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Abstract 

An important goal is to minimize the required precious metal loading in the LNT 

while keeping the NOx emission below a specified level. We present a mathematical 

model of this system using hydrogen as the reductant. Simulations are used to determine 

the influence of the architecture of the LNT-SCR bricks, non-uniform precious metal 

loading in the LNT bricks, and the cycle time under aerobic and anaerobic operating 

conditions. Simulations reveal that low temperature reduction is the limiting step in 

determining the optimal precious metal loading. Architectural changes (sequential) in the 

LNT-SCR brick arrangement improved the NOx conversion and reached an asymptotic 

limit. Non-uniform precious metal loading in the LNT resulted only in a minor 

improvement in the NOx conversion, while cycle time affected the NOx conversion 

significantly.  

The importance of considering diffusional limitations in the models has been 

highlighted. The lack of which over predicts the deNOx efficiency of the catalyst. 

Aerobic operation with heat supplied by H2 oxidation improved the NOx conversion. The 

relationship between fuel penalty and precious metal loading in the coupled LNT-SCR 

system at low temperature is determined. There exists an optimum length of the catalyst 

during the adiabatic aerobic operation which results in improved performance compared 

to anaerobic operation. Impact of the substrate material when switched from ceramic to 

metal has been small but positive.  

Decreasing the cycle time and increasing the pulse duty resulted in overall 

performance improvement by reducing the NOx slip from the catalyst. A comprehensive 
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kinetic model based on the mechanistic details is being developed, to closely match the 

realistic operation conditions of the coupled catalyst system. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Significance of catalysis in environmental protection has been ever increasing. 

Catalytic technology is low cost and highly efficient than other alternatives of fuel 

injection control strategies. Since 1980 three-way catalyst (TWC) technology has been 

used successfully to reduce the exhaust emissions consisting of hydrocarbons (HC), 

carbon monoxides (CO) and oxides of nitrogen (NO) from Otto cycle engine vehicles. In 

order to maintain low emission levels, stoichiometric operation of the engine is essential. 

However, growing environmental regulations also demand better fuel efficiency, which is 

attained when the engine is operated lean.  

Diesel engines are lean burn engines and are not operated at stoichiometric values 

of air to fuel ratio. Because of the lean burn strategy, diesel engines are fuel efficient and 

known to reduce CO2 emissions. However, presence of excess oxygen in the exhaust 

significantly decreases the efficiency of the three-way catalytic converters to reduce NOx. 

Many alternative strategies have been implemented to control NOx emissions, for 

example, Exhausts Gas Recirculation (EGR) was developed to reduce the emissions 

directly out of the engines. It was successful in achieving close to 50 % of the NOx 

emission reduction. Lean NOx traps (LNT) are developed in order to eliminate the need 

to perform the core engine modifications. Close to 80% reduction in NOx emissions were 

realized using LNT catalysts. Selective Catalytic Reduction (SCR) technologies are also 
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used onboard diesel powered vehicles. SCR was able to perform with 75 – 95 % 

reduction in NOx emissions.  In the following section we briefly present the harmful 

effects of the exhaust emissions, NOx in particular and the need to develop and tune the 

after-treatment technologies to achieve better efficiencies.  

1.2 Environmental Pollution and Regulations  

Air pollution damages human health and environment. It is a result of the 

presence of the gaseous and particle pollutants in the atmosphere. Examples of gaseous 

pollutants are, SO2, NOx, N2O, CO, CO2, VOC (volatile organic compounds) etc. and 

particle pollutants are carbon, sulfates, nitrates etc. Industrial and vehicular emissions are 

mainly responsible for air pollution.  

 

 

 

 

 

 

 

Figure 1-1. EPA estimated air pollution chart showing various pollutants their sources 

of origin.  
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Figure 1-1 shows the EPA 2010 estimates of air pollutants in the atmosphere. It 

can be seen that on and off road mobiles largely contribute to the emission of NOx and 

CO. Different nitrogen oxides can be formed by NO once it enters atmosphere. Reaction 

with ozone, OH or HO2 radicals could give rise to the compounds like NO2, HNO2, 

HONO2, etc. Nitrogen oxide compounds have adverse health effects ranging from 

hypertension, stroke etc. to learning disorders, cancer etc. Owing to the detrimental 

effects of NOx in the atmosphere, EPA has passed stringent regulations to control NOx 

emissions.  

 

 

 

 

 

 

 

Figure 1-2. NOx emission regulatory limits proposed by Euro and US-EPA (Bin 8 and 5). 

