of the engine with the 
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Figure 2.1: a) Lean outlet concentrations of NO, NO2, CO2 and H2O signal during 

three subsequent cycles, starting with a pretreated catalyst. Lean phase: 0.2 vol. % 

NO, 4 vol. % O2 and 1 vol. % Ar, 9 h. b) Rich outlet concentrations of NOx, N2, O2 and 

H2O during three subsequent cycles. Rich phase: 0.8 vol. % H2 and 1 vol. % Ar in He, 

15 h. T= 643 K. Only the first 60 min of the rich phase are shown. 

 

In the first lean phase (cycle 1), complete NOx storage is observed for 14.1 

min. Immediate formation of H2O in the gas phase is observed, followed by 

CO2 formation after 5 min. The evolution of H2O and CO2 suggests that 

Ba(OH)2 and BaCO3 take part in the formation of Ba(NO3)2. The delay in CO2 

evolution might be due to a lower reactivity of BaCO3 for NOx trapping 

compared to BaO and Ba(OH)2. Lietti et al. [19] found similar results, although 
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phase, while NH3 formation is seen once the N2 production declines. The NH3 

formation indicates that the selectivity towards N2 decreases with time, which 

seems to be in concinnity with diminishing quantity of NOx and O2. Even 

though H2 is a strong reductant [21], the N balance shows that only 79 % of 

the total barium is regenerated after 15 h rich phase (Table 2.1). As a result, 

21 % of the barium will be inactive for further NOx storage and reduction.  

The subsequent lean phase (cycle 2) shows complete NO storage for 

28.8 min, as against 14.1 min for the first lean cycle. This may be the result of 

an increase in the number of BaO and Ba(OH)2 sites compared to BaCO3 

sites, as can be seen through a greater extent of H2O evolution and less CO2 

formation compared to the first cycle. BaO and Ba(OH)2 are more active in 

NOx trapping [19], which increases the catalyst reactivity towards NOx 

storage. Additionally, due to an increase of the number of the more reactive 

barium containing species, complete NO2 storage is seen for 44.6 min, as 

against 16.5 min for the first lean phase. However, as a result of further 

decrease in the oxidation activity of the catalyst, the NO2 concentration at the 

end of the lean phase is 0.05 vol. %. The total barium participation in the 

second lean phase is 71 % (Table 2.1). This may be explained by incomplete 

regeneration in the first cycle. The subsequent rich phase shows similar 

trends as observed for the previous cycle. In this case only 60 % of the total 

barium is regenerated (Table 2.1).  

The lean phase of the third cycle shows H2O evolution at the same 

extent as the previous cycle, but with negligible CO2 formation. Interestingly, 

NO and NO2 breakthrough is observed after 24.6 and 26.5 min, as against 

28.8 and 44.6 min, respectively, for cycle 2. This may be due to the 

incomplete regeneration of the catalyst along with changes in NO oxidation 

efficiency, as seen in the previous cycles. The end NO2 concentration in the 

third cycle is even lower, i.e. 0.04 vol. %. The subsequent cycles show the 

same phenomena as observed in the third cycle, indicating that the cyclic 

steady state has been reached. The N balance for these cycles closes within 

5% and approximately 60 % of the total barium participates in NOx storage 

and reduction. 

A decrease in NO oxidation efficiency of the catalyst and incomplete 

regeneration of stored NOx at rich conditions are also seen when exposing a 
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pretreated catalyst to lean/rich cycling at different temperatures. However, the 

number of lean/rich cycles before the cyclic steady state is reached differs 

since temperature has an effect on the NOx storage and reduction, e.g. at a 

temperature of 513 K with 9 h lean exposure, 30 % of total barium was 

involved in the NOx storage process when cyclic steady state was reached. 

This percentage increases up to 60 % for a temperature of 643 K. 

 

 
Figure 2.2: Top) Outlet NO, NO2 and NOx concentrations during NOx storage. Lean: 

0.2 vol. % NO, 4 vol. % O2 and 1 vol. % Ar in He, 9 h, T=513 K. Bottom) Outlet N2, 

O2, H2O and NOx concentrations during the first 10 min of the reduction period. Rich: 

0.8 vol. % H2 and 1 vol. % Arin He, 15 h, T=513 K. The cyclic steady state was 

reached.  

 

2.3.2. Lean and rich characteristics  

In general, three different time periods can be distinguished in the 9 h 

lean phase, as presented in Figure 2.2a. In the first period (< 7 min), complete 

storage of NOx can be seen. As there is no NO nor NO2 breakthrough, it is 

unlikely that NOx is stored through the disproportionation route only. 

Accordingly, and in line with observations in the literature, NOx can also be 

stored via the nitrite route [8, 9]. During the second period (7 – 150 min) NOx 

breakthrough with considerable NOx storage can be seen. The third period (> 
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150 min) is characterized by a slow but still measurable uptake of NOx, which 

could be caused by diffusion of NOx from the surface of the barium clusters to 

bulk barium sites [13-15, 24]. 

Upon switching from lean to rich conditions, immediate formation of N2 

and NOx is seen (Figure 2.2b). This is followed by H2O and O2 formation with 

a delay of 36 s. Prinetto et al [25] observed that O2 is not evolved with nitrite 

decomposition. This implies that O2 formation observed in our results is due to 

nitrate decomposition. The delay in H2O and O2 formation might be explained 

with re-adsorption of H2O and O2 onto the catalyst. It is remarkable that O2 is 

observed in the gas phase as it could be expected that O2 competes with NOx 

for reduction by H2. This indicates that H2 is selective towards NOx reduction 

in contrast to CO that prefers to react with O2 instead of NOx [20]. 

 

Table 2.2. BET surface area, pore volume and Pt dispersion. 

 BET 
(m2/g) 

Pore volume 
(cm3/g) 

Pt dispersion 
(%) 

Ba dispersion 
(%) 

Fresh catalyst 71 0.22 -  
Pretreated catalyst 70 0.22 20 10 
After lean phase 43 0.15 11  
After rich phase 45 0.18 11  
The data shown for the catalyst after a lean phase and a rich phase are data 

measured after the catalyst had reached the cyclic steady state. 

 

2.3.3. Changes in catalyst activity for NOx storage/reduction 

Catalysts containing platinum and barium are less capable in oxidizing 

NO compared to catalysts only containing Pt [5,12]. This could be due to 

masking of the Pt sites by barium [12]. During the NOx storage, Ba(NO3)2 is 

formed which has a molar volume twice that of BaCO3 [13,16], covering even 

more Pt sites or blocking of catalyst pores. Consequently, NO oxidation 

efficiency decreases with time. The rich phase (Table 2.1) indicates that not 

all of Ba(NO3)2 is decomposed, resulting in incomplete catalyst regeneration. 

The measured Pt dispersion after the lean/rich phase, at cyclic steady state, 

shows a decrease of 40 % compared to the Pt dispersion of the fresh catalyst 

(Table 2.2). This signifies that Pt is essential for NO oxidation/reduction as 

well as for Ba(NO3)2 decomposition, in agreement with the literature [6]. 
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Figure 2.4: XPS measurement of the catalyst after lean exposure. Cyclic steady state 

was reached. Lean: 0.2 vol. % NO, 4 vol. % O2 and 1 vol. % Ar in He, 9 h. T=573 K. 

Black: pellets as taken out of the reactor. Grey: Crushed pellets. The right-hand side 

shows an enlargement of the N-signal. 

 

 
Figure 2.5: Outlet NOx and N2 concentrations during lean/rich cycling starting with a 

pretreated catalyst. Selected cycles out of a series of 200 cycles are shown. Lean: 

0.2 vol. % NO, 4 v% O2 and 1 vol. % Ar in He, 60 s. Rich: 0.8 vol. % H2 and 1 vol. % 

Ar in He, 15 s. 
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2.3.4. Lean and rich cycling in the order of seconds 

The pretreated catalyst was exposed to alternating cycles of lean and 

rich flows with cycle periods in the order of seconds. Figure 2.5 shows 

selected NOx storage and reduction data out of a series of 200 cycles with a 

lean flow of 60 s and a rich flow of 15 s. During the first few storage/reduction 

cycles all fed NOx is stored. During the catalyst regeneration period, N2 

formation and NOx desorption are observed. NOx stored during each lean 

period is not fully reduced during the subsequent rich period as can be 

concluded from the N balance per complete cycle (lean and rich phase) as 

shown in Figure 2.6. As a result nitrates accumulate inside the catalyst. For 

the first cycles the N balance shows a deviation around 50 % indicating that 

steady cyclic operation has not been reached yet. After approximately 28 

cycles the deviation drops steeply to 10 % around cycle 50 and then slowly 

decreases. Just then, NOx immediately breaks through after switching to lean 

conditions. At that moment, the nitrates accumulation corresponds with 17 % 

of the total number of barium sites. As mentioned in Table 2.2, the barium 

dispersion, as estimated from CO2 chemisorption, is 10 %. This suggests that 

even with lean/rich cycling in the order of seconds, bulk barium sites play a 

role in the NOx storage process. The XRD pattern of the catalyst after lean 

exposure (Figure 2.7) shows crystalline barium nitrate, indicating as well that 

bulk barium nitrates are formed. 

 

Table 2.3. Number of cycles before the cyclic steady state is reached for different 

lean/rich timing. 

Lean/rich timing Number of cycles before cyclic steady state is reached
Lean 60 s / Rich 15 s 120 
Lean 240 s / Rich 60 s Immediately 
Lean 120 s / Rich 30 s 24 
Lean phase: 2000 ppm NO and 4 v% O2. Rich phase: 8000 ppm H2; T = 623 K. 

Pretreated catalyst was exposed to 60 s lean/15 s rich, followed by 240 s lean/60 s 

rich and 120 s lean/30 s rich. 

 

As the lean/rich cycling proceeds, the NOx concentration at the reactor 

outlet increases until the system reaches a state of steady cycling and all 

observed phenomena are reproducible in succeeding cycles. It should be 
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noted that, as shown in Figure 2.5, the increase in the NOx concentration is 

very small over two successive cycles. Nevertheless the catalyst might still be 

far from the cyclic steady state, as is apparent from the N balance (Figure 

2.6).  

 
Figure 2.6: N balance per full cycle for lean/rich cycling as shown in Figure 2.5.  

 

 
Figure 2.7: XRD pattern after lean/rich cycling, ending with lean exposure. Lean: 0.2 

vol. % NO, 4 v% O2 and 1 vol. % Ar in He, 60 s. Rich: 0.8 vol. % H2 and 1 vol. % Ar in 

He, 15 s. The cyclic steady state was reached. * corresponds with Ba(NO3)2. 

 

Only after 100 cycles the N balance closes within 5%. When the lean and rich 

timings are increased to 240 s and 60 s respectively, it appears that the cyclic 
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47 % and the N balance for successive lean/rich cycles shows incomplete 

regeneration of the catalyst. This incomplete regeneration along with a 40 % 

decrease in the Pt dispersion and BET surface area, explains the observed 

decrease in NOx storage. 

 

3.1. Introduction 

Diesel and lean burn gasoline engines have a better fuel economy and 

lower emissions of gaseous pollutants than the conventional gasoline 

engines, which operate at stoichiometric air to fuel ratios. However, due to the 

excess O2 in the exhaust gas, the 3-way catalyst is ineffective in NOx 

reduction. One promising solution to reduce NOx during lean exhaust 

operation is the use of a NOx storage reduction (NSR) catalyst [1]. The NSR 

catalytic systems usually investigated are Pt-based oxidation catalysts, which 

contain barium as a storage component [2]. NSR catalytic systems operate 

under cyclic conditions, during which NOx is stored under lean conditions and 

subsequent catalyst regeneration takes place during periodic, brief fuel-rich 

excursions of the engine. Understanding the NSR mechanism is crucial for 

reducing catalyst regeneration times.  

The NSR process has been the focus of several kinetic studies [2 and 

references herein] and different mechanisms have been proposed for the NOx 

storage. It is generally believed that first NO is oxidized to NO2 over Pt sites. 

NO2 can be stored via a disproportionation route resulting in nitrate formation 

and NO release in the gas phase [3-5], or via a direct route without NO 

release [6,7]. It is also suggested that NO can be stored as barium nitrites 

[3,8,9]. Nitrites can be further oxidized into nitrates with NO2 as oxidizing 

agent [10-12]. Upon switching to rich conditions, stored NOx will be released 

and reduced into N2. Several studies have been performed to understand the 

effect of different reductants in the rich phase. The order of efficiency in terms 

of stored NOx reduction is mostly reported as H2 > CO > hydrocarbons [13-

15].  

The complete NOx breakthrough profile during lean exposure can be 

divided into three time periods of different length. In the first period, complete 

NOx storage is seen. During the second period, NOx breakthrough with still 

considerable NOx storage is observed. The third period is characterized by a 
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Figure 3.6: H2O evolution at the start of the lean phase. Curve (A) Lean phase with 

CO2, experimental conditions, see Figure 3.1. (B) He + Ar phase (C) Lean phase, 

with CO2 and H2O, experimental conditions, see Figure 3.4. 

 

Without the participation of bulk barium sites in the NOx storage 

process, the BET surface area, pore volume and Pt dispersion show no 

changes compared to a pretreated catalyst (Table 3.1). During NOx storage, 

Ba(NO3)2 is formed which has a molar volume twice that of BaCO3 [28, 29], 

and covering of Pt sites can occur. As 70 % of the total barium sites is present 

as bulk barium sites [30], their participation in the NOx storage process can 

lead to a substantial increase in Pt coverage and reduction in the BET surface 

area and pore volume. Furthermore, storage of NOx on bulk barium sites can 

lead to formation of more stable bulk nitrates that cannot be regenerated at 

the used conditions and the Pt sites stay covered. 
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Figure 3.10a: Lean NOx, NO and NO2 outlet concentration at cyclic steady state. 

Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2, (10 vol. % H2O) and 1 vol. % 

Ar, 9 h. Rich phase: 0.8 vol. % H2, 10 vol. % CO2, (10 vol. % H2O) and 1 vol. % Ar, 

15 h.  

Figure 3.10b: Close-up of Figure 3.10a. 

 

The NO breakthrough curve with H2O and the NOx breakthrough curve 

without H2O show a similar overall shape for the first 25 min, as NOx uptake in 
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Model for NO x storage/reduction in the presence of CO 2

 

This chapter has been published as: 

C.M.L. Scholz, V.R. Gangwal, M.H.J.M. de Croon, J.C. Schouten, Model for 

NOx storage/reduction in the presence of CO2 on a Pt-Ba/�J-Al2O3 catalyst, J. 

Catal. 245 (2007) 215-227. 

 

Abstract 

In this paper a global reaction kinetic model is constructed to 

understand and describe the NOx storage/reduction process in the presence 

of CO2. Experiments have been performed in a packed bed reactor with a Pt-

Ba/�J-Al2O3 powder catalyst (1 wt. % Pt and 30 wt. % Ba) with different 

lean/rich cycle timings. The model is based on a multiple storage sites 

mechanism and considers that fast NOx storage occurs at surface barium 

sites, which is determined by the reaction kinetics. Slow NOx storage occurs 

at the semi-bulk and bulk barium sites, where diffusion plays a major role. It is 

assumed that surface, bulk and semi-bulk sites not only differ in physical 

appearance but also in chemical reactivity. The distribution of these sites is 

obtained from 9 h lean phase and 15 h rich phase cycling experiments and 

thermogravimetric analysis of fresh catalyst. The model adequately describes 

the NO and NO2 breakthrough profiles during 9 h lean exposure as well as the 

subsequent release and reduction of the stored NOx. Further, the model is 
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also capable of simulating transient reactor experiments with 240 s lean and 

60 s rich cycle timings. 

 

4.1. Introduction 

The popularity of diesel and lean-burn engines is increasing as they 

have higher fuel efficiency and less emission of the greenhouse gas CO2 

compared to conventional gasoline engines. However, achieving oxidation of 

CO and hydrocarbons simultaneously with NOx reduction in the exhaust is 

challenging for lean-burn engines where excess of O2 in the exhaust gas 

hinders the reduction of NOx. One promising solution to reduce NOx during 

lean exhaust operation is the use of a NOx storage reduction (NSR) catalyst 

[1]. The NSR catalytic systems usually investigated are Pt-based oxidation 

catalysts, which contain barium as a storage component. Under fuel lean 

conditions with excess O2, NOx is stored onto the barium as nitrites/nitrates. 

As the storage capacity of barium gets saturated, the catalyst has to be 

regenerated. For regeneration, extra fuel is injected resulting in a fuel rich 

period where NOx is released and reduced into N2. Understanding the NSR 

mechanism is crucial for reducing catalyst regeneration times and preventing 

catalyst deactivation. Unfortunately, the NSR catalysts have shown serious 

deactivation in the presence of SO2 [2]. 

The NSR process has been the focus of several kinetic studies [see 3 

and references herein]. However, there is no clear agreement on the steps 

through which NOx storage occurs. It is generally believed that first NO is 

oxidized to NO2 over Pt sites. NO2 is stored in the form of barium nitrate [4-7]. 

NO2 storage can also proceed via a disproportionation route resulting in 

nitrate formation and NO release in the gas phase [4,5,8]. There is growing 

evidence that in the presence of O2, NO can be stored directly as barium 

nitrites [4,9]. Additionally, the contribution of direct NO storage increases with 

increase in barium loading [10]. Nitrites can be further oxidized into nitrates 

with NO2 as oxidizing agent [11-13]. Furthermore, several studies have been 

performed to understand the effect of different reductants in the rich phase. 

James et al. found that CO facilitates Ba(NO3)2 decomposition, but not NOx 

reduction [14]. However, H2 enables both to take place, with high conversion 

to N2.  
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In general three different time periods can be distinguished during lean 

exposure. In the first period, complete NOx storage is seen. During the second 

period, NOx breakthrough with considerable NOx storage is observed. The 

third period is characterized by a slow NOx storage and is active for a longer 

time as the other two periods. The three different time periods indicate the 

presence of multiple types of barium sites with different reactivity towards NOx 

storage [15]. Barium sites that are located close to Pt sites are considered to 

be more reactive than barium sites located further away [16]. Barium can be 

present in the catalyst as BaO, Ba(OH)2, and BaCO3, depending on the 

reaction conditions [7]. NOx storage occurs preferentially at BaO, then at 

Ba(OH)2, followed by BaCO3 sites. Recently, low temperature (LT) and high 

temperature (HT) barium containing species have been distinguished [17,18]. 

The crystalline, bulk-like HT-barium sites are thermally more stable in 

comparison to the well-dispersed LT barium phase. The LT-barium sites show 

a higher activity towards NOx storage and reduction than the HT sites [19,20]. 

Upon increasing the total barium loading, the number of LT sites initially 

increases but reaches a constant maximum value at a barium loading of about 

17 % (w/w) [18,19]. The HT phase also increases with barium loading, without 

saturation.  

Although there is clear evidence in the literature that multiple types of 

barium sites exist, models of the NSR process are mostly based on a single 

type of reaction site. Olsson et al. [21] developed an elementary kinetic model, 

but the model could not describe the observed decreasing NOx trapping 

activity as the lean phase proceeds. Global models based on shrinking core 

mechanisms have been used to describe the NOx storage process [22-25]. In 

general, these models assume that NOx diffusion inside the barium clusters or 

NOx transfer to the barium sites is the rate controlling step in the NOx storage 

process. The presence of an inactive barium core has been assumed to 

describe the observed incomplete barium utilization [23]. In all these models 

no distinction is made between reactivity of surface and bulk barium sites 

towards NOx storage.  

 Furthermore, the vehicle exhaust gas always contains CO2 and H2O. 

However, most studies do not take into account the presence of this species. 

It is reported that CO2 negatively affects the NOx storage process [15,26,27] 
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while NOx release studies show that CO2 has a promoting effect on the NOx 

release in the rich phase [26,28,29]. The H2O effect is limited to the NOx 

storage process mainly at low temperatures (< 300 0C) [26].  

The goal of this work is to develop a global reaction kinetic model 

based on a multiple storage sites mechanism for the NSR process in the 

presence of CO2. In addition the model provides better understanding of 

reaction steps and barium utilization during the NSR process, at different time 

scales. Experiments have been performed in a packed bed reactor with a Pt-

Ba/�J-Al2O3 powder catalyst (1 wt. % Pt and 30 wt. % Ba) with different 

lean/rich cycle timings. The contribution of the different barium sites and the 

model parameters have been deduced from 9 h lean/15 h rich cycling 

experiments. The model was validated for other conditions including different 

NO concentrations and different H2 concentrations. Additionally, cycle times of 

240 s lean and 60 s rich have been used to demonstrate the applicability of 

the developed model for lean/rich timings more closely to realistic automotive 

exhaust conditions. NO is used as NOx source, while H2 is used as reducing 

agent. Catalyst characterization using thermogravimetric analysis (TGA) 

combined with mass spectrometry (MS), XRD, BET analysis, and Pt 

dispersion measurement has been done to support the model results.  

 

Table 4.1. Experimental conditions of lean/rich cycling experiments 

 Temperature (K) Inlet lean* Inlet rich* 

9 h lean/15 h rich 513, 573, 643 0.2 vol. % NO 
4 vol. % O2 
10 vol. % CO2 
1 vol. % Ar 

0.8 vol. % H2 
 
10 vol. % CO2 
1 vol. % Ar 

 573 0.3 vol. % NO 
4 vol. % O2 
10 vol. % CO2 
1 vol. % Ar 

0.8 vol. % H2 
 
10 vol. % CO2 
1 vol. % Ar 

 573 0.2 vol. % NO 
4 vol. % O2 
10 vol. % CO2 
1 vol. % Ar 

1.2 vol. % H2 
 
10 vol. % CO2 
1 vol. % Ar 

4 min lean/1 min rich 573 0.2 vol. % NO 
4 vol. % O2 
10 vol. % CO2 
1 vol. % Ar 

0.8 vol. % H2 
 
10 vol. % CO2 
1 vol. % Ar 

* He is carrier gas 
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4.2. Experimental 

4.2.1. Alternation of lean and rich flows 

Lean/rich cycling experiments are performed in a packed bed reactor, 

which is described in detail elsewhere [30]. The gas composition of reactants 

and products is measured with an online quadrupole mass spectrometer 

(ESS). A fixed amount of argon is fed as an internal standard during 

experiments to compensate for any intensity loss of the mass spectrometer. 

Gas analysis is performed on m/e 2 (H2), 17 (NH3 + H2O), 18 (H2O), 28 (N2 + 

CO2 + CO), 30 (NO + NO2), 32 (O2), 40 (Ar), 44 (CO2 + N2O), and 46 (NO2). A 

high resolution magnetic sector mass spectrometer (Jeol JMS GCmate) is 

also used for the analysis of N2 + CO and CO2 + N2O. It is verified that 

external and internal diffusion limitations are absent at the scale of the catalyst 

pellet. A NOx storage catalyst, Pt-Ba/Al2O3 (1/30/100, w/w/w), is used in 

powder form as provided by Engelhard. Typically 1.9 gram of catalyst with an 

average pellet diameter of 180 �Pm is used in the NOx storage/reduction 

experiments. The fresh catalyst is pre-treated at 773 K with 1 vol. % of oxygen 

in helium during 1 h, followed by 0.5 h in helium, and finally by reduction with 

2 vol. % of hydrogen in helium for 2 h. The total gas flow during the 

experiments is kept constant at 0.743 mmol/s, resulting in a gas space 

velocity (GHSV) of 29,000 h-1 (standard conditions 298 K, 1 bar). Table 4.1 

shows the experimental conditions, for the lean/rich cycling experiments. 

Actually, in practice CO and hydrocarbons make up a significant portion of the 

reductant in the rich phase. However, quantification of the data with H2 as 

reductant is less complicated as H2 shows no mass overlap at m/e 28 and 

therefore H2 is used in this study. H2 is fed at higher concentrations as 

typically present in a real exhaust gas to ensure complete catalyst 

regeneration. NO is also fed at higher concentrations to guarantee enough 

sensitivity of the mass spectrometer for the gas phase component NO2. The 

other experimental conditions are representative for conditions in diesel and 

lean-burn exhaust gases. 
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4.2.2. Catalyst characterization 

 Surface area, pore volume and pore size distribution are determined of 

fresh catalyst samples and catalyst samples used in the lean/rich cycling 

experiments. Samples used in the lean/rich cycling experiments are obtained 

after the cyclic steady state has been reached. The surface area is 

determined with the BET method at 77 K with N2 as the adsorbent using a 

Tristar instrument (Micromeritics). The BJH pore size distribution and pore 

volume are calculated from the N2 desorption isotherm. Pt dispersion is 

obtained from CO chemisorption at 298 K using an ASAP-2000 instrument 

(Micromeritics) and is determined for pretreated catalyst samples and catalyst 

samples used in lean/rich cycling experiments. The BET surface area, pore 

volume and Pt dispersion are listed in Table 4.2. 

 

Table 4.2. BET surface area, pore volume and Pt dispersion. 

 BET (m2/g) Pore volume (cm3/g) Pt dispersion (%) 
Fresh 71 0.22  
Pretreated 70 0.22 20 ± 1 
After lean, with CO2 70 0.22 20 ± 1 
After rich, with CO2 70 0.22 20 ± 1 
Lean exposure: 9 h, 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2 and 1 vol. % Ar. T = 

573 K. Rich exposure: 15 h, 0.8 vol. % H2, 10 vol. % CO2 and 1 vol. % Ar. T = 573 K.  

 

Powder X-ray diffraction is measured with a Rigaku Geigerflex diffractometer. 

Typically, an XRD spectrum is recorded in the range 150 < 2�T < 75 0 using Cu-

K�D radiation. Thermogravimetric analysis (TGA) is carried out using a 

TGA/DSC (Mettler-Toledo) set-up combined with mass spectrometry 

(Quadrupole MS, Pfeiffer Vacuum). A catalyst sample of 50 mg and 30 ml/min 

flow of pure He were used with a heating rate of 10 K/min.  

 

4.3. Experimental results 

Typical results obtained during lean/rich cycling experiments with 9 h 

lean flow and 15 h rich flow at 573 K are presented in Figure 4.1. The data 

shown are collected after three storage/reduction cycles when the cyclic 

steady state had been reached. The NOx breakthrough profile shown in Figure 

4.1a can be divided in three time periods. In the first period of the lean phase, 

complete NOx storage is seen. The second period starts after 6.2 min as NO 
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breakthrough is observed. The NO outlet concentration reaches a maximum 

value after 42.5 min and then the NO concentration begins to decrease. 

Meanwhile, during the first 33.3 min, NO2 is completely consumed. 

 

 
Figure 4.1a) Lean outlet concentrations of NO, NO2 and NOx at cyclic steady state. 

Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2 and 1 vol. % Ar, 9 h. Three 

different time periods can be distinguished. (4.1b) Rich outlet concentrations of N2, 

NH3, NO and CO at cyclic steady state. Rich phase: 0.8 vol. % H2, 10 vol. % CO2 and 

1 vol. % Ar, 15 h. T=573 K. 
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After 33.3 min, the NO2 concentration increases with time. During the first 65 

min of the lean phase, there is still considerable NOx storage. The third period 

(> 65 min) is characterized by a slow but still measurable uptake of NOx until 

200 min. After 200 min, the NOx concentration is constant and equal to the 

inlet concentration. As there is no NOx storage, the detected outlet 0.14 vol. % 

NO and outlet 0.06 vol. % NO2 concentrations can be ascribed to the NO 

oxidation reaction.  

 
Figure 4.2) NO outlet concentration and calculated NO concentration according to 

the disproportionation mechanism. For experimental conditions, see Figure 4.1. 

 

If NOx is stored through the disproportionation route only, the 

disproportionation stoichiometry should be observed. This stoichiometry 

implies that for every three molecules of NO2 removed from the gas phase, 

two molecules of NOx are stored on the barium and one molecule is released 

in the form of NO. It is assumed that the NO oxidation reaction is very fast and 

that the NO and NO2 concentrations in the gas phase correspond to the 

oxidation reaction. Figure 4.2 shows the measured NO concentration and the 

calculated NO concentration as accounted for by the disproportionation 

mechanism; calculated NO concentration = 1/3 * stored NO2 + 0.14 vol. %. As 

shown in Figure 4.2, according to the disproportionation mechanism, 

immediate NO formation should be observed. However, no NO is seen during 
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the first 6.2 min. This indicates that initial NOx storage occurs mainly through 

NO storage, i.e. through nitrites. After 36 min, more NO is observed as 

calculated through the disproportionation route. It is thus unlikely that NOx is 

stored through the disproportionation route only. Nitrites will also be oxidized 

into nitrates with NO2 as oxidizing agent [11-13]. As a result mainly nitrates 

will be present after 9 h lean exposure. In parallel, NO2 can also be stored 

directly into nitrates without NO release [4-7].  

 

Table 4.3. Barium utilization for lean and rich phases. 

 Cycle no   
 1 2 3 
Lean phase    
% Ba active 32 31 32 
Rich phase    
% reduced 32 32 33 
Lean phase: 9 h, 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2 

and 1 vol. % Ar. Rich phase: 15 h, 0.8 vol. % H2, 10 vol. % CO2 

and 1 vol. % Ar. T = 573 K. See also Figure 4.1.  

 

The barium utilization after 9 h of lean exposure corresponds with 32 % 

of the total barium present assuming that two moles of NOx are stored per 

mole barium and negligible capacity of �J-Al2O3 for NOx storage at 573 K [9]. 

The barium utilization of the previous lean/rich cycles is presented in Table 3, 

where the same fraction of barium active in NOx storage can be seen. 

Additionally, lean/rich cycling experiments in the presence of CO2 at 

temperatures of 513 K and 643 K also show that about 30 % of total barium is 

involved in the NOx storage and reduction process. In a preceding paper [30] 

we have reported that in the absence of CO2, almost 100 % of barium is 

involved in NOx storage when the pretreated catalyst is exposed to 9 h lean 

conditions. It is reported that NOx cannot be stored on bulk barium sites with 

CO2 present [31,32]. Additionally, CO2 competes with NO2 for the same 

barium sites inhibiting the NOx storage [15,26,27]. 

In Figure 4.3 the XRD pattern of the fresh catalyst is compared with the 

patterns of the catalyst exposed to lean/rich cycling experiments with and 

without CO2 present in the gas feed. The XRD analysis of the fresh catalyst, 

pattern (A), shows the presence of crystalline BaCO3.  Finely dispersed 
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barium sites are invisible for XRD while the bulk-barium phase is crystalline 

and detectable with XRD [18]. This suggests that the observed crystalline 

phase of the fresh catalyst corresponds with bulk-BaCO3. After 9h lean 

exposure in the absence of CO2, pattern (B), only peaks characteristic for 

crystalline Ba(NO3)2 can be seen, suggesting transformation of bulk-BaCO3 to 

bulk-Ba(NO3)2. However after 9h lean exposure in the presence CO2, pattern 

(C), only peaks characteristic for crystalline-BaCO3 can be seen and 

crystalline Ba(NO3)2 is not observed. This indicates that bulk-BaCO3 sites are 

inactive in the NOx storage process in the presence of CO2. 

 
Figure 4.3) XRD patterns of (A) fresh catalyst, (B) after lean/rich cycling, ending with 

lean exposure. Lean: 0.2 vol. % NO, 4 vol. % O2 and 1 vol. % Ar, 9 h, (C) after 

lean/rich cycling, ending with lean exposure. Lean: 0.2 vol. % NO, 4 vol. % O2, 10 

vol. % CO2 and 1 vol. % Ar, 9 h. In the presence of CO2, even after 9 h lean 

exposure, no crystalline bulk Ba(NO3)2 is formed contrary to the results in the 

absence of CO2. 

 

Figure 4.4 shows the TG and DTG curves of the fresh catalyst. Three distinct 

thermal decomposition events are shown in the DTG curve, with peaks 

located at 1040 K, 1110 K and 1273 K, respectively. This indicates the 

presence of three thermally different species. Piacentini et al. [18] found two 

thermal decomposition events for calcined catalysts. The low temperature 
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decomposition event is ascribed to the decomposition of LT-BaCO3 to BaO. 

The high temperature event is associated with the decomposition of the HT-

BaCO3 sites. Nevertheless, three different barium species are distinguished: 

amorphous BaO, amorphous LT-BaCO3, and crystalline HT-BaCO3. The 

thermal stability of these species depends on their interaction with the alumina 

support and Pt sites. As the catalyst is exposed to the atmosphere, BaO will 

react with atmospheric CO2 to form BaCO3 with low thermal stability [18]. The 

catalyst in the present study has been stored for three years under ambient 

atmosphere and most of the barium will be present as BaCO3. This might 

explain why the DTG curve shows three weight loss events. The first two 

events are ascribed to the decomposition of a dispersed LT phase. The high 

temperature event is ascribed to the decomposition of crystalline, bulk HT 

barium sites. The evolving gases during this TG experiment were analyzed by 

mass spectrometry. The MS signal (not shown) shows three evolution events, 

with peaks located at the same temperatures as for the TG measurement.  

Figure 4.4) TG-DTG curve for the thermal decomposition of fresh catalyst.  

 

The evolving gas above 600 K for all three events is CO2. We used a curve 

fitting procedure for the CO2 MS signal to calculate the integrals of the peaks. 

This shows that the relative LT weight loss is 35 %, while the HT weight loss 

is 65 %. This distribution of amorphous LT sites and crystalline HT sites 

corresponds well with the results of the lean/rich cycling experiments (LT 

sites: 30 %, HT sites: 70 %) and is in line with observations in literature [19]. 
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The rich phase is shown in Figure 4.1b. Upon switching from lean to 

rich conditions, immediate N2 formation and NO release can be seen. Minor 

amounts of NO2 are detected. NOx is formed through nitrite/nitrate 

decomposition, as mentioned by Lietti et al. [7]. The released NOx is reduced 

to N2 on the Pt sites. During N2 formation, H2 is completely consumed (not 

shown). Mahzoul et al. [16] concluded that two reduction processes proceed 

in parallel: reduction of stored NOx and reduction of oxidized Pt sites. This 

agrees with our experimental data. In the beginning of the rich phase, part of 

the fed hydrogen is used for the reduction of the oxidized Pt sites. This leads 

to less available hydrogen for the reduction of the released NOx, resulting in a 

lower N2 concentration. When the oxidized Pt sites are reduced, more 

hydrogen and Pt sites are available for the reduction of the stored NOx. At that 

time the N2 concentration increases to 0.15 vol. % corresponding to that 

expected from nitrate reduction. NH3 and CO formation is observed once the 

N2 production declines. The CO formation is accompanied by the parallel 

consumption of H2 and CO2 and by the parallel production of H2O (not 

shown). This suggests that the reverse water gas shift (WGS) reaction takes 

place. The NH3 formation indicates that the selectivity towards N2 decreases 

with time, which seems to be coinciding with the diminishing quantity of NO. 