Figure 1-2 compares the limits on NOx emissions proposed by both US-EPA and Euro 

regulations. In order to attain such strict emission regulations highly active and durable 

catalysts are required. Also, it is important to optimize the associated aftertreatment 

technology while retaining excellent fuel economy. Lean NOx traps and Selective 
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Catalytic Reduction technologies have proven to be promising technologies to meet the 

required limits. Produced in the form of flow through monolith reactors these units can be 

easily placed in the exhaust manifold without affecting the engine efficiency.  

1.3 Monolith Reactors 

These technologies employ catalytic converters similar to three-way catalysts. 

Catalytic converter is a monolithic reactor usually made of ceramic or metallic substrates. 

Ceramic monoliths are made through extrusion process from cordierite ceramic 

(2MgO.2A2O3.5SiO2). These substrates are known for their design flexibility and light 

weight. Figure 1-3 shows a typical monolith reactor used in exhaust after-treatment.  

 

 

 

 

 

 

Figure 1-3. Ceramic monolith reactor showing numerous parallel channels along the 

length. 

Monolith reactors represent structured catalysts. They are cylindrical devices 

containing large number of parallel channels (diameter ~ 0.5 to 2 mm; 400 – 1200 

channels per square inch) separated by thin walls. Typical length of the monolith reactors 

in practice may vary from 10 – 50 cm. and their diameters may vary from 10 – 20 cm. 
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Because of their high level of structuring compared to packed bed counterparts, monolith 

reactors offer better flow characteristics and low pressure drops. High pressure drops are 

detrimental to the efficient operation of the combustion engines and lead to decreased 

fuel efficiency. Due to small channel diameters the flow is laminar under most operating 

conditions. Unlike catalytic reactors used in chemical industries, monolith reactors are 

not operated under steady state conditions. Because of continually varying fuel injection 

rates depending upon the speed of the vehicles, transient operating conditions are 

observed in an onboard monolith reactor. Such transient conditions render the catalyst 

inactive during the engine startup and contribute significantly to exhaust emissions.  

Monolith channels come in various shapes (square, sinusoidal, hexagonal etc.). 

Catalyst is deposited in the form of porous washcoat over the walls of the channels. 

Typical catalyst used in the exhaust after treatment technology consists of active 

components, washcoat materials and supports. For example, common catalyst studied for 

the NOx storage and reduction is Pt/BaO/γ-Al2O3 deposited on ceramic supports. Here, 

Pt, BaO are active components whose function is to oxidize the NO in the exhaust to NO2 

and store, while γ-Al2O3 washcoat offers a high surface area for the reaction to take 

place.  

The thickness of the washcoat varies between 10 – 60 μm.  Both ceramic and 

metallic supports are used in the emission control technologies and the preference 

depends upon the operating conditions. Performance of the monolithic reactor depends on 

important parameters like cell density, substrate material, washcoat loading, washcoat 

formulation, precious metal loading, space velocity, temperature of the exhaust etc. 
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1.4 NOx Emission Control 

Among various strategies used in reducing NOx emissions, the popular 

technologies currently available are a) NOx Storage and Reduction technology and b) 

Selective Catalytic Reduction of NOx. Basic idea in these technologies is to catalytically 

react NOx present in the exhaust gas to form N2 and H2O which are harmless to the 

environment. However, transient operating conditions and complex set of surface 

reactions occurring on the catalyst pose significant challenges in analyzing their 

performance based on different parameters.   

1.4.1 NOx Storage and Reduction (NSR)  

Lean NOx traps employ NSR technology in curtailing the NOx emissions. For its 

successful application it is required to alternate feed input between ‘lean’ and ‘rich’ 

conditions. During the lean period NOx is stored on the LNT catalyst and subsequently 

during the rich period it is purged by a reductant in the exhaust gas. LNT is a multi-

functional catalyst which consists, a) precious metals (Pt, Rh, Pd) that oxidize NO to NO2 

during lean conditions and reduce NOx to N2 during rich; b) storage materials (alkali or 

alkaline earth metal compounds like BaO, K2O, SrO, MgO ), that store NOx in the form 

of nitrites or nitrates; and c) support materials ( Al2O3, CeO2 ), which provide high 

surface area for the reactions to occur [1]. 

Widely used model catalyst for NOx storage and reduction studies is 

Pt/BaO/Al2O3. Noble metal is the key component determining the activity of the LNT 

catalyst. In the model catalyst, oxidation and reduction reactions occur on Platinum (Pt). 