The N balance shows that the NOx stored during the lean phase is completely 

regenerated during the rich phase. Closed N balances are also observed in 

the preceding lean/rich cycles (Table 4.3) and there are no signs of 

incomplete regeneration.  

 
Figure 4.5) Pictorial representation of surface, semi-bulk and bulk barium sites. 

Surface and semi-bulk sites are amorphous LT-sites. Bulk sites are crystalline HT-

sites.  
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4.4. Modeling 

4.4.1. Kinetic model construction 

 The experimental results show that initially in the lean phase fast NOx 

storage occurs on Ba-sites, followed by slow storage. Not all of the Ba-sites 

participate in the NOx storage process and approximately 70 % of Ba remains 

inactive. As discussed above in the presence of excess CO2, barium is 

present mainly in the carbonate form. The three thermal events seen in the 

TG analysis, as discussed in the previous section, confirm the presence of 

three types of storage sites. The first thermal event is associated with surface 

Ba-sites where fast NOx storage occurs. The storage process is determined 

by the reaction kinetics. The second and the third event are associated with 

the semi-bulk and bulk Ba-sites respectively. At these sites slow NOx storage 

takes place, which is limited by NOx diffusion inside the barium cluster. The 

surface, semi-bulk and bulk sites not only differ in physical appearance (as 

shown in Figure 4.5), but also in chemical reactivity; surface sites are being 

the most reactive, whereas bulk sites are the least reactive. This is in line with 

Piacentini et al. [18] who suggested that depending on the Ba-loading three 

types of Ba-species exist on the support, which differ in reactivity and particle 

size. The surface sites are also present as highly dispersed barium carbonate 

species (not shown) along with Pt sites. The total amount of the surface 

barium and Pt sites affects the model results. The global reaction steps and 

rate equations used for modeling NOx storage and reduction with surface, 

semi-bulk and bulk barium sites are presented in Table 4.4.  

An important reaction step in the NOx storage mechanism is the 

oxidation of NO into NO2 on the Pt sites. We use the same form for the 

corresponding global reaction rate as the one published by Olsson et al. [23] 

(reaction (I), Table 4.4). The experimental results show that the NOx storage 

process is quite complex and different routes are possible. In this modeling, it 

is considered that NOx storage occurs through nitrites and nitrates formation. 

At first, NO will adsorb on the catalyst in the form of barium nitrites [4,9], as 

presented in reaction (II). These nitrites can be further oxidized to nitrates by 

NO2, resulting in NO release (reaction (III)) [11-13]. NO2 can be stored directly 

as barium nitrates (reaction (IV)) [4-6]. With these two steps (III+IV), the 

experimentally observed stoichiometry of NO released and NO2 stored can be 
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described well. As described before, the disproportionation route is not able to 

explain the measured NO concentration, and this step is therefore not 

included.  

 

Table 4.4. The global reaction steps and rate equations used for modeling NOx 

storage and reduction. 

Reactions Rate equation  
Lean phase   
NO + ½ O2 �œ NO2 Rox = kox_fCNOCO2

0.5 - kox_bCNO2 (I) 
BaCO3 + 2 NO + 0.5 O2 �o   
Ba(NO2)2 + CO2 

Rst_NO = ks_NO,i�TBaCO3,iCNO
2CO2

0.5 (II) 

Ba(NO2)2 + 2 NO2 �o  Ba(NO3)2 + 2 NO Rst_oxi = ks_dis,i�TBa(NO2)2,iCNO2
2 (III) 

BaCO3 + 2 NO2 + 0.5 O2 �o   
Ba(NO3)2 + CO2 

Rst_NO2 = 
ks_NO2,i�TBaCO3,iCNO2

2CO2
0.5 

(IV) 

Rich phase   
Ba(NO2)2 + H2 + CO2 �o   
BaCO3 + 2NO + H2O 

Rreg,nitrite = kreg,nitrite,i�TBa(NO2)2,iCH2 (V) 

Ba(NO3)2 + 3 H2 + CO2 �o   
BaCO3 +2NO+3H2O 

Rreg,nitrate = kreg,nitrate,i�TBa(NO3)2,iCH2 (VI) 

NO + H2 �o  ½ N2 + H2O Rred = kredCNOCH2 (VII) 
The reaction rate parameters ks_NO,i, ks_dis,i, ks_NO2,i, kreg, nitrite,i, and kreg, nitrate,i have 

different units and values for the surface, semi-bulk and bulk barium sites with i = 

surface, semi-bulk or bulk. See also Table 4.5.  

 

In the rich phase, it is considered that regeneration of barium sites takes place 

through nitrite/nitrate decomposition, as mentioned by Lietti et al. [7], and as 

presented in reactions (V) and (VI). The released NOx is reduced on the Pt 

sites into N2 with the help of a reductant, described by reaction (VII). NH3 

formation is not taken into account, as no NH3 is observed in the experiments 

with lean/rich cycling times close to automotive conditions. For the same 

reason, the reverse WGS reaction is not included. The activation energy for 

NO oxidation (reaction (I)) is taken from Olsson et al. [23]. The pre-

exponential factor for the NO oxidation and the storage and reduction kinetic 

parameters are obtained by manually fitting the results of the model to the 

results of the 9 h/15 h lean/rich cycling experiments. The distribution of 

surface, semi-bulk and bulk sites is also acquired from the 9 h/15 h lean/rich 

cycling experiment supported by the results of the TGA experiment: 73 % of 

the total barium sites corresponds with bulk barium sites, 7 % with surface 

barium sites, and 20 % with semi-bulk barium sites. The diffusion coefficient of 
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the gas phase components in the semi-bulk and bulk barium is taken as 

3.6�u10-15 m2/s. Dong et al. suggested that the diffusion coefficient in case of 

diffusion through the bulk of oxides is in the order of 10-16 m2/s [33]. 

 

Table 4.5. Model parameters and constants.  

Catalyst parameters  Description 
LPt  9.67 moles of Pt surface sites / m3 reactor, (mol m-3

reactor) 
LBa, total 2.06�u103 moles of total Ba sites / m3 reactor, (mol m3

reactor) 
LBa, surface  1.34�u102 moles of Ba surface sites / m3 reactor, (mol m-3

reactor)
** 

LBa, semi-bulk  4.01�u102 moles of Ba semi-bulk sites / m3 reactor, (mol m-3
reactor)

LBa, bulk  1.53�u103 moles of Ba bulk sites / m3 reactor, (mol m-3
reactor) 

ABa  2.20�u107 specific barium surface, (m2
Ba m

-3
reactor) 

dBa  10�u10-9 diameter semi-bulk barium cluster, (mBa) 
Reactor parameters   
�Hb  0.35 bed porosity, (m3

gas m
-3

reactor)  
Ar  1.40�u10-4 surface area of the reactor, (m2

reactor) 
Fv  3.54�u10-5 volumetric flow rate, (m3

gas s
-1) 

Lreactor  1.50�u10-2 reactor length, (mreactor)  
Deff  3.64�u10-15 [33] diffusion coefficient, (m3

gas m
-1

Ba s
-1) 

�Hcluster  0.5 cluster porosity, (m3
gas m

-3
Ba) 

f 0.055 volume fraction, (m3
Ba m

-3
reactor) 

NO oxidation parameters   
Koxi_equilibrium

 2.05�u101 [23] NO oxidation equilibrium 
kox_f 6.90�u10-1 [23] forward NO oxidation, (m4.5

gas mol-0.5
i mol-1Pt s

-1) 
kox_b  3.30�u10-2 [23] backward NO oxidation, (m3

gas mol-1Pt s
-1) 

Storage parameters  
Surface barium sites   
ks_NO2, surface 1.60�u105 NO2 storage, (m7.5

gas mol-2.5
i s

-1) 
ks_NO, surface 5.09�u102 NO storage, (m7.5

gas mol-2.5
i s

-1) 
ks_dis, surface 3.74�u10-1 nitrite oxidation, (m6

gas mol-2i s
-1) 

Semi-bulk barium sites  
ks_NO2, semibulk 5.36�u104 NO2 storage, (m7.5

gas mol-2.5
i s

-1 molBa m
-3

Ba) 
ks_NO, semibulk 2.68�u10-1 NO storage, (m7.5

gas mol-2.5
i s

-1 molBa m
-3

Ba) 
ks_dis, semibulk 1.25�u10-1 nitrite oxidation, (m6

gas mol-2i s
-1 molBa m

-3
Ba) 

Bulk barium sites  
ks_NO2, bulk 7.54�u10-3 NO2 storage, (m7.5

gas mol-2.5
i s

-1 molBa m
-3

Ba) 
Regeneration parameters   
Surface barium sites  
kreg,nitrite,surface 5.96�u10-2 Ba(NO2)2 regeneration, (m3

gas mol-1i s
-1) 

kreg,nitrate,surface 2.24�u10-1 Ba(NO3)2 regeneration, (m3
gas mol-1i s

-1) 
Semi-bulk barium sites   
kreg,nitrite,semibulk 1.99�u10-2 Ba(NO2)2 regeneration, (m3

gas mol-1i s
-1 molBa m

-3
Ba) 

kreg,nitrate,semibulk 7.48�u10-1 Ba(NO3)2 regeneration, (m3
gas mol-1i s

-1 molBa m
-3

Ba) 
Bulk barium sites   
kreg, nitrate, bulk 1.96�u10-1 Ba(NO3)2 regeneration, (m3

gas mol-1i s
-1 molBa m

-3
Ba) 

Reduction parameters   
kred 2.9�u103 NOx reduction, (m6

gas mol-2i s
-1) 

** calculated with TGA result and 9 h lean/15 h rich cycling experiments 
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A semi-bulk barium cluster size of about 10 nm is obtained via CO2 

chemisorption. Calculations based on this value and on the fitted model 

parameters lead to a bulk barium cluster size of about 40 nm. This is in 

agreement with XRD results, which give a particle size range of 10 to 40 nm. 

Further a free alumina of 50.7 m2/gm of catalyst can be estimated. We expect 

that at 300 OC this alumina shows less than 1.5 % storage capacity for NOx. 

This was verified by performing NO desorption experiments with pure �J-

alumina (BET: 200 m2/gm). The model parameters and constants can be 

found in Table 4.5. 

 

4.4.2. Reactor model 

 The packed bed reactor is regarded as an ideal plug flow reactor, 

under isothermal conditions, as experimental data show a maximum increase 

in temperature of 5 K. The model is constructed to describe NOx storage and 

reduction at a temperature of 573 K. The pressure is taken uniform and equal 

to ambient throughout the packed bed. External and internal diffusion 

limitations are absent. Diffusion of the gas phase components is considered 

only from the external surface of the barium clusters to the interior of the 

barium clusters. The gas bulk in the packed bed reactor is discretizised in 

axial direction z and the gas in the spherical barium clusters with the partial 

coordinate �[. Both parts are connected with diffusion from the bulk gas to the 

inner side of the barium clusters. The change in the concentration of the 

different components as a function of time at each axial position can be 

described as follows: 

k,surf_Ba
k

k,isurf,Baj,Pt
j

j,iPtR
i
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i

r

vi
b RLRL|
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gas phase 

Convective 
flow 
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through 
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transport in radial 
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Reactions involved on Ba sites 

where �Hb [m
3

gas m
-3

reactor] is the bed porosity, Ci [moli m
-3

gas] is the gas phase 

concentration of component i (NO, NO2, O2, H2 and N2), t [s] is time, Fv [m
3

gas 

s-1] is the volumetric flow rate, Ar [m
2

reactor] is the surface area of the reactor, z 

[mreactor] is the axial length, Deff [m
3

gas m
-1

Ba s
-1] is the effective gas diffusion 

coefficient, ABa [m2
Ba m-3

reactor] is the specific barium surface, �[ [mBa] is the 
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radial direction in the barium clusters, LPt [molPt m-3
reactor] is the specific 

number of moles of active Pt surface sites, RPt,j [moli mol-1Pt s-1] is the NO 

oxidation and reduction rate described in equations (I) and (VII) in Table 4.4, 

LBa, surf [molBa m-3
reactor] is the specific number of moles of active barium 

surface sites. RBa_surf,k [moli mol-1Ba s
-1] is the NOx storage and regeneration 

rate at barium surface sites and can be determined from the reaction 

equations (II) – (VI) mentioned in Table 4.4. Equation (2) calculates the time-

dependent change of the different species on the surface barium sites:  

k,surf_Ba
k

k,i
surf,m R
t �¦ �X� 

�w

�T�w
        (2) 

where �Tm,surf [-] is the coverage of the surface barium sites and m denotes 

either Ba(NO2)2, Ba(NO3)2, or BaCO3. The site balance for the surface barium 

sites is shown in Equation (3): 

surface,2)3NO(Basurface,2)2NO(Basurface,3BaCO 1 �T���T��� �T    (3) 

Equation 4 represents the change in the concentration of the different gas 

phase components as a function of time at each radial position for the semi-

bulk and bulk barium sites:  
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where �Hcluster [m
3

gas m
-3

Ba] is the porosity of the barium clusters, X is semi-bulk 

or bulk barium sites, and RBa_X,k [moli m-3
Ba s-1] is the NOx storage and 

regeneration rate for the semi-bulk and bulk sites and can be determined from 

the rate equations (II) – (VI) mentioned in Table 4. Equations (5) and (6) 

describe the time-dependent change of the different species on the semi-bulk 

and bulk barium sites, respectively:  

k,bulksemi_Ba
k

k,i
semibulk,msemibulk,Ba R

tf

L
���¦ �X� 

�w

�T�w
    (5) 

k,bulk_Ba
k

k,i
bulk,mbulk,Ba R
tf

L
�¦ �X� 

�w

�T�w
      (6) 

where LBa,semibulk and LBa,bulk [molBa m
-3

reactor] are the specific number of moles 

of active semi-bulk and bulk barium sites, f [m3
Ba m-3

reactor] is the volume 
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fraction, �Tm,semi-bulk [-] is the coverage of the semi-bulk barium sites, and �Tm,bulk 

[-] is the coverage of the bulk barium sites. The site balance for the semi-bulk 

and bulk barium sites is shown in equations (7) and (8). In accordance with 

literature, NOx is only stored as nitrates on bulk barium sites [31,32].  

bulksemi,2)3NO(Babulksemi,2)2NO(Babulksemi,3BaCO 1 ������ �T���T��� �T   (7) 

bulk,2)3NO(Babulk,3BaCO 1 �T��� �T        (8) 

The initial and boundary conditions are shown below: 

0Ci � , 0y,2)3NO(Ba � �T , and 0y,2)2NO(Ba � �T  at 0t �  with y is surface, semi-

bulk or bulk barium sites; 

ini CC �  at 0t �! and 0z � ; 

0
C ,z,i � 

�[�w

�w �[  at 0� �[ at any t . 

The system of equations is solved using gPROMS (Process Systems 

Enterprise) software.  

 

 
Figure 4.6) Simulated and measured lean NO and NO2 outlet concentrations. For 

experimental conditions, see Figure 4.1.  
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D) 

 

E) 

 

 

Figure 4.7) Simulated coverages during lean exposure. A) coverage of surface 

barium sites (B) Ba(NO2)2 coverage of semi-bulk barium sites (C) Ba(NO3)2 coverage 

of semi-bulk barium sites (D) BaCO3 coverage of semi-bulk barium sites (E) Ba(NO3)2 

and BaCO3 coverage of bulk barium sites after 9 h lean exposure. For experimental 

conditions, see Figure 4.1. 
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4.5. Modeling results and discussion 

4.5.1. Lean/rich cycling in the order of hours 

Figure 4.6 shows the results from the model (dashed lines) together 

with the measured outlet NO and NO2 concentrations (solid lines) for the 9 h 

lean phase with 0.2 vol. % inlet NO. The model is well able to describe the 

three different time periods in the lean phase. The first period shows complete 

NOx uptake during the first 6.2 min. Figures 4.7a – e show that during this 

period mainly NO storage occurs on the surface barium sites, in the form of 

nitrites. As the storage process proceeds the surface coverage of nitrite and 

nitrates increases (Figure 4.7a) and NO breakthrough in the gas phase is 

seen. This is the start of the second period. The formation of surface barium 

nitrites continues showing a maximum coverage at 8.4 min (Figure 4.7a). At 

this stage all the surface BaCO3 sites have been converted to nitrites and 

nitrates. After 8.4 min the surface nitrites coverage starts declining, while at 

the same time the surface barium nitrate coverage increases. This indicates 

that nitrites are oxidized into nitrates with NO2 as oxidizing agent. As a result, 

delay in NO2 breakthrough and increase in NO concentration can be seen in 

Figure 4.6. This point onwards semi-bulk barium sites start participating in the 

NO and NO2 storage process (Figures 4.7b - d), showing barium nitrite and 

nitrate coverages. The third period begins after 65 min, where the surface 

barium sites are entirely occupied with Ba(NO3)2 (Figure 4.7a). The NOx 

storage rate decreases as only semi-bulk and bulk barium sites are available 

and diffusion starts playing a major role. After 67 min, all semi-bulk BaCO3 

sites have been replaced by Ba(NO2)2 and Ba(NO3)2 (Figures 4.7b – d). 

However, as the lean phase proceeds, the barium nitrate coverage of the 

semi-bulk sites increases, coinciding with a decrease of the barium nitrite 

coverage. After 200 min, the semi-bulk sites are fully covered with nitrates 

(Figures 4.7b – d). Only a fraction of the bulk barium sites still participates in 

NOx storage showing negligible reactivity (Figure 4.7e). Even after 9 h lean 

exposure, the bulk coverage consists mainly of BaCO3. As a result, the NOx 

storage process ends as the surface and semi-bulk sites have been fully 

converted to nitrates. 
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Figure 4.8a) Simulated and measured rich NO, H2 and N2 outlet concentrations. For 

experimental conditions, see Figure 4.1. (b) Zoom in of Figure 4.8a) 

  

Upon rich conditions, N2 formation and NO desorption are 

experimentally observed (Figure 4.8). The model adequately describes the 

NO desorption. The measured N2 concentration shows initially a lower 

concentration before it increases to 0.16 vol. %. A possible reason might be 

that part of the H2 is used for reduction of the Pt sites, resulting in less H2 

available for NOx reduction. This is not taken into account in the model. As a 
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result, the simulation shows immediately a N2 concentration of 0.16 vol. %. 

Consequently, more nitrate will be reduced in the same time span in the 

model as compared to the experimental results. Therefore, the simulation 

results show a decrease in the N2 concentration after 8 min compared to 11 

min for the experimental data. Simulations show that at first all H2 is 

completely consumed. As the rich phase proceeds, incomplete consumption 

of H2 is seen. This results in the presence of excess H2. It can be observed 

experimentally that this leads to NH3 formation after 11 min. The NH3 

concentration slowly decreases with time. NH3 production is not modeled as 

NH3 is not observed at cycle timings close to automotive conditions. However, 

the simulated N2 concentration shows the same characteristics as the 

experimentally observed N2 + 2 NH3 signal. 

A) B) 

C) D)

Figure 4.9) Simulated coverages during rich exposure (a) coverage of surface barium 

sites (b) Ba(NO3)2 coverage of semi-bulk barium sites (c) BaCO3 coverage of semi-

bulk barium sites (d) Ba(NO3)2 and BaCO3 coverage of bulk barium sites. For 

experimental conditions, see Figure 4.1. 
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Figures 4.9 a – d show the coverages of the surface, semi-bulk and bulk 

barium sites. At first, the surface nitrates are reduced and surface BaCO3 is 

formed (Figure 4.9a). After 5 min, the semi-bulk sites participate in the 

regeneration process (Figures 4.9 b – c). The surface sites are completely 

regenerated after 17 min. Complete regeneration for the semi-bulk sites can 

be seen after 27 min. 

 

 
Figure 4.10a) Simulated and measured lean NO and NO2 outlet concentrations at 

cyclic steady state. Lean phase: 0.3 vol. % NO, 4 vol. % O2, 10 vol. % CO2 and 1 vol. 

% Ar, 9 h. (4.10b) Simulated and measured rich NO, H2 and N2 outlet concentrations 

at cyclic steady state. Rich phase: 1.2 vol. % H2, 10 vol. % CO2 and 1 vol. % Ar, 15 h. 

T=573 K. 
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Figure 4.10a shows the lean NO and NO2 concentrations for the higher 

inlet NO concentration (0.3 vol. %). The model is able to simulate the 

complete NOx uptake, and the NO and NO2 breakthrough timings. There is a 

small discrepancy between the model and the experimental results for the NO 

profile. It is reported in literature that the NO oxidation rate shows a negative 

first order with respect to NO2 concentration [34]. This inhibiting effect is not 

incorporated in the model and this can lead to the observed small 

discrepancy. Figure 4.10b shows that the model can also capture the NOx 

desorption during rich exposure with higher H2 concentration (1.2 vol. %). The 

simulated N2 profile corresponds well with the measured N2 + 2 NH3 signal. 

 

 
Figure 4.11) Simulated and measured NO, NO2 and N2 outlet concentrations at T – 

573 K. Lean phase: 240 s, 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2 and 1 vol. % Ar. 

Rich phase: 60 s, 0.8 vol. % H2, 10 vol. % CO2 and 1 vol. % Ar. For modeling 

purpose 0.6 vol. % H2 was used in the rich phase. See text for explanation.  

 

4.5.2. Lean/rich cycling in the order of seconds 

 Figure 4.11 shows the model prediction and experimental results of 

transient reactor operation for 20 lean/rich cycles with 240 s lean and 60 s rich 

phase. As mentioned before, during the first few minutes of rich exposure, 

part of the H2 is probably used for the reduction of Pt sites. This leads to less 
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available H2 for NOx reduction. Therefore, simulation results show initially a 

higher N2 concentration as experimentally observed. For this reason, the inlet 

H2 concentration used in the modeling of the transient experiments was set to 

0.6 vol. %. The first two storage/reduction cycles show complete NOx uptake.  

A) B)

C) D)

E) 

 

 

Figure 4.12) Simulated coverages during transient reactor operation (a) coverage of 

surface barium sites (b) Ba(NO2)2 coverage of semi-bulk barium sites (c) Ba(NO3)2 

coverage of semi-bulk barium sites (d) BaCO3 coverage of semi-bulk barium sites (e) 

Ba(NO3)2 and BaCO3 coverage of bulk barium sites. For experimental conditions, see 

Figure 4.11. 
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Figure 4.12a shows that NOx is initially stored on surface barium sites in the 

form of nitrites. During the catalyst regeneration period, N2 formation and NO 

desorption are observed. No NH3 formation is seen and the reverse WGS 

reaction does not take place. NOx stored during lean exposure is not 

completely reduced during the subsequent rich period as can be seen in 

Figure 4.12a. As a result nitrites and nitrates accumulate on the barium sites 

and part of the barium will be inactive for NOx storage and reduction. After two 

lean/rich cycles, NO breakthrough during lean exposure can be seen. The NO 

storage continues with the involvement of semi-bulk barium sites (Figures 

4.12 b – d). Meanwhile NO2 is consumed in oxidizing surface nitrites into 

nitrates and by getting stored on semi-bulk barium sites. After a number of 

lean/rich cycles, NO2 breakthrough can be seen. The experimental results 

show that the cyclic steady state is not reached. Simulation results (Figures 

4.12 a – e) illustrate that as lean/rich cycling proceeds, more nitrate 

accumulates in the catalyst until all semi-bulk barium sites have been filled. 

At that moment, the cyclic steady state has been reached. At the cyclic steady 

state, only surface barium sites participate in the NOx storage/reduction 

process. Bulk barium sites show negligible activity towards NOx storage 

(Figure 4.12 e). 

At real-life application, fast alternation of NOx storage and reduction 

phases takes place in the order of seconds. Above-mentioned model results 

suggest that in this case surface barium sites are decisive, and only a fraction 

of the total barium sites is active in NOx storage. As a result, NOx 

breakthrough in the lean phase is observed. Restoring the maximum NOx 

storage capacity implies regeneration of both surface and semi-bulk barium 

sites. Consequently, considerable breakthrough of the reducing agent can 

occur. The present model can be used to simulate and optimize the transient 

operating conditions.  

 

4.6. Conclusions 

A global reaction kinetic model is developed based on a multiple 

storage sites mechanism for the NOx storage/reduction process in the 

presence of CO2. The model considers that fast NOx storage occurs at 

surface barium sites, which is determined by the reaction kinetics. Slow NOx 
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storage occurs at semi-bulk sites, where diffusion plays a major role. Bulk 

barium sites show negligible reactivity towards NOx storage. It is assumed that 

surface, bulk and semi-bulk sites not only differ in physical appearance but 

also in chemical reactivity. It is considered that surface and semi-bulk sites 

correspond with a dispersed LT barium phase and bulk barium sites with 

crystalline HT-BaCO3 sites. The distribution of these sites is obtained from a 

TGA experiment with a fresh catalyst, which shows that around 35 % (w/w) of 

total barium is present as LT barium sites and 65 % as HT-BaCO3. This 

agrees well with results obtained from 9 h/15 h lean/rich cycling experiments 

in combination with XRD measurements. The barium utilization after 9 h lean 

exposure is about 32 % of the total barium present. XRD measurements show 

that HT-BaCO3 is inactive in the NOx storage process in the presence of CO2.  

The model elucidates that the initial complete NOx uptake can be 

mainly ascribed to NO storage on surface barium sites in the form of nitrites. 

As the surface coverage increases, NO breakthrough can be seen. The NO 

storage process continues with the involvement of semi-bulk barium sites but 

at a lower rate due to diffusion limitation. Meanwhile NO2 is consumed in 

oxidizing surface nitrites into nitrates and by getting stored on semi-bulk 

barium sites. As a result, delay in NO2 breakthrough can be seen. It appears 

that the bulk barium sites show negligible activity towards NOx storage. The 

model is also able to describe the NOx desorption during rich exposure. 

Experimental results show at first N2 formation followed by NH3 production. 

NH3 formation is not seen for cycle timings close to automotive conditions. For 

this reason, NH3 formation was not modeled. The simulated N2 signal 

describes the measured N2 + 2 NH3 characteristics. The model is able to 

describe experiments with higher NO and H2 inlet concentration as well as 

transient reactor experiments with 240 s lean and 60 s rich cycle timings.  
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on NOx reduction 
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reducing agent (CO, H2, and C2H4) and of H2O on NOx reduction on a Pt-Ba/�J-

Al2O3 catalyst, Appl. Cat. A: General. 

 

Abstract 

 In this paper, a comparative study on the NOx reduction/regeneration 

capabilities at 300 0C of a Pt-Ba/�J-Al2O3 catalyst is presented. Different 

reductants (H2, CO, and C2H4) are used in the absence and presence of H2O 

in the rich phase. Lean/rich cycling experiments show that in the absence of 

H2O both H2 and C2H4 are capable of reducing all the stored NOx, although 

C2H4 poisons the Pt sites by carbon decomposition. CO not only poisons the 

catalyst through carbon decomposition but also through formation of strongly 

bound isocyanates on alumina and barium sites. These isocyanates are 

removed by O2 in the lean phase. The type of reducing agent also affects the 

NOx storage route in the lean phase. H2O in the rich phase prevents poisoning 

of the catalyst by CO and C2H4, and all three reducing agents show 

comparable reduction efficiencies. 
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5.1. Introduction 

 Diesel and lean-burn engines operate under net oxidizing conditions 

and exhibit a better fuel efficiency and lower CO2 emission than conventional 

gasoline engines, which operate at stoichiometric air to fuel ratios. However, 

due to the excess oxygen in the exhaust gas, the traditional three-way catalyst 

is ineffective in NOx reduction as all of the reducing agents present are 

oxidized. One promising solution to reduce NOx during lean exhaust operation 

is the use of a NOx storage reduction (NSR) catalyst [1]. The NSR catalysts 

usually investigated contain Pt and the NOx storage material barium on an 

alumina support. These catalytic systems operate under cyclic conditions, 

during which NOx is stored under lean conditions as barium nitrites/nitrates 

and subsequent catalyst regeneration takes place during periodic, brief fuel-

rich excursions of the engine. For real-life application, it is important to 

understand the NSR mechanism in order to minimize both fuel penalty and 

emissions.  

 The NSR process has been the focus of numerous studies ([2] and 

references herein). Most of these studies have focused on the NOx storage 

process with the reduction step receiving considerably less attention. 

However, some studies have been performed to understand the effect of 

different reductants in the rich phase. At temperatures above 250 0C, both H2 

and CO appear to be highly efficient towards NOx reduction compared to 

hydrocarbons [3-5]. At lower temperatures, CO is noticeably less effective in 

NOx reduction than H2 [4,6]. CO appears to facilitate Ba(NO3)2 decomposition, 

but not NOx reduction, while H2 enables both to occur, with excellent 

conversion to N2 [7]. The difference in reactivity can be explained with 

poisoning of the Pt sites by adsorbed CO species [4,7-10]. This inhibition 

effect also occurs with hydrocarbons [8,9,11]. CO may also inhibit the 

regeneration process through the formation of isocyanates, which strongly 

adsorb on the alumina and barium oxide components of the catalyst [12,13].  

 Poisoning of the Pt sites during rich exposure may influence the NOx 

storage route at lean conditions, as it is generally believed that the first step is 

the NO oxidation to NO2 over Pt sites. NO2 can be stored on barium via a 

disproportionation route resulting in nitrate formation and NO release [14-16], 

or via a direct route without NO release [15,17]. Pt sites also catalyze another 
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pathway for NOx storage, which implies the direct uptake of NO in the 

presence of O2 in the form of nitrites [14,15].  

 In practice, the vehicle exhaust gas always contains CO2 and H2O. 

However, very few studies have reported the effect of CO2 and H2O on NOx 

reduction. NOx release studies show that CO2 promotes NOx release at rich 

conditions [18-20] while H2O hinders NO2 and NO release during 

temperature-programmed decomposition of stored NOx [21].  

 The focus of this work is the NOx reduction step and its influence on the 

NOx storage process. Lean/rich cycling experiments at 300 0C have been 

carried out over a Pt-Ba/�J-Al2O3 (1 wt.% Pt and 30 wt.% Ba) catalyst. CO2 was 

always present in the gas mixture in order to prevent changes of the catalyst 

properties, like BET surface area and Pt dispersion [22]. Rich conditions 

contain either CO, H2, or C2H4 as reducing agent in the absence and 

presence of H2O. NO is used as NOx source. Cycle times of 200 min lean and 

100 min rich have been used to monitor the complete NOx breakthrough 

profile during lean exposure and to ensure complete catalyst regeneration at 

rich conditions.  

 

5.2. Experimental 

 Lean/rich cycling experiments at 300 0C are performed in a packed bed 

reactor, which is described in detail elsewhere [23]. The gas composition of 

reactants and products is measured with an online mass spectrometer (ESS 

EcoSys). A fixed amount of argon is fed as an internal standard during 

experiments to compensate for any intensity loss of the mass spectrometer. 

Gas analysis is performed on m/e 2 (H2), 17 (NH3 + H2O), 18 (H2O), 27 

(C2H4), 28 (C2H4 + N2 + CO2 + CO), 30 (NO + NO2), 32 (O2), 40 (Ar), 44 (CO2 

+ N2O), and 46 (NO2). The MS data are analyzed using the fragmentation 

patterns determined experimentally from calibration gases. A high resolution 

magnetic sector mass spectrometer (Jeol JMS GCmate) is also used for the 

analysis of C2H4 + N2 + CO and CO2 + N2O. A NOx storage catalyst, Pt-Ba/�J-

Al2O3 (1 wt. % Pt and 30 wt .% Ba), is used in powder form as provided by 

Engelhard. Typically, 1.9 gram of catalyst with an average pellet diameter of 

180 �Pm is used. The fresh catalyst is pre-treated at 500 0C with 1 vol. % O2 in 
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He during 1 h, followed by 0.5 h in He, and finally by reduction with 2 vol. % of 

H2 in He for 2 h. The total gas flow during the experiments is kept constant at 

0.743 mmol/s, resulting in a gas space velocity (GHSV) of 29,000 h-1 (298 K, 

1 bar). The lean phase of the cycle contains 0.2 vol. % NO, 4 vol. % O2, 1 vol. 

% Ar, 10 vol. % CO2, and a balance of He. The rich phase includes 1 vol. % 

Ar, 10 vol. % CO2, 0 or 10 vol. % H2O, and either 0.8 vol. % H2, 0.8 vol. % CO 

or 0.15 vol. % C2H4, balanced with He. NO is fed at higher concentrations as 

typically present in a real exhaust gas to guarantee enough sensitivity of the 

mass spectrometer for the gas phase component NO2. H2 is also fed at higher 

concentrations for better comparison of reduction performance between H2, 

CO, and C2H4. The other gas concentrations are representative for conditions 

in diesel and lean-burn exhaust gases. The experimental data shown are 

collected after performing several lean/rich cycles and the cyclic steady state 

has been reached.  

 

  

Figure 5.1) (A) Rich outlet concentrations of NO, NO2, N2, and NH3 during lean/rich cycling 

experiments. Rich phase: 0.8 vol. % H2, 1 vol. % Ar, and 10 vol. % CO2, 100 min. (B) Lean 

outlet concentrations of NO, NO2, and NOx. Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. 

% CO2, and 1 vol. % Ar, 200 min. 

 

5.3. NOx storage-reduction performance 

5.3.1. Influence of H 2  

Figure 5.1 shows the catalyst outlet gas concentrations for a lean/rich 

cycling experiment with H2 as the reducing agent. The NOx breakthrough 

profile in the lean phase (Figure 5.1a) shows complete NOx storage for 6.2 
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min. After 6.2 min, NO breakthrough is observed. The NO signal reaches a 

maximum value after 42.5 min followed by a decrease in NO concentration. 

NO2 is completely consumed for about 30 minutes, after which its 

concentration increases gradually with time. After 200 min, the NOx 

concentration is constant and equal to the inlet concentration. As no NOx 

storage is ongoing, the detected outlet 0.14 vol. % NO and the outlet 0.06 vol. 