NO is oxidized in the presence of O2 to form NO2 and can reduced by using different 
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reductants to form N2 and H2O. H2, CO and C3H6 are the commonly studied reductants 

during LNT operation and these gases can be found in a typical engine exhaust. Their 

concentration in the exhaust gas varies depending on the operating conditions.  NO 

oxidation is found to have an important role in the performance of the LNT catalyst 

because it enhances the storage efficiency [2]. NO2 is found to adsorb more readily on the 

storage material than NO. NO oxidation is found to be kinetically limited at low 

temperatures, and thermodynamically limited at higher temperatures.  

During the storage reaction NOx reacts with BaO to form nitrites/nitrates. Frola et 

al. [3] suggested two parallel routes for NOx storage on BaO. One is direct uptake of NO 

onto the storage material forming nitrites, which subsequently evolve into nitrates. This 

process is therefore called ‘nitrite’ route.  Second route involves NO oxidation on Pt 

catalyst to form NO2 that reacts with storage material to form nitrates while releasing 

NO. Depending upon the composition of the exhaust gas carbonates or hydroxides are 

also formed on the storage component. These compounds affect the NOx storage 

efficiency. Storage of NOx can also occur on the alumina support and the storage capacity 

of the catalyst increases with the increasing basicity of the storage material. It has been 

observed in the literature that the NOx storage efficiency of various components 

decreases in the order K>Ba>Sr>Na>Ca>Li>Mg [4], it can be seen that the decrease in 

their basicity also follows the same order. Commonly proposed mechanism for NOx 

storage is the disproportionation mechanism, where NO is first oxidized to NO2 on Pt and 

then stored in the form of nitrates. [5, 6, 7, 8] . During this process one NO molecule is 

evolved for every three NO2 molecules.  
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Migration of NOx from the precious metal to the storage compound is considered 

to be an important step in the storage process. [9, 10 ] . Nitrate formation was detected 

even in the absence of precious metal compound [11]. Formation of nitrates has a 

precursor nitrites [12], which easily decomposes to nitrates depending on the temperature 

of operation [13][14]. It was observed that the presence of O2 accelerates the nitrite 

decomposition process. Other studies suggest that NO2 oxidize intermediate nitrites to 

nitrates. After studying several LNT catalysts for their storage capacity Mahzoul et al. 

[11] have suggested that two kinds of Pt sites are active in the storage process: Pt sites far 

from the BaO interface that are responsible for NO2 formation and Pt sites closer to the 

BaO interface that enable formation of nitrates.  

Composition of the feed is one of the key factors that determine the storage and 

reduction efficiency [15]. It has been found that presence of NO2 in the feed increases the 

NOx storage capacity of the LNT catalyst, However, Fridell et al. [16] reported that NOx 

storage is independent of the feed gas. Several studies have established that NOx storage 

depends on the temperature and is maximum in the range of 300 – 380 
o
C [11] [17]. At 

low temperatures NOx storage is kinetically limited by the oxidation of NO to NO2 and at 

higher temperatures the rate of NO oxidation is thermodynamically limited [18] . In 

addition to the limitations on the NO oxidation, temperature also affects the thermal 

stability of stored NOx as decomposition of nitrates/nitrites occurs at high temperatures. 

NOx storage is also dependent on the exhaust gas composition. Presence of H2O 

and CO2 results in the formation of Ba(OH)2 and BaCO3 affecting the storage capacity of 

the LNT catalyst. Lietti et al. [19] suggested that the storage of NOx occurs preferentially 

in the order BaO>Ba(OH)2>BaCO3. They have also observed promoting effect of water 
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at low temperatures and inhibiting effect at higher temperatures. Epling et al.[20] 

performed a detailed study on the influence of CO2 and H2O on storage performance of 

the catalyst and explained the effects based on the multiple trapping sites and temperature 

dependence of the stored component. It has been observed that the peak storage 

temperature shifts under the influence of CO2 and H2O. Fridell et al. [16] have reported 

that NOx storage characteristics of the LNT catalyst depend on the temperature and to a 

small extent on O2 concentration. They also observed that the maximum NOx storage 

occurs at about 380
o
C and it does not depend on the reducing agent.  

During the LNT process, storage phenomena is followed by reduction of stored 

NOx by a variety of reductants. Typical reductants involved in stored NOx reduction are 

H2, CO and C3H6. They form the significant portion of the exhaust gas from the engine. 