% NO2 can be ascribed to the NO oxidation reaction taking place on the Pt 

sites. Recently, we have found that the initial complete NOx uptake mainly 

occurs through NO adsorption as nitrites on the surface barium sites (reaction 

(I)) [24].  

22223 CO)NO(BaO5.0NO2BaCO ���o����      (I) 

NO2)NO(BaNO2)NO(Ba 23222 ���o��      (II) 

223223 CO)NO(BaO5.0NO2BaCO ���o����     (III) 

It is considered that in the presence of CO2, barium is present in the 

carbonate form. BaCO3 is present as surface, semi-bulk and bulk sites. These 

sites not only differ in physical appearance but also in chemical reactivity. As 

the surface sites fill, NO breakthrough can be seen. The NO storage process 

continues at the semi-bulk sites, but at a lower rate due to diffusion limitation. 

Meanwhile, NO2 is consumed in oxidizing nitrites into nitrates (reaction (II)) 

and by getting stored directly as nitrates on the semi-bulk sites (reaction (III)). 

As a result, a delay in NO2 breakthrough can be seen in Figure 5.1b. Reaction 

(II) produces NO, resulting in a maximum in the NO concentration. Bulk 

BaCO3 sites are inactive in NOx storage in the presence of CO2, and after 200 

minutes only surface and semi-bulk barium sites are filled with nitrates. 

Figure 5.1b shows the rich outlet NO, NO2, NH3, and N2 signals. Upon 

switching from lean to rich conditions with H2, immediate N2 formation and 

NOx release can be seen. Switching from lean conditions to pure He, results 

in only negligible NO desorption (not shown), which indicates that release of 

stored NOx is triggered by the reducing agent. NH3 formation is observed 

once the N2 production declines. At the same time, CO formation (not shown) 

is observed, accompanied by the parallel consumption of H2 and CO2 and by 

the parallel production of H2O. This suggests that the reverse water gas shift 

reaction (RWGS) takes place.  
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Table 5.1. Proposed reaction mechanism  

NOx reduction on Pt sites  Reaction 
NO2 + ( )* �l  NO2* (1) 
NO + ( )* �l  NO* (2) 
NO* + O* �l  NO2* + ( )* (3) 
NO* + ( )* �l  N* + O* (4) 
2N* �o  N2 + 2 ( )* (5) 
  
H2 interaction with Pt  
2 ( )* + H2 �l  2H* (6) 
O* + 2H* �o  3( )* + H2O (7) 
N* + H* �l  NH* + ( )* (8) 
NH* + H* �l  NH2* + ( )* (9) 
NH2* + H* �l  NH3 + ( )* (10) 
  
RWGS reaction  
2 H* + CO2 �l  H2O* + CO* (11) 
  
CO interaction with Pt  
( )* + CO �l  CO* (12) 
O* + CO* �o  CO2 + 2( )* (13) 
CO* + ( )* �l  C* + O* (14) 
N* + CO* �o  NCO* + ( )* (15) 
NCO* + Ba �l  BaNCO + * (16) 
NCO* + 2O* �o  N* + CO2 + 2* (17) 
  
C2H4 interaction with Pt  
C2H4 + 2* �l  C2H4** (18) 
C2H4** �l  C2H4* + * (19) 
C2H4** + 6O* �o  2CO2 + 2H2O + 8* (20) 
C2H4* + 6O* �o  2CO2 + 2H2O + 7* (21) 
C2H4* + 4O* �o  CO2 + 2H2O + C* (22) 

 

Accordingly with our observations and in line with indications in 

literature, the reaction mechanism shown in Table 5.1 can be considered to 

explain the NOx reduction process on the Pt sites. The first two reactions 

show the reversible NO and NO2 adsorption on the Pt sites. The third reaction 

is the reversible NO oxidation. The next two reactions show the formation of 

N2. Reactions 6-10 show the interaction of H2 with the Pt sites. As the rich 

phase starts, most of the Pt sites throughout the reactor are oxidized with O2. 

Subsequently, as the reductant front passes through the reactor, H2 will 

reduce the Pt sites scavenging the O2. The reduced Pt sites can interact with 

NOx for reduction to N2. However, as the reductant front passes, not all the 

stored NOx on barium will be released, due to diffusion limitation. As a result, 

part of the NOx is not yet released after the reduction front has passed. 



Influence of reducing agent and of H2O on NOx reduction                                        85 
 

Meanwhile, the Pt sites upstream of the reduction front will be highly covered 

with H2 (reaction 6). As the remaining NOx in the upstream front is released, it 

encounters the highly reduced Pt sites, which results in NH3 formation 

(reactions 8-10).  

 

Table 5.2. The amount of NOx stored, released and reduced in a lean/rich cycle per 

gram of catalyst. 

 H2  CO  C2H4  
Lean       
NOx stored (mmol/g) 1.39  1.27  1.36  
N2 formation (mmol/g) -  0.15  -  
N-balance, lean (mmol/g)  1.39  0.97  1.36 
Rich       
N2 formation (mmol/g) 0.56  0.42  0.62  
NOx release (mmol/g) 0.09  0.10  0.12  
NH3 formation (mmol/g) 0.18      
N-balance, rich (mmol/g)  1.39  0.98  1.36 
Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2, and 1 vol. % Ar, 200 min. 

Rich phase: 0.8 vol. % H2 or 0.8 vol. % CO or 0.15 vol. % C2H4, 1 vol. % Ar, and 10 

vol. % CO2, 100 min.  

 

The results of the N balance during the lean/rich cycle are shown in 

Table 5.2. During the lean phase 1.39 mmol NOx/g catalyst is stored. Upon 

rich conditions, the N2 formation, NOx release and NH3 formation result in an 

N-balance of 1.39 mmol/g catalyst, which indicates that all the NOx stored in 

the lean phase is completely released and reduced in the next rich phase.  

 

5.3.2. Influence of CO  

 Figure 5.2 shows the results of the corresponding experiment with CO 

as the reducing agent. The NOx storage behavior in the lean phase (Figure 

5.2a) shows some remarkable differences compared to the storage behavior 

in lean/rich cycles with H2 in the rich phase. Upon lean exposure the NO and 

NO2 outlet concentrations show a dead time of 3.4 min after which they both 

gradually increase in time. Furthermore, a small NO2 peak (0.05 vol. %) is 

observed after 9.2 min lean phase. Results reported by Abdulhamid et al. [3] 

also show a peak in the NOx breakthrough profile for experiments with CO as 

reducing agent. This peak is not observed when H2 is used, similar with our 

results. These findings seem to indicate that NOx can be stored through 
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different routes and that the followed storage route may depend on the 

preceding rich phase.  

 

  

Figure 5.2) (A) Rich outlet concentrations of NO, NO2, and N2 during lean/rich cycling 

experiments. Rich phase: 0.8 vol. % CO, 1 vol. % Ar, and 10 vol. % CO2, 100 min. (B) Lean 

outlet concentrations of NO, NO2, and NOx. Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. 

% CO2, and 1 vol. % Ar, 200 min. 

 

 The rich characteristics with CO show differences with the rich phase 

observed in lean/rich cycles with H2 (Figure 2b). Upon switching to the rich 

conditions with CO, immediate N2 formation, NO and NO2 release can be 

seen. Compared to the results with H2, more NO2 release is observed. 

Recently, Cant et al. [25] reported that in a sequential catalytic system with 

Pt/SiO2 ahead of the BaO/Al2O3, the initial product of the thermal 

decomposition of stored NOx in He is NO2, followed by NO. However, the Pt 

present in our Pt-Ba/�J-Al2O3 catalyst can decompose NO2 and NO into N2 

(Table 5.1, reactions (1)-(5)). The overall release and reduction reactions for 

both CO and H2 as reducing agent are: 

OH/CO3NO2BaCO  CO  CO/H 3 )NO(Ba 22322 23 �����o����   (IV) 

OH/CONO2BaCO  CO  CO/H  )NO(Ba 222322 23 �����o����   (V) 

OH/CO2NH/CO2NO2 2222 ���o��      (VI) 

OH/CO4NH/CO4NO2 22222 ���o��      (VII) 

In the presence of CO, Pt sites can be poisoned due to carbon decomposition 

(see Table 5.1, reaction (14)) what results in less efficient decomposition of 
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NO2. Consequently, NO2 is observed during the rich phase with CO, contrary 

to rich conditions with H2. Furthermore, the N2 outlet concentration decreases 

after 60 s to 0.14 vol. % which can also be related to poisoning of the Pt sites.  

 

Table 5.3. The amount of CO consumption during the rich phase per gram of 

catalyst. 

(COin)-(COout) in rich phase, (mmol/g) 2.74 
CO consumption based on NO, NO2 and N2 concentration, (mmol/g) 2.25 
CO used for formation of isocyanates, (mmol/g) 0.30 
CO used for carbon decomposition, (mmol/g) 0.21 
Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2, and 1 vol. % Ar, 200 min. 

Rich phase: 0.8 vol. % CO, 1 vol. % Ar, and 10 vol. % CO2, 100 min. 

 

 Based on the measured N2, NO and NO2 concentrations and reactions 

(IV)-(VII), the CO consumption can be calculated. The results are shown in 

Table 5.3. With the measured CO breakthrough profile (not shown), the real 

CO consumption is known. Table 5.3 shows that more CO is consumed as 

expected based on the outlet N2, NO and NO2 concentrations. Furthermore, 

Table 5.2 shows that in the lean phase 1.28 mmol NOx/g catalyst is stored. 

However, based on the N balance of the rich phase, only 0.99 mmol NOx/g 

catalyst is released and reduced at rich conditions. As mentioned before, CO 

may inhibit the regeneration process through the formation of isocyanates on 

the alumina and barium oxide components of the catalyst [12,13]. 

Nevertheless, alumina shows only negligible storage capacity for NOx at this 

temperature [22] and probably only barium isocyanates can form (see reaction 

(15)). These isocyanates can react with O2 according to reactions (16+17) in 

Table 5.1. Indeed, upon switching to lean conditions, N2 and CO2 are 

observed. To distinguish between CO2 formed during NOx storage (reactions 

(I) and (III)) and CO2 produced through reaction (17), the catalyst is exposed 

to 4 vol. % O2 in He flow without CO2 present after a rich phase. As shown in 

Figure 5.3, immediate N2 formation is observed followed by CO2 evolution. 

The CO2 formation shows a delay of 2 s, probably due to adsorption of CO2 

on barium sites. The N2 production decreases to zero after 0.3 min and 

corresponds with 0.15 mmol N2 per gram catalyst. A tail is observed in the 

concentration of CO2 and the CO2 concentration decreases to zero only after 
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9 min. The CO2/N2 molar ratio equals 3.4, which is not in agreement with the 

value 2 obtained from the stoichiometry of reaction (17). However, O2 can 

also react with adsorbed carbon on Pt sites, according to reaction (14), which 

explains the observed CO2/N2 molar ratio. With the measured CO2 and N2 

signals as shown in Figure 5.3, the amounts of formed isocyanates and 

carbon decomposition can be calculated. Table 5.3 shows that the formation 

of isocyanates and carbon decomposition closes the CO balance.  

 
Figure 5.3) CO2 and N2 formation with 4 vol. % O2 in He flow after the rich phase with 

CO as reducing agent. 

 

 Thus, CO present as reductant in the rich phase leads to poisoning of 

the Pt sites and formation of barium isocyanates. This provides a likely 

explanation for the difference in NOx breakthrough profile compared with 

lean/rich cycles with H2. Upon switching from rich with CO to lean conditions, 

initially the activity of Pt will be less to oxidize NO into NO2 (reaction (3)). 

Consequently, less NO2 will be available to oxidize barium nitrites into nitrates 

(reaction (II)). However, the stored NOx can be further oxidized into nitrates 

with O2 (reaction (VIII)) [17]. 

23222 )NO(BaO)NO(Ba �o��       (VIII) 

With reaction (VIII), no NO is released and as a result the NO concentration 

increases gradually in time (Figure 5.2b) without showing a maximum value 

as observed for experiments with H2 (Figure 5.1b). As no NO2 is consumed in 

oxidizing surface nitrites, NO and NO2 will break through at the same time.  
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As mentioned before, the RWGS reaction occurs with H2 in the rich 

phase resulting in CO and H2O formation. However, no NCO species will form 

as CO formation is only seen after the catalyst has been completely 

regenerated. It is also unlikely that poisoning of Pt sites will occur due to 

adsorbed carbon species as H2O has a positive effect on carbon 

decomposition [26,27]. Indeed, no CO2 and N2 formation peaks are seen in 

the beginning of the lean phase for experiments with H2 as reducing agent.  

 

5.3.3. Influence of C 2H4  

 The effect of C2H4 on the NOx storage/reduction is presented in Figure 

5.4. The rich phase shows immediate formation of N2 and NO release (Figure 

5.4a). Only minor amounts of NO2 are observed. Reaction (IX) shows the 

overall regeneration reaction of Ba(NO3)2 with C2H4 as reducing agent. 

OH3/5CO3/2NBaCOHC6/5)NO(Ba 22234223 �������o��    (IX) 

 

Figure 5.4) (A) Rich outlet concentrations of NO, NO2, and N2 during lean/rich cycling 

experiments. Rich phase: 0.15 vol. % C2H4, 1 vol. % Ar, and 10 vol. % CO2, 100 min. (B) 

Lean outlet concentrations of NO, NO2, and NOx. Lean phase: 0.2 vol. % NO, 4 vol. % O2, 

10 vol. % CO2, and 1 vol. % Ar, 200 min. 

 

The inlet C2H4 concentration is 0.15 vol. %, which according to reaction (IX) 

can result in a maximum N2 concentration of 0.18 vol. %. It is reported that the 

reversible adsorption of C2H4 on Pt sites at first leads to di-�V ethylene 

(reaction (18)), followed by conversion of di-�V ethylene to �S ethylene (reaction 

(19)) [28]. Both di-�V and �S ethylene can react with O2 on Pt sites (reactions 
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(20) and (21)). Ethylene is less capable as H2 and CO to adsorb on Pt sites 

with a high coverage of O2. This is supported by the initially lower N2 

concentration and C2H4 breakthrough (not shown). After 2 min, the N2 

concentration increases to 0.18 vol. % after which it remains constant for 5.3 

min. After 5.3 min, the N2 outlet concentration decreases and a tail is 

observed. Only after 34 min, the N2 concentration decreases to zero. It is 

reported that strong adsorption of the species derived from hydrocarbons can 

poison Pt sites (reaction (22)) [8,11]. This might explain why the NOx 

reduction into N2 becomes less effective in time. Table 5.2 shows that at the 

end of the rich phase 1.36 mmol NOx/g catalyst is released and reduced 

which indicates that all of the stored NOx in the preceding lean phase has 

been removed.  

The CO2 peak formed at the start of the lean phase (not shown) 

supports the presence of adsorbed molecules derived from C2H4 on Pt sites. 

The lean phase shows complete NOx storage for 5 min, after which NO 

breaks through. The NO concentration shows a maximum value of 0.16 vol. % 

after 20 min before it decreases to 0.14 vol. %. The NO concentration is equal 

to 0.14 vol. % after 80 min, as against 156 min for experiments with H2 and 16 

min for experiments with CO. NO2 breaks through after 6.7 min, in contrast to 

30 min for experiments with H2 and 3.4 min for experiments with CO. This 

seems to indicate that the NOx storage route for experiments with C2H4 as 

reducing agent is a combination of routes followed for experiments with CO 

and H2. 

 

5.4. Effect of H 2O on NOx reduction 

 Catalyst regeneration in the presence of H2O shows no NH3 formation, 

even with H2 as the reducing agent (Figure 5.5). At a temperature of 300 0C, 

H2O coverage on Pt sites is of the same magnitude as NO and NO2 [29]. This 

might explain the absence of NH3 as H2O Pt species might compete with H2, 

resulting in reduced H coverage and deceleration of NH3 formation. Upon 

switching from lean to rich immediate formation of N2 can be seen, as well as 

NO release. Only minor amounts of NO2 are observed. During the rich phase, 

the catalyst is completely regenerated. In contrast to experimental results 

obtained with CO without H2O present (Figure 5.2), only minor amounts of  
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Figure 5.5) Rich outlet concentrations of NO, NO2, and N2 during lean/rich cycling 

experiments. Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2 and 1 vol. % Ar, 

200 min. (A) Rich phase: 0.8 vol. % H2, 1 vol. % Ar, 10 vol. % CO2, and 10 vol. % 

H2O, 100 min. (B) Rich phase: 0.8 vol. % CO, 1 vol. % Ar, 10 vol. % CO2, and 10 vol. 

% H2O, 100 min. (C) Rich phase: 0.15 vol. % C2H4, 1 vol. % Ar, 10 vol. % CO2, and 

10 vol. % H2O, 100 min. 
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NO2 are observed (Figure 5.5). Interestingly, in the presence of H2O, the 

same NO release, N2 formation profile, and selectivity towards N2 are seen for 

the experiments with CO and H2. This observed similarity between H2 and CO 

can possibly be ascribed to the WGS reaction (reaction 11) [4,30,31]. In fact, 

after catalyst regeneration, 0.8 vol. % H2 is observed and no CO is detected 

(not shown), indicating that H2 is produced from CO + H2O. No H2 or CO is 

detected during N2 formation, but it is reasonable to assume that H2 acts as 

reductant. This is supported by the fact that there are no signs of Pt poisoning 

by CO or isocyanates formation. Immediate N2 formation and NO release are 

also seen for experiments with C2H4 (Figure 5.5). As 0.15 vol. % C2H4 has a 

higher molar reduction capacity as 0.8 vol. % H2 or CO, the N2 concentration 

formed is 0.18 vol. %, as against 0.16 vol. % for CO and H2. As a 

consequence, the N2 concentration drops to zero for C2H4 after 8.9 min, as 

against 10 min for CO and H2 experiments. However, the N2 signal for C2H4 

shows a more pronounced tail while decreasing to zero compared to the N2 

signals for CO and H2. The N balance shows that the barium nitrates stored in 

the previous lean phase are completely removed.  

 
Figure 5.6) Lean outlet concentrations of NO, NO2 and NOx during lean/rich cycling 

experiments. Lean phase: 0.2 vol. % NO, 4 vol. % O2, 10 vol. % CO2, 10 vol. % H2O 

and 1 vol. % Ar, 200 min. 
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 For all the used reducing agents, the lean phase shows the same NO 

and NO2 breakthrough profiles (Figure 5.6). These breakthrough profiles are 

about the same as the observed NO and NO2 breakthrough curves with H2 in 

the absence of H2O. This confirms that no isocyanates form on the catalyst 

and indicates that almost no poisoning of Pt sites occurs in the presence of 

H2O.  

 

5.5. Conclusions 

 The reduction of stored NOx by H2 has been shown to produce mainly 

N2 with smaller quantities of NO and NH3. Only minor amounts of NO2 are 

observed. During the rich phase with H2, the catalyst is able to completely 

remove the stored NOx. At rich periods with CO, poisoning of the catalyst is 

observed through carbon decomposition on the Pt sites and formation of 

strongly bound isocyanates on alumina and barium sites. Under these 

conditions, stored NOx is not fully removed in the rich phase. However, upon 

switching to lean conditions, O2 removes the isocyanates. Both O2 and NO2 

can participate in regeneration of the carbon-poisened Pt sites. Reduction of 

C2H4 shows the highest selectivity towards N2 of the three reductants 

investigated. During the rich phase, poisoning of the Pt sites occurs. The type 

of reducing agent also affects the NOx storage route followed in the lean 

phase. For lean/rich cycling experiments with H2 as reductant, the NOx 

breakthrough profile shows a dead time followed by NO breakthrough. The 

NO concentration passes through a maximum. NO2 breaks through with a 

delay compared to NO. This can be explained with the participation of NO2 in 

the oxidation of nitrites into nitrates, with release of NO. The lean phase after 

catalyst regeneration with CO, shows simultaneous NO and NO2 

breakthrough. Both NO and NO2 concentrations increase gradually in time. 

Poisoning of the Pt sites by carbon can affect the NO oxidation into NO2. 

Furthermore, NO2 can participate in the carbon oxidation. Consequently, less 

NO2 is available for nitrite oxidation and nitrites can be oxidized with O2. The 

results for C2H4 as reductant, show that the NOx storage route is a 

combination of the routes observed for experiments with H2 and CO as 

reducing agent. H2O in the rich phase does not affect the amount of NOx 

stored in the lean phase. H2O prevents poisoning of the catalyst by CO and 
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C2H4 and as a result the followed NOx storage route is the same for all three 

reductants. With CO and H2O the reverse water gas shift reaction takes place 

and H2 acts as reducing agent.  
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Model for NO x storage/reduction in the presence of 

CO2 and H2O 
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C.M.L. Scholz, K.M. Nauta, M.H.J.M. de Croon, J.C. Schouten, Kinetic 

modeling of NOx storage and reduction with different reducing agents (CO, H2, 

C2H4) on a Pt-Ba/�J-Al2O3 catalyst in the presence of CO2 and H2O, Journal of 

Catalysis 

 

Abstract 

 In this paper a global reaction kinetic model is used to understand and 

describe the NOx storage/reduction process in the presence of CO2 and H2O. 

Experiments have been performed in a packed bed reactor with a Pt-Ba/�J-

Al2O3 powder catalyst (1 wt. % Pt and 30 wt. % Ba) with different lean/rich 

cycle timings at different temperatures (200, 250, and 300 0C) and using 

different reductants (H2, CO, and C2H4). Model simulations and experimental 

results are compared. H2O inhibits the NO oxidation capability of the catalyst 

and no NO2 formation is observed. The rate of NO storage increases with 

temperature. The reduction of stored NO with H2 is complete for all 

investigated temperatures. At temperatures above 250 0C, the WGS reaction 

takes place and H2 acts as reductant instead of CO. At 200 0C, CO and C2H4 

are not able to completely regenerate the catalyst. At the higher temperatures, 
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C2H4 is capable of reducing all the stored NO, although C2H4 poisons the Pt 

sites by carbon decomposition at 250 0C. The model adequately describes the 

NO breakthrough profile during 100 min lean exposure as well as the 

subsequent release and reduction of the stored NO. Further, the model is 

capable of simulating transient reactor experiments with 240 s lean and 60 s 

rich cycle timings.  

 

6.1. Introduction 

 Diesel and lean-burn gasoline engines have the benefit of improved 

fuel economy and consequently reduced emission of the greenhouse gas CO2 

compared to conventional gasoline engines. However, due to the high air-to-

fuel ratio, excess O2 is present in their exhaust gas and the control of NOx 

emissions remains a challenge. One promising solution to reduce NOx in the 

exhaust gas of passenger cars is the use of a NOx storage reduction (NSR) 

catalyst along with mixed lean operation, where the air-to-fuel ratio is altered 

between fuel lean conditions with excess O2 and fuel rich conditions [1,2]. The 

NSR catalytic systems usually investigated are Pt-based oxidation catalysts, 

which contain barium as a storage component. In real-life application, NOx is 

stored onto barium as nitrites/nitrates during the relatively long lean periods. 

As the storage capacity of barium gets saturated, NOx breaks through and the 

catalyst needs to be regenerated. Regeneration takes place during short rich 

periods and the stored NOx is released and reduced by the hydrocarbons, 

CO, and H2, typically present in an automotive exhaust gas. To optimize the 

operating conditions and consequently the overall NOx reduction efficiency 

and fuel consumption, a good understanding of the NSR mechanism is 

necessary. This mechanism can be used as input for a model of the NSR 

process to predict the NOx emissions and fuel consumption as a function of 

time and varying operating conditions. 

 Extensive research has been done in the past decade to understand 

the NSR process [see 3 and references herein]. In general, the oxidation of 

NO into NO2 over Pt sites is seen as an important step in the NOx storage 

process [4-7]. It is believed that barium has a higher storage capacity for NO2 

than for NO [8]. NO2 can be stored on barium via a disproportionation route 

resulting in nitrate formation and NO release [4,5,9], or via a direct route 
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without NO release [4,7]. Additionally, Pt sites also catalyze the direct uptake 

of NO in the presence of O2 in the form of nitrites [4,5]. However, as nitrites 

are further oxidized into nitrates, the final state of the stored NOx is in the form 

of barium nitrate [10-12]. Studies focusing on the rich phase show that at 

temperatures above 250 0C, both H2 and CO are highly efficient towards NOx 

reduction compared to hydrocarbons [13-15]. At lower temperatures, CO 

facilitates Ba(NO3)2 decomposition, but not NOx reduction, while H2 enables 

both to occur [16]. Detailed kinetic models [17,18] and global models based 

on the shrinking core mechanism [19-22] have been used to describe the 

NSR process. In all these models no distinction is made between e.g. the 

reactivity of the surface and bulk barium sites, although there is growing 

evidence that NOx storage occurs through multiple storage sites [23-26]. 

Furthermore, most of these studies do not consider the influence of CO2 

and/or water, which are known to effect the NSR process [23, 27-29] and are 

always present in vehicle exhaust gas.  

 It is reported that CO2 negatively affects the NOx storage capacity 

[23,30,31]. The significant decrease of NOx storage in the presence of CO2 

suggests that there is a competition between NO2 and CO2 for the same 

barium sites [27]. Interestingly, NO2 shows inactivity for carbonate 

replacement, while NO is able to replace carbonate by nitrites with the release 

of CO2 [12]. This is in agreement with recent results, showing that in the 

presence of CO2, initial NOx storage mainly occurs through NO adsorption as 

nitrites and the role of NO2 is mostly to oxidize nitrites into nitrates [26]. 

Furthermore, with CO2 present, only the well-dispersed barium sites are active 

in NOx trapping while the bulk, crystalline barium sites are inactive [28,32]. 

NOx release studies show that CO2 has a promoting effect on the NOx release 

in the rich phase [27,29,31], while H2O hinders NOx release [33]. Moreover, 

H2O inhibits the NO oxidation capability of the Pt sites [34] and no NO2 

formation is seen in the lean phase in the presence of H2O [32], resulting in 

decreased NOx storage capacity.  

 The focus of this work is to understand and describe the NSR 

mechanism in the presence of both CO2 and H2O for different temperatures 

and reducing agents. For this purpose, a recently developed global reaction 

kinetic model based on a multiple storage sites mechanism has been used 
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[26]. Lean/rich cycling experiments at three different temperatures (200, 250, 

and 300 0C) have been carried out over a Pt-Ba/�J-Al2O3 catalyst (1 wt. % Pt 

and 30 wt. % Ba) catalyst. Rich conditions contain either CO, H2, or C2H4 as 

reducing agent. NO is used as NOx source. Cycle times of 100 min lean and 

80 min rich have been used to monitor the complete NOx breakthrough profile 

during lean exposure and to ensure complete catalyst regeneration at rich 

conditions. Additionally, cycle times of 240 s lean and 60 s rich have been 

used to demonstrate the applicability of the developed model for lean/rich 

timings more closely to realistic automotive exhaust conditions.  

 

6.2. Experimental 

 Lean/rich cycling experiments at 200, 250, and 300 0C are performed in 

a packed bed reactor, which is described in detail elsewhere [35]. The gas 

composition of reactants and products is measured with an online mass 

spectrometer (ESS EcoSys). A fixed amount of argon is fed as an internal 

standard during experiments to compensate for any intensity loss of the mass 

spectrometer over time. Gas analysis is performed on m/e 2 (H2), 17 (NH3 + 

H2O), 18 (H2O), 27 (C2H4), 28 (C2H4 + N2 + CO2 + CO), 30 (NO + NO2), 32 

(O2), 40 (Ar), 44 (CO2 + N2O), and 46 (NO2). The MS data are analyzed using 

the fragmentation patterns determined experimentally from calibration gases. 

A high resolution magnetic sector mass spectrometer (Jeol JMS GCmate) is 

also used for the analysis of C2H4 + N2 + CO and CO2 + N2O. A NOx storage 

catalyst, Pt-Ba/�J-Al2O3 (1 wt. % Pt and 30 wt .% Ba), is used in powder form 

as provided by Engelhard. Typically, 1.9 gram of catalyst with an average 

pellet diameter of 180 �Pm is used. The fresh catalyst is pre-treated at 500 0C 

with 1 vol. % O2 in He during 1 h, followed by 0.5 h in He, and finally by 

reduction with 2 vol. % of H2 in He for 2 h. The total gas flow during the 

experiments is kept constant at 0.743 mmol/s, resulting in a gas space 

velocity (GHSV) of 29,000 h-1 (298 K, 1 bar). Table 6.1 shows the 

experimental conditions, for the lean/rich cycling experiments. NO is fed at 

higher concentrations as typically present in a real exhaust gas to guarantee 

enough sensitivity of the mass spectrometer for the gas phase component 

NO2. H2 is also fed at higher concentrations for better comparison of the 
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reduction performance between H2, CO, and C2H4. The other gas 

concentrations are representative for conditions in diesel and lean-burn 

exhaust gases. The experimental data shown are collected after performing 

several lean/rich cycles and the cyclic steady state has been reached. As will 

be discussed in sections 6.4.4 and 6.4.5, CO and C2H4 are not capable of 

completely regenerating the catalyst at a temperature of 200 0C. Therefore, at 

the end of the rich phase, H2 is also fed to ensure that all the NOx stored in 

the preceding lean phase is released and reduced.  

 

Table 6.1. Experimental conditions for the lean/rich cycling experiments. 

 Temperature (K) Inlet lean* Inlet rich* 
100 min lean/80 min rich 473, 523, 573 0.14 vol. % NO 

4 vol. % O2 
10 vol. % CO2 
10 vol. % H2O 
1 vol. % Ar 

1.2 vol. % H2 or 
1.2 vol. % CO or 
0.2 vol. % C2H4 
10 vol. % CO2 
10 vol. % H2O 
1 vol. % Ar 
 

4 min lean/1 min rich 473, 523, 573 0.2 vol. % NO 
4 vol. % O2 
10 vol. % CO2 
10 vol. % H2O 
1 vol. % Ar 

0.7 vol. % H2  
10 vol. % CO2 
10 vol. % H2O 
1 vol. % Ar 

* He is carrier gas 
 

6.3. Modeling 

6.3.1. Reactor model 

The plug flow reactor model uses a global reaction kinetic model, which 

considers that NOx storage occurs on three different types of barium sites: 

surface, semi-bulk, and bulk sites [26].  

 

Figure 6.1. Pictorial representation of surface, semi-bulk, and bulk barium sites. 

Surface and semi-bulk sites are amorphous and bulk sites are crystalline [26]. 
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These sites not only differ in physical appearance (as shown in Figure 6.1), 

but also in chemical reactivity. Surface sites are being the most reactive, 

followed by semi-bulk sites whereas bulk sites are not active in NOx trapping. 

Fast NOx storage, which is determined by the kinetics, occurs at the surface 

sites while slow NOx storage occurs at the semi-bulk sites, where diffusion 

plays a major role. Diffusion of the gas phase components is considered only 

from the external surface of the barium clusters to the interior of the barium 

clusters. The gas bulk in the packed bed reactor is discretizised in the axial 

direction z and the gas in the spherical barium clusters with the partial 

coordinate �[. Both parts are connected through diffusion from the bulk gas to 

the inner part of the barium clusters. It is considered that barium is only 

present in the carbonate form. The global reaction steps with the rate 

equations are presented in Table 6.2. 

The change in the concentration of the different components as a 

function of time at each axial position in the reactor can be described as 

follows: 
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where �Hb [m
3

gas m
-3

reactor] is the bed porosity, Ci [moli m
-3

gas] is the gas phase 

concentration of component i (NO, O2, H2, C2H4, CO, and N2), t [s] is time, Fv 

[m3
gas s-1] is the volumetric flow rate, Ar [m2

reactor] is the surface area of the 

reactor, z [mreactor] is the axial reactor coordinate, Deff [m
3

gas m
-1

Ba s
-1] is the 

effective gas diffusion coefficient, ABa [m2
Ba m-3

reactor] is the specific barium 

surface, �[ [mBa] is the radial coordinate in the barium clusters, LPt [molPt m
-

3
reactor] is the specific number of moles of active Pt surface sites, and LBa, surf 

[molBa m
-3

reactor] is the specific number of moles of active barium surface sites.  

As will be discussed in more detail in section 6.4.1, no NO2 formation is 

seen in the lean phase. As such, only NO storage can take place and 

consequently RBa_surf,k [moli mol-1Ba s-1] is the NO storage and regeneration 

rate at the barium surface sites and can be determined from the reaction 

equations (I) – (V) mentioned in Table 6.2. During the lean phase, Pt will be 
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covered with O2, which can react with the reducing agent in the rich phase. 

Furthermore, the water gas shift (WGS) reaction can take place (section 

6.4.3) and at temperatures lower than 250 0C, the Pt sites are poisoned by 

C2H4 (section 6.4.4) Therefore, RPt,j [moli mol-1Pt s
-1] not only represents the 

NO reduction rate, as described in equations (VI) - (VIII) in Table 6.2, but also 

the rate of adsorption of O2 on the Pt sites (equation (IX)), the rate of 

combustion of H2, CO and C2H4 (equations (X) – (XII)), the deposition of 

carbonaceous and hydrocarbon fragments from C2H4 (equation (XIII)), and 

the water gas shift (WGS) reaction (equation (XIV)). Reaction equations (X) – 

(XII) show Eley-Rideal type of reaction paths, what is necessary to initiate 

adsorption onto a surface fully covered by O2. Only Pt coverage by O2 and 

C2H4 is used in the parameter fitting procedure, as adsorption of other species 

is not crucial for simulating the experiments.  

Equation (2) describes the time-dependent change of the species on 

the Pt sites: 

�¦ �Q� 
�w

�T�w

n
n,Ptn,i

Pt,l R
t

         (2) 

where �Tl,Pt [-] is the coverage of the Pt sites and l denotes Pt-O, Pt-C2H4, or Pt. 

RPt,n [moli mol-1Pt s-1] is the rate of adsorption of O2 on Pt sites, the rate of 

combustion of H2, CO and C2H4, and the poisoning of Pt sites by C2H4. 