LNT catalyst is operated under periodic lean and rich conditions. During the rich period 

stored NOx is reduced to form N2 and H2O. It is suggested that the stored NOx is first 

released and eventually reduced. Epling et al [5]. proposed the possibility of thermal 

driven release as nitrates are decomposed due to the heat produced from exothermic 

reactions or NOx could be released due to the direct interaction with reductants. 

Depending on the temperature or the time period of regeneration process, different 

products are formed.  

In several studies it is suggested that during the regeneration process, NOx is 

spilled over to the Pt particle where it is eventually reduced by the reductant [21] [22]. 

James et al. used the reverse spillover mechanism to describe the nitrate decomposition 

far from Pt sites. Zhou et al. suggested that the nitrate ions are mobile on Ba phase and 

the reduction occurs at the Pt/Ba interface. Clayton et al. [21] studied the NOx reduction 
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over Pt/BaO/Al2O3 catalysts having different Pt dispersion to quantify the effect of Pt 

surface area, Pt/BaO interfacial perimeter and distance of NOx stored from the interface. 

Forzatti et al. [23] and Cant et al. [24] investigated the importance of Pt and BaO 

proximity on the support and have suggested that the rates of reduction are faster when 

they are dispersed on the same support than using a mixture of powders.  

Stored NOx regeneration depends on the type of reductant used. Hydrogen was 

found to be an effective reducing agent than CO and C3H6 [25]. Reduction with H2 results 

in the intermediate NH3 formation, which subsequently reacts with the stored NOx 

downstream to form N2 and H2O. Abdulhamid et al. [25] also noted that reaction with CO 

resulted in N2O formation. Nova et al. [26] observed that under dry conditions CO reacts 

with surface nitrates to form cyanate/isocyanate ad-species and that these ad-species are 

involved in the formation of N2. In the presence of water these ad-species are readily 

hydrolyzed to form NH3. 

Kobylinski et al. [27] have observed that the order of activity of various supported 

catalysts with precious metal components Pt, Pd, Rh and Ru is Pd>Pt>Rh>Ru with H2 as 

a reductant, while the order is reversed with CO or CO/H2 because of the inhibition 

effects of CO on the NOx reduction. Liu and Anderson proposed the following order of 

efficiency based on the NOx conversion to N2, H2>CO>C3H6 [28]. 

Lean NOx traps are highly efficient in reducing NOx emissions, however, at high 

space velocities and rapidly fluctuating exhaust gas composition, significant amount of 

NOx slip can be observed. Considerable portion of the NOx slip is also seen during the 
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cold start where the temperature is low enough to decrease the activity of the catalyst.  

Nearly 30 – 40 % of the total NOx emissions are attributed to the cold start.  

1.4.2 Selective Catalytic Reduction  

Selective catalytic reduction is another popular technology used in reducing NOx 

emissions. The selective catalytic reduction of N O x  by SCR (NH3) was originally 

developed for stationary emission sources, for example power plants. It was successfully 

applied for commercial heavy-duty vehicles in Europe, and has found recent application 

in passenger cars. The N H 3 -SCR converter needs an external source of the selective 

reducing agent (ammonia). Typically, the vehicle is equipped with an onboard urea tank, 

which acts as the source of NH3. The urea solution is carefully introduced into the 

exhaust flow where it decomposes and converts into NH3 and CO2. [29]. The NH3 thus 

produced in adsorbed onto the SCR catalyst and reacts with the NOx selectively forming 

N2 and H2O.  

Various catalysts are investigated for their ability to reduce NOx. Popular catalysts 

used in the automotive industry for NH3 SCR are vanadia based catalysts 

(V2O5/WO3/TiO2) [30, 31], zeolite based catalysts (Fe-ZSM5, Cu-ZSM5 etc.) [32, 33 ]. 

These systems can achieve close to 90% of the NOx reduction depending on the mode of 

operation. Vanadium based catalyst was studied extensively in Europe for heavy duty 

diesel applications [34]. The catalyst consists of V2O5 supported on oxides such as TiO2, 

Al2O3 or SiO2. They are generally insensitive to sulfur presence in the fuel and achieve 

high NOx conversions. Major concerns of vanadium based catalysts are its volatility at 
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higher temperatures, low activity at temperatures < 200
o
C and undesired side reactions 

such as NH3 oxidation [35].  