Equation (3) calculates the time-dependent change of the nitrite/nitrate 

species on the surface barium sites:  

k,surf_Ba
k

k,i
surf,m R
t �¦ �X� 

�w

�T�w
        (3) 

where �Tm,surf [-] is the coverage of the surface barium sites and m denotes 

either Ba(NO2)2, Ba(NO3)2, or BaCO3. The site balance for the surface barium 

sites is shown in Equation (4): 

surface,2)3NO(Basurface,2)2NO(Basurface,3BaCO 1 �T���T��� �T    (4) 

The NO storage and reduction at the semi-bulk sites is limited by the diffusion 

of gas components inside the barium clusters. Equation 5 represents the 

change in the concentration of the different gas phase components as a 

function of time at each radial position for the semi-bulk barium sites at a 

specific location in the reactor:  
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where �Hcluster [m
3

gas m
-3

Ba] is the porosity of the barium clusters, and RBa,k [moli 

m-3
Ba s

-1] is the NOx storage and regeneration rate for the semi-bulk barium 

and can be determined from the rate equations (I) – (IV) mentioned in Table 1. 

Equation (6) describes the time-dependent change of the different species on 

the semi-bulk barium:  
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where LBa,semibulk [molBa m-3
reactor] is the specific number of moles of active 

semi-bulk barium sites, f [m3
Ba m

-3
reactor] is the volume fraction, and �Tm,semi-bulk 

[-] is the coverage of the semi-bulk barium sites. The site balance for the 

semi-bulk barium is shown in equation (7): 

bulksemi,2)3NO(Babulksemi,2)2NO(Babulksemi,3BaCO 1 ������ �T���T��� �T   (7) 

The initial and boundary conditions are given as: 

0Ci � , 0y,2)3NO(Ba � �T , and 0y,2)2NO(Ba � �T  at 0t �  with y is surface, or semi-

bulk barium sites; 

ini CC �  at 0t �! and 0z � ; 

0
C ,z,i � 

�[�w

�w �[  at 0� �[ at any t . 

The system of equations is solved using gPROMS (Process Systems 

Enterprise) software. 

 

6.3.2. Model parameters 

The model parameters can be found in Table 6.3. The distribution of surface, 

semi-bulk, and bulk sites are taken from Scholz et al. [26], where the 

distribution is acquired from 9h/15h lean/rich cycling experiments in the 

presence of CO2 supported by the results of a TGA experiment. In the 

presence of CO2, a small amount of NOx can be stored on �J-Al2O3 [32], which 

corresponds at 300 0C of about 1.5 % of the total NOx storage capacity. 

However, in the presence of H2O, NOx storage on �J-Al2O3 is even less, 
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resulting in faster NOx breakthrough. This difference is incorporated by 

adjusting the amount of surface sites from 134 to 67 mol m-3 reactor. The 

diffusion coefficient of the gas phase components in the semi-bulk and bulk 

barium is taken as 3.6�u10-15 m2/s [26]. A semi-bulk barium cluster size of 

about 10 nm is obtained via CO2 chemisorption. Calculations based on this 

value and on the fitted model parameters lead to a bulk barium cluster size of 

about 40 nm. This is in agreement with XRD results, which give a particle size 

range of 10 to 40 nm. Furthermore, the same NO storage parameters have 

been used, as the ones published by Scholz et al. [26] and Gangwal et al. 

[41]. The temperature dependence for NO storage on semi-bulk sites is 

included. The regeneration and reduction parameters for H2, C2H4, and CO 

are obtained by fitting the results of the model to the results of the 100 min/80 

min lean/rich cycling experiments. 

 

Table 6.2. The global reaction steps and rate equations used for kinetic modeling of NO storage 

and reduction.  

Reactions Rate equation  
Lean phase   
Storage   
BaCO3 + 2NO + 0.5O2 �o  Ba(NO2)2 + CO2 Rst_NO = ks_NO,i�T

2
BaCO3,iCNO

2CO2
0.5 (I) 

Ba(NO2)2 + O2 �o  Ba(NO3)2  Rst_oxi = ks_dis,i�TBa(NO2)2,iCO2 (II) 
Rich phase   
Release   
Ba(NO3)2 + 3H2 + CO2 �o  BaCO3 + 2NO + 3H2O Rreg,H2 = kregH2,nitrate,i�TBa(NO3)2,iCH2 (III) 
Ba(NO3)2 + 3CO + CO2 �o  BaCO3 + 2NO + 3CO2 Rreg,CO = kregCO,nitrate,i�TBa(NO3)2,iCCO (IV) 
Ba(NO3)2 + 0.5C2H4 + CO2 �o   
BaCO3 + 2NO + H2O + CO2 

Rreg,C2H4 = kregC2H4,nitrate,i�TBa(NO3)2,iCC2H4 (V) 

Reduction   
NO + H2 �o  ½N2 + H2O Rred,H2 = kredH2CNOCH2 (VI) 
NO + CO �o  ½N2 + CO2 Rred,CO = kredCOCNOCCO (VII) 
NO + 1/6C2H4 �o  ½N2 + 1/3H2O + 1/3CO2 Rred,C2H4 = kredC2H4CNOCC2H4 (VIII) 
Pt sites   
Pt + O2 �o  2Pt-O RO2,store = kO2,storeC02�TPt (IX) 
Pt-O + H2 �o  Pt + H2O RH2,rel = kH2, relCH2�TPtO (X) 
Pt-O + CO �o  Pt + CO2 RCO,rel = kCO, relCCO�TPtO (XI) 
3Pt-O + ½ C2H4 �o  Pt + CO2 + H2O RC2H4,rel = kC2H4, relCC2H4�TPtO (XII) 
Pt + C2H4 �o  Pt-C2H4 Rcarbon = kcarbonCC2H4�TPt (XIII) 
CO + H2O �o  H2 + CO2 RWGS = kWGSCCOCH2O (XIV)
The reaction rate parameters ks_NO,i, ks_dis,i, and kreg, nitrate,i have different units and values for the 

surface and semi-bulk barium sites with i = surface, or semi-bulk. Bulk sites are not participating 

in the NOx storage process. See also Table 6.3. 
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Table 6.3: Model parameters.  

Catalyst parameters  Description 
LPt  9.67 moles of Pt surface sites / m3 reactor, (mol m-3

reactor) 
LBa, surface  67 [26, this work]

 moles of Ba surface sites/m3 reactor, (mol m-3
reactor) 

LBa, semi-bulk  301 [26] moles of Ba semi-bulk sites/m3 reactor, (mol m-3
reactor) 

LBa, bulk  1.70�u103 moles of Ba bulk sites per m3 reactor, (mol m-3
reactor) 

ABa  2.20�u107 specific barium surface, (m2
reactor) 

dBa  10�u10-9 [26] diameter barium cluster, (mBa) 

Reactor parameters   

�Hb  0.35 bed porosity, (m3
gas m

-3
reactor)  

Ar  1.40�u10-4 surface area of the reactor, (m2
reactor) 

Fv  3.54�u10-5 volumetric flow rate, (m3
gas s

-1) 
Lreactor  1.50�u10-2 reactor length, (mreactor)  
Deff  3.64�u10-15 diffusion coefficient, (m3

gas m
-1

Ba s
-1) 

�Hcluster  0.5 cluster porosity, (m3
gas m

-3
Ba) 

f 0.055 volume fraction, (m3
Ba m

-3
reactor) 

Storage parameters  
Surface barium sites   
ks_NO,surface 5.09�u102 [26] NO storage, (m7.5

gas mol-2.5
i s

-1) 
ks_dis,surface 3.6�u103exp(-48670/RT)[41] nitrite oxidation, (m3

gas mol-2Ba s
-1) 

Semi-bulk barium sites  
ks_NO,semibulk 1.58�u109exp(-54900/RT) NO storage, (m7.5

gas mol-2.5
i s

-1 mol-1Ba m
-3

Ba) 
ks_dis,semibulk 1.25�u 10-1[26] nitrite oxidation, (m3

gas s
-1 mol-1Ba m

-3
Ba) 

Regeneration parameters  
Surface barium sites  
kregH2, nitrate 7.00�u104exp(-29800/RT) Ba(NO3)2 regeneration, (m3

gas mol-1i s
-1) 

kregCO, nitrate 224�u10-2 [valid for 473 K] Ba(NO3)2 regeneration, (m3
gas mol-1i s

-1) 
kregC2H4, nitrate 8.22�u1012exp(-115100/RT) Ba(NO3)2 regeneration, (m3

gas mol-1i s
-1) 

Semi-bulk barium sites   
kregH2, nitrate 1.58�u108exp(-40400/RT) Ba(NO3)2 regeneration, (m3

gas mol-1i s
-1 molBa m

-3
Ba) 

kregCO, nitrate 1.09�u101 [valid for 473 K] Ba(NO3)2 regeneration, (m3
gas mol-1i s

-1 molBa m
-3

Ba) 
kregC2H4, nitrate 4.25�u1022exp(-195099/RT) Ba(NO3)2 regeneration, (m3

gas mol-1i s
-1 molBa m

-3
Ba) 

Reduction parameters   
kredH2 3.9�u104 NO reduction, (m6

gas mol-2i s
-1) 

kredCO 4.6�u103 [valid for 473 K] NO reduction, (m6
gas mol-2i s

-1) 
KredC2H4 1.41�u1020exp(-165000/RT) NO reduction, (m6

gas mol-2i s
-1) 

Pt sites   
kO2,store 1.01�u105 [42] O2 adsorption Pt sites, (m3 mol-1 s-1) 
kH2,rel 4.61�u103 Regeneration Pt sites, (m3 mol-1 s-1) 
kCO,rel 4.61�u103 [42] Regeneration Pt sites, (m3 mol-1 s-1) 
kC2H4,rel 14.7 [42] Regeneration Pt sites, (m3 mol-1 s-1) 
kcarbon 1.26�u106 [42, valid for T<523K] Poisoning Pt sites, (m3 mol-1 s-1) 
kWGS �f  Water Gas Shift reaction, (m3 mol-1 s-1) 

 

6.4. Results and discussion 

6.4.1. Lean operation 

 The NO breakthrough profiles in the lean phase as a function of time, 

at temperatures of 200, 250, and 300 0C, respectively, are shown in Figures 

6.2a to 6.2c. No NO2 formation is detected during the lean phase.  
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Figure 6.2. Lean phase NO reactor outlet concentration at different temperatures: a) 

200 0C, b) 250 0C, and c) 300 0C. Continuous lines show experimental data and dash 

lines show model predictions. 
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Figure 6.3. Lean phase simulated barium sites coverage: a) surface BaCO3 coverage at 200 0C, 

b) surface BaCO3 coverage at 300 0C, c) semi-bulk BaCO3 coverage at 200 0C at the outer part 

of the barium cluster, d) semi-bulk BaCO3 coverage at 300 0C at the outer part of the barium 

cluster, e) surface barium coverage at the reactor outlet at 2000C, f) semi-bulk Ba(NO3)2 

coverage at the end of the lean phase at 200, 250, and 300 0C. 
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The NO breakthrough profiles shown represent the maximum NO storage 

capacity for each temperature, as it is checked that during the rich phase all 

the stored NO in the preceding lean phase is released and reduced. Initially, 

NO is completely stored onto the catalyst and no NO is detected at the reactor 

outlet. Complete NO storage is seen for 3.6 min at 200 0C. This time 

increases with a raise in temperature to 6.1 min at 250 0C and 6.9 min at 300 
0C. Immediately after NO breakthrough, the NO profile shows still 

considerable NO storage for all temperatures. This is followed by a period 

which is characterized by a slow but still measurable NO uptake until the 

outlet concentration is equal to the NO inlet concentration. The temperature 

has an effect on the total amount of NO stored at the end of the lean phase, 

and increases from 556 �Pmol NO/g catalyst at 200 0C to 698 �Pmol NO/g 

catalyst at 300 0C. Results obtained during rich phases indicate that, at the 

end of the lean phase, NO is stored in the form of nitrates. The nitrites formed 

at the early stage of the lean phase (equation (I), Table 2), can be oxidized 

into nitrates. As no NO2 is present, dissociative adsorption of O2 on Pt could 

serve as a source of oxygen atoms for this oxidation step (equation (II), Table 

6.2). Epling et al. [8] suggest that only barium sites in close contact with Pt 

sites demonstrate this reaction pathway. This may explain the observed lower 

NOx trapping capability of 698 �Pmol NO/g catalyst at 300 0C in the presence of 

H2O as against 1395 �Pmol NOx/g catalyst without H2O [32]. 

 As also shown in Figures 6.2a to 6.2c, the kinetic model is able to 

describe the NO breakthrough profile at different temperatures. The initial 

complete NO uptake occurs mainly at the surface BaCO3 sites at a 

temperature of 200 0C (Figures 6.3a and 6.3c). However, at higher 

temperatures semi-bulk sites show a higher reactivity towards NO storage, 

and as the NO front passes through the reactor, NO is also stored on the 

semi-bulk sites (Figures 6.3b and 6.3d). This results in a delay in NO 

breakthrough with a raise in temperature. As soon as surface BaCO3 at the 

outlet of the reactor starts converting, NO breakthrough can be seen (Figures 

6.3a and 6.3b). At this stage, all the surface BaCO3 sites have been converted 

to nitrites and nitrates (Figure 6.3e). As a result, the NO storage rate 

decreases as only semi-bulk sites are available for NO storage and diffusion 
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starts playing a role. At the end of the lean phase, almost all semi-bulk sites 

have been replaced by Ba(NO3)2 at 300 0C. However, at lower temperatures, 

the semi-bulk sites are not yet fully covered with nitrates (Figure 6.3f). 

 

6.4.2. Influence of H 2 on NOx release and reduction 

 Figures 6.4a to 6.4c show the experimental rich outlet NO and N2 

signals and the model NO, N2, and H2 concentrations as a function of time, at 

temperatures of 300, 250, and 200 0C. N2 formation and NO release are seen, 

immediately after switching from lean to rich conditions. Neither NO2 nor NH3 

is detected. H2 is effectively able to fully regenerate the catalyst at all 

temperatures and at the end of the regeneration, the stored NO in the lean 

phase is completely released and reduced. Figures 6.4a and 6.4b show that 

the model adequately describes the NO desorption and its reduction into N2. 

At 200 0C (Figure 6.4c) the model under predicts the NO release, while the 

model is well able to describe the N2 formation. At temperatures above 300 
0C, �J-Al2O3 shows negligible capacity for NO storage [36]. At lower 

temperatures, however, more NO can be stored on �J-Al2O3. Interestingly, 

switching from lean conditions to pure He at 200 0C, results in about the same 

NO release profile as observed for rich conditions with H2 present (not 

shown). Additionally, Figure 6.5 shows the NO rich results of the lean/rich 

cycling experiments with �J-Al2O3 at 200 0C with the rich phase only containing 

He, 10 vol. % CO2, and 10 vol. % H2O. This NO release profile resembles the 

observed rich NO profile for the Pt-Ba/�J-Al2O3 catalyst at 200 0C. This 

suggests that some NO is stored on �J-Al2O3 and that this NO can be released 

at O2 poor conditions without the assistance of H2. This effect is not captured 

in the model, resulting in under prediction of NO release at 200 0C. 

Figures 6.6a and 6.6b show the simulated coverage of the surface and 

semi-bulk barium sites at 200 0C. Stored nitrates are rapidly converted to 

carbonates and within 3.6 min all surface sites are regenerated, while 

complete regeneration of the semi-bulk sites takes 4.1 min. As more NO is 

stored in the lean phase as the temperature increases, the total regeneration 

period increases from 4.1 min to 5.2 min with a raise in temperature from 200 

to 300 0C. 
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Figure 6.4. Rich phase NO, H2 and N2 reactor outlet concentrations at different 

temperatures: a) 300 0C, b) 250 0C, and c) 2000C. Continuous lines show 

experimental data and dashed-dotted lines (N2), dashed lines (NO), and dotted lines 

(H2) show model predictions. 
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Figure 6.5. NO desorption from �J-Al2O3 in He at 200 0C after a lean phase. Lean: 0.14 

vol. % NO, 4 vol. % O2, 10 vol. % CO2, 10 vol. % H2O, and 1 vol. % Ar in He. 

 

 

 

Figure 6.6. Rich phase simulated barium coverage at the outlet of the reactor: a) 

surface barium coverage, b) semi-bulk BaCO3 coverage. 
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Figure 6.7. Rich phase NO, H2, CO and N2 reactor outlet concentrations at different 

temperatures: a) 300 0C, b) 250 0C, and c) 2000C. Continuous lines show 

experimental data and dashed-dotted lines (N2), dashed lines (NO), and dotted lines 

(CO/H2) show model predictions. 
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6.4.3. Influence of CO on NO x release and reduction 

 Interestingly, the rich operation at 300 and 250 0C with CO show the 

same NO release and N2 formation profiles as for experiments with H2 

(Figures 6.7a and 6.7b). This observed similarity between H2 and CO can 

possibly be ascribed to the water gas shift (WGS) reaction (reaction (XIV), 

Table 6.2) [14]. In fact, Figure 6.7a shows that after catalyst regeneration 1.2 

vol. % H2 is observed and no CO is detected, indicating that H2 is produced 

from CO + H2O. Although, neither H2 nor CO is detected during N2 formation, 

it is reasonable to assume that H2 acts as reductant at 300 and 250 0C. Figure 

6.7c shows the experimental rich results at 200 0C. Only minor NO release 

and N2 formation are detected. Almost immediately after switching to rich 

conditions, CO breakthrough can be seen. This indicates that at 200 0C, the 

WGS reaction does not take place and that CO is not able to regenerate the 

catalyst. With the WGS reaction added to the model, it is able to capture all 

the above-mentioned characteristics (Figures 6.7a – c). Published WGS 

reaction rates at 300 0C for Pt and Pt-ceria formulations are too low to 

describe the observed H2 formation [37,38]. It is possible, however, that 

barium promotes the reaction rate, but the investigation of the WGS reaction 

is not within the scope of this research work. Yet, the WGS reaction rate is 

chosen to be very fast at 300 and 250 0C, with a reaction rate parameter of 

infinite (Table 6.3). 

 

6.4.4. Influence of C 2H4 on NOx release and reduction 

 Figure 6.8 presents the effect of C2H4 on the NO reduction. At a 

temperature of 300 0C, the characteristics are similar as observed with H2 in 

the rich phase. However, at a temperature of 250 0C, the NO reduction 

behavior with C2H4 shows some remarkable differences. The NO release 

profile has a different shape and more NO release is seen. Furthermore, the 

N2 outlet concentration increases initially from 0.14 vol. % to 0.20 vol. %. 

However, after 2.7 min the N2 concentration decreases and a tail is observed. 

Based on the measured N2 and NO concentrations and reactions (V) and 

(VIII), the C2H4 consumption can be calculated. With the measured C2H4 

breakthrough profile, the actual C2H4 consumption is known.  
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Figure 6.8. Rich phase NO, C2H4 and N2 reactor outlet concentrations at different 

temperatures: a) 300 0C, b) 250 0C, and c) 2000C. Continuous lines show 

experimental data and dashed-dotted lines (N2), dashed lines (NO), and dotted lines 

(C2H4) show model predictions. 
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It appears that during the first 100 sec, more C2H4 is consumed as expected 

based on the outlet N2 and NO concentrations. It is reported that strong 

adsorption of the species derived from hydrocarbons can poison Pt sites 

(equation (XIII)) [39,40], what provides a likely explanation for the 

experimental results.  

As the rich phase starts, most of the Pt sites throughout the reactor 

have been oxidized with O2. Subsequently, as the reductant front passes 

through the reactor, C2H4 reduces the Pt sites scavenging the O2. Additionally, 

C2H4 adsorbs on the reduced Pt sites. As a result, less C2H4 will be available 

for NO reduction into N2, resulting in less N2 formation. However, as the 

reduction front passes, not all the stored NO on the semi-bulk sites will be 

released, due to diffusion limitation. As a result, this NO is not yet released 

after the reduction front has passed. Meanwhile, C2H4 is no longer consumed 

in poisoning the Pt sites and more C2H4 is available for NO reduction. As the 

remaining NO in the upstream front is released, this results in a higher N2 

concentration (Figure 6.8b). However, due to the Pt poisoning, C2H4 is less 

efficient in catalyst regeneration as H2, and a tail in N2 formation is observed. 

This decreased regeneration efficiency with increased Pt poisoning is not 

captured adequately within the model. As a result, the tail in N2 formation is 

overpredicted by the model. At a temperature of 200 0C, some N2 formation 

and NO release are observed for the first 40 s. The model shows more NO 

release and N2 formation as the experiments show, as the effect of Pt 

poisoning on the regeneration efficiency is not included. C2H4 is not capable 

of completely regenerating the catalyst, and the model shows that only 

surface barium sites are being regenerated.  

 

6.4.5. Lean/rich cycling in the order of seconds 

 Figure 6.9 shows the model prediction and the experimental data at the 

cyclic steady state during transient reactor operation for lean/rich cycles with 

240 s lean and 60 s rich phases. As the lean/rich cycling starts, NO is mainly 

stored on the surface barium sites. NO stored during the lean phase is not 

completely reduced during the subsequent short rich period. As the lean/rich 

cycling proceeds, nitrate accumulates on the barium sites until the cyclic 

steady state has been reached.  
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Figure 6.9. Periodic lean (240 s)/rich (60 s) reactor operation at 300 0C. Continuous 

lines show experimental data and discontinuous lines show model predictions. 

 

Figure 6.10 shows that at the cyclic steady state, part of the barium is inactive 

for NO storage and reduction. For both 200 and 300 0C, only the surface 

barium sites in the first part of the reactor are involved in NO trapping (Figures 

6.10a and 6.10b), as the other sites are already completely filled with 

Ba(NO3)2 as a result of the incomplete regeneration. Furthermore, part of the 

semi-bulk barium sites will be active in NO storage, as shown in Figures 6.10c 

and 6.10d. No nitrites are present at the end of the lean phase. With an 

increase in temperature from 200 to 300 0C, the NO storage rate on the semi-

bulk barium sites increases and a higher fraction of the semi-bulk sites is 

participating in the NSR process. However, even at higher temperatures most 

of the NO is stored on the surface barium sites. At real-life application, fast 

alternation of lean and rich phases takes place in the order of seconds. 

Above-mentioned results suggest that in this case, mostly surface barium 

sites contribute significantly in NO trapping and only a small fraction of the 

total barium participates in NO storage. As a result, NO breakthrough in the 
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lean phase is observed. With longer regeneration times, more surface and 

semi-bulk barium sites can be regenerated resulting in an increased NO 

storage capacity and consequently less NO breakthrough. However, this can 

lead to considerable breakthrough of the reducing agent, what is not desired. 

The present model can be used to simulate and optimize the catalyst storage 

capacity and the related transient operating conditions. 

Figure 6.10. Simulated coverages during transient reactor operation: a) coverage of 

surface Ba(NO3)2 at 200 0C at the end of the lean and rich phase, b) coverage of 

surface Ba(NO3)2 at 300 0C at the end of the lean and rich phase, c) Ba(NO3)2 

coverage at the outside of the semi-bulk sites at 200 0C, d) Ba(NO3)2 coverage at the 

outside of the semi-bulk sites at 300 0C 

 

6.5. Conclusions 

 The influence of the temperature and the reducing agent on the NSR 

behavior in the presence of CO2 and H2O has been investigated both 

experimentally and by kinetic modeling. The experimental findings have been 

compared with the simulations of a recently developed dynamic plug flow 

reactor model using global reaction kinetics in the presence of CO2. The 
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model is based on a multiple storage sites mechanism and considers that fast 

NOx storage, which is determined by the reaction kinetics, occurs at surface 

barium sites. Slow NOx storage occurs at semi-bulk sites where diffusion 

plays a major role. Bulk sites are not participating in the NOx trapping. As no 

NO2 formation is seen in the lean phase in the presence of CO2 and H2O, only 

NO storage can take place.  

 The model elucidates that at 200 0C, the initial complete NO uptake 

can be mainly ascribed to NO storage on surface barium sites. As the 

temperature increases, semi-bulk sites show a higher reactivity towards NO 

storage and as the NO front passes through the reactor, NO is also stored on 

semi-bulk sites. This results in a delay in NO breakthrough with a raise in 

temperature. The model is also able to describe the NO release and reduction 

during rich exposure. Experimental results show that H2 is efficient in catalyst 

regeneration at all temperatures. Experiments with CO as reducing agent 

show that at temperatures above 250 0C, the WGS reaction takes place and 

H2 acts as reductant instead of CO. At 200 0C, CO and C2H4 are not able to 

fully regenerate the catalyst. At higher temperatures, C2H4 is capable of 

reducing all the stored NO, although C2H4 poisons the Pt sites by carbon 

decomposition at 250 0C. The model is able to capture all the experimental 

findings for 100 min lean and 80 min rich cycling experiments as well as 

transient reactor experiments with 240 s lean and 60 s rich cycle timings.  
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 7 
Conclusions and outlook  

 

7.1. Conclusions 

 In this thesis, the NOx storage/reduction mechanism on an automotive 

catalyst was investigated, using both experimental and modeling methods. 

Lean/rich cycling experiments were performed in a packed bed reactor using 

Pt-Ba/�J-Al2O3 (1 wt. % Pt and 30 wt. % Ba) catalyst. Emphasis was given in 

understanding the catalyst behavior, the role of multiple storage sites, the 

influence of CO2 and H2O, and the influence of different reducing agents (CO, 

H2, and C2H4) on NOx storage and reduction.  

 It was found that in the absence of CO2 and H2O, almost 100 % of 

barium is involved in NOx storage when the catalyst is exposed to 9 h lean 

conditions. The subsequent rich phase shows incomplete regeneration of 

stored NOx even after 15 h rich exposure with H2. Due to this incomplete 

regeneration of the catalyst, less barium participates in the following lean 

phase. At cyclic steady state, only maximum 60 % of barium is involved in 

NOx storage. The NO oxidation efficiency of the catalyst decreases upon lean 

exposure till steady cycling is achieved. Furthermore, the BET surface area, 

pore volume, and Pt dispersion decrease by about 40 %, which may be a 

result of masking of Pt sites or blocking of the pores of the barium clusters as 

BaCO3 becomes Ba(NO3)2.  
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Similar findings are seen for 30 min lean and 120 min rich cycling 

experiments in the absence of CO2 and H2O. NOx is trapped on �J-Al2O3 and 

barium sites. The pretreated, fresh catalyst contains mainly BaCO3 sites. As 

lean/rich cycling proceeds, the NOx trapping capability of the catalyst 

increases at first, as BaCO3 sites are exchanged for the more reactive 

Ba(OH)2 sites. During NOx storage, both surface and bulk barium sites are 

active. The rich phase with H2 shows more NH3 formation as lean/rich cycling 

continues, and the selectivity towards N2 decreases from 82 % to 47 %. 

Simultaneously, the N balance for successive lean/rich cycles shows 

incomplete regeneration, demonstrating inactive barium sites for further NOx 

storage and reduction. This incomplete regeneration along with a 40 % 

decrease in the Pt dispersion and BET surface area, leads to a reduced NOx 

trapping capability and thus less NOx is stored. 

 In the presence of CO2, NOx is stored on �J-Al2O3 and BaCO3 sites. Bulk 

barium sites are inactive in NOx trapping in the presence of CO2 and only 30 

% of total barium participates in NOx storage. Ba(NO3)2 is always completely 

regenerated during the subsequent rich phase and the selectivity towards N2 

is 83 %. In the presence of CO2, the Pt dispersion, BET surface area, and 

pore volume remain the same as for the pretreated catalyst.  

A global reaction kinetic model is developed to describe the NOx 

storage/reduction process in the presence of CO2 with H2 as reducing agent 

at a temperature of 300 0C. The model considers that NOx storage occurs on 

three types of barium sites, viz. surface, semi-bulk and bulk barium sites. Fast 

NOx storage, which is determined by the reaction kinetics, occurs at surface 

barium sites. Slow NOx storage occurs at semi-bulk sites, where diffusion 

plays a major role. Bulk barium sites show negligible reactivity towards NOx 

storage. It is assumed that surface, bulk and semi-bulk sites not only differ in 

physical appearance but also in chemical reactivity. It is considered that 

surface and semi-bulk sites correspond with a dispersed barium phase and 

bulk barium sites with crystalline BaCO3 sites.  

The model elucidates that the initial complete NOx uptake can be 

mainly ascribed to NO storage on surface barium sites in the form of nitrites. 

As the surface coverage increases, NO breakthrough can be seen. The NO 
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storage process continues with the involvement of semi-bulk barium sites but 

at a lower rate due to diffusion limitation. Meanwhile NO2 is consumed in 

oxidizing surface nitrites into nitrates with release of NO and by getting stored 

on semi-bulk barium sites. As a result, delay in NO2 breakthrough can be 

seen and the NO concentration passes through a maximum.  

 At rich periods with CO in the presence of CO2 at 300 0C, poisoning of 

the catalyst is observed through carbon decomposition on the Pt sites and 

formation of strongly bound isocyanates on alumina and barium sites. Under 

these conditions, stored NOx is not fully removed in the rich phase. However, 

upon switching to lean conditions, O2 removes the isocyanates. Both O2 and 

NO2 can participate in regeneration of the carbon-poisoned Pt sites. 

Reduction of C2H4 shows the highest selectivity towards N2 compared to CO 

and H2 at a temperature of 300 0C. During the rich phase, poisoning of the Pt 

sites occurs, but all the NOx stored in the preceding lean phase is released 

and reduced.  

The type of reducing agent also affects the NOx storage route followed 

in the lean phase. The lean phase after catalyst regeneration with CO, shows 

simultaneous NO and NO2 breakthrough. Both NO and NO2 concentrations 

increase gradually in time. Poisoning of the Pt sites by carbon can affect the 

NO oxidation into NO2. Furthermore, NO2 can participate in the carbon 

oxidation. Consequently, less NO2 is available for nitrite oxidation and nitrites 

can be oxidized with O2. The results for C2H4 as reductant, show that the NOx 

storage route is a combination of the routes observed for experiments with H2 

and CO as reducing agent.  

H2O in the rich phase only, does not affect the amount of NOx stored in 

the lean phase. H2O prevents poisoning of the catalyst at 3000C by CO and 

C2H4 and as a result, the followed NOx storage route is the same for all three 

reductants. Moreover, H2O in the lean phase inhibits NO oxidation and no 

NO2 formation is observed. Less NO is stored in the presence of H2O, which 

supports the higher storage capacity towards NO2 than towards NO. Even 

after 9 h lean exposure only 16 % of total barium sites is utilized in NO 

storage. In the presence of H2O and CO2, NO is stored only at BaCO3 sites.  

 The previous developed model is adapted to describe lean/rich cycling 

experiments in the presence of CO2 and H2O for temperatures between 200 
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and 300 0C and for different reductants (CO, H2, and C2H4). At 200 0C, the 

initial NO uptake can be mainly ascribed to NO storage on surface barium 

sites. As the temperature increases, semi-bulk sites show a higher reactivity 

towards NO storage and as the NO front passes through the reactor, NO is 

also stored on semi-bulk sites. This results in a delay in NO breakthrough with 

a raise in temperature. The model is also able to describe the NO release and 

reduction during rich exposure. Experimental results show that H2 is efficient 

in catalyst regeneration at all temperatures. Experiments with CO as reducing 

agent show that at temperatures above 250 0C, the water gas shift reaction 

takes place and H2 acts as reductant instead of CO. At 200 0C, CO and C2H4 

are not able to regenerate the catalyst. At higher temperatures, C2H4 is 

capable of reducing all the stored NO, although C2H4 poisons the Pt sites by 

carbon decomposition at 250 0C. The present model can be used to simulate 

and optimize the catalyst at transient operating conditions.  

 

7.2. Outlook 

 Despite the fact that the NOx storage/reduction technology has been 

known for some years and is already in use, like e.g. in Europe implemented 

in the Toyota Avensis, there is still a lack of detailed knowledge about how the 

system works. However, for improving the catalyst activity and to meet the 

stricter emission standards in the future, this knowledge is important. The 

results of this study can be put in perspective for future research work. 

 

Improving catalyst activity 

 As mentioned in this thesis, barium shows a higher storage capacity 

towards NO2 than NO. However, the Pt-Ba/�J-Al2O3 catalyst used in this 

research work shows negligible NO oxidation activity in the presence of H2O. 

It would be interesting to explore why H2O has such a negative impact on the 

NO oxidation and to use this information to optimize the catalyst regarding the 

oxidative capacity.  

 It is found that H2 is efficient in catalyst regeneration, even at 200 0C, 

while CO and C2H4 are not able to regenerate the catalyst at that temperature. 

Unfortunately, H2 is not present in large quantity in exhaust gas. At 



Conclusions and outlook                                                                                         127 
 

temperatures higher than 250 0C, however, it is shown that the water gas shift 

reaction takes place and H2 is formed. Since especially diesel engines have a 

low exhaust temperature, it is motivating to investigate further possibilities to 

form H2 or to look for other efficient reductants. Recently, more details are 

provided about a new NOx catalytic converter, which has a two-layered 

structure [1]. One layer adsorbs NOx during lean driving and converts a 

portion of it into ammonia, while the other layer adsorbs the resulting 

ammonia, and uses it later in a reaction to convert the remaining NOx in the 

exhaust into N2. Ammonia is highly effective in NOx reduction, also at lower 

temperatures and this catalyst enhances the NOx reduction performance. 

 

Simultaneous removal of NOx and soot 

 In fact, the present oxidizing catalytic systems, which are in general 

available for diesel engines, are not able to effectively eliminate NOx and 

particulate matter (PM). As diesel engines become predominant in Europe 

and even begin to gain increased interest in the USA, their contribution in the 

increase in NOx and PM will be significant. With respect to the reduction of PM 

emissions, diesel particulate (soot) filters are already commercially available. 

As soon as the exhaust gas passes through the filter, it begins to capture the 

soot particles. The particles remain trapped, until the catalyst needs to be 

regenerated. The regeneration process is performed by increasing the filter 

temperature to 700 0C or even higher by combustion of extra-fuel injected in 

the flue gases. Under these conditions, the trapped materials are oxidized and 

converted to CO2 and H2O. Aiming at low temperature oxidation of soot, the 

use of the powerful oxidant NO2 has been proposed [2]. If both NOx and PM 

levels have to be decreased to the levels of forthcoming legislations, NOx 

storage/reduction catalyst and soot oxidation catalyst have to be integrated. In 

spite of the fact that many studies are available about NSR catalyst, 

investigation of the combined soot-NOx removal is scarce [3,4]. It would be 

interesting to expand our work and use our model to investigate simultaneous 

soot and NOx removal.  
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