Transition metal ion exchanged zeolites are promising alternatives to vanadium 

based catalysts. Fe or Cu based zeolites are becoming popular because of their higher 

activity and lower cost. It has been observed that compared to Fe based zeolite catalyst, 

Cu zeolite catalyst showed higher activity for Standard SCR reaction, higher NH3 storage 

capacity and also it was suggested that the activity of Cu based zeolites are less sensitive 

to NO2 in the feed [36]. Cu-ZSM5 is found to be more active than Fe-ZSM5 at 

temperatures below 300
o
C, while the opposite is true for temperatures > 300

o
C [37]. 

Ozkan et al. [38] have performed isotopic studies and determined the role of NH3 

oxidation on the overall SCR network. They have also reported that NH3 adsorbs on two 

different sites during the reaction sequence.  

Nova et al. [39] reported ammonia inhibition on the standard SCR and proposed a 

redox kinetic model for NOx reduction on V-based catalysts. They attribute the inhibition 

effect to the blocking of active sites by spillover of NH3 from adjacent adsorption sites. It 

has been suggested that NH3 is strongly adsorbed onto the catalyst when compared to 

NO, and Eley-Rideal type reaction is considered to be occurring between adsorbed NH3 

and gas phase NO. Water inhibition on the SCR reaction was also suggested. Langmuir-

Hinshelwood mechanism was proposed by other authors considering co-adsorption of 

NO and NH3 on the SCR [40]. 

Metkar et al. [41] performed steady state and transient experiments to elucidate 

the reaction pathways based on SCR of NO by NH3 on Fe zeolite catalysts. They have 
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also performed a series of experiments to elucidate the mass transfer limitation during 

SCR reaction on Cu-ZSM5 and Fe-ZSM5. They have reported the presence of washcoat 

diffusion limitations for ammonia oxidation reaction which appeared to be more 

pronounced on Cu-zeolite catalysts when compared to Fe-zeolite catalysts. Diffusion 

limitations were shown to exist on both the Fe-zeolite and the Cu-zeolite catalysts. They 

have also confirmed the existence of diffusion limitations for the standard SCR reaction 

on both the catalysts and suggested that for Fe-zeolite, these limitations were found to be 

important in the temperature range of 350–500 °C.  

Cu-zeolite catalysts showed diffusion limitation earlier with temperature, starting 

at 250 °C, because of the higher rate of reactions at lower temperatures compared to Fe-

zeolite catalysts. NO oxidation reaction was shown to have negligible diffusional 

limitations and determined that NO oxidation is a slower reaction than the standard SCR 

reaction. However, both the fast and NO2 SCR reactions, show the presence of washcoat 

diffusion limitations throughout the temperature range of study.  

Cu zeolites are also known for their ability to selectively reduce NO by HC in the 

presence of excess O2. Selective reduction of NO by HC is similar to that by NH3. It goes 

through a maximum with temperature. The temperature at which maximum conversion of 

NO is observed is found to be the temperature at which maximum oxidation of 

hydrocarbon occurs. However, SCR by hydrocarbons led to some serious concerns with 

respect to catalyst deactivation, narrow temperature range of operation, high selectivity 

towards N2O etc. [42, 43].  

 



14 

 

1.4.3 Combined LNT and SCR  

Cumaranatunge et al. [44] observed that NH3 and H2 appear towards the end of 

the regeneration cycle, thereby concluding that they are limiting reactants. They propose 

that NH3 is an intermediate product during NOx regeneration, and that it reacts with 

stored NOx downstream after formation upstream. Other authors also proposed similar 

effects during the regeneration of stored NOx [45, 46]. This knowledge let to the 

proposition of combined LNT and SCR catalyst technology, where NH3 slipping out of 

the LNT catalyst can be used in the SCR to reduce NOx. One of the attractive features of 

the SCR is its ability to store NH3 at low temperatures. This prevents NH3 slip and can be 

used to capture the NH3 exiting the NSR catalyst. Such possibilities led to widespread 

studies on the combined LNT-SCR catalysts. The combined catalysts not only enhance 

the NOx reduction but also help curtail the NH3 emissions. Theis et al. [47] studied the 

advantages of using a sequence of LNT-SCR bricks at high temperatures. Lindholm et al. 

[48] evaluated the performance of Pt/Ba/Al2O3 along with Fe-Beta catalyst on NOx 

conversion. They reported a significant improvement in deNOx efficiency of the 

sequential catalytic system.  

Lietti et al. [49] and Seo et al. [50] studied the NOx reduction by a sequential pair 

of LNT and SCR catalysts. They reported a pronounced improvement in NOx removal 

efficiency especially at low temperatures ( < 200
o
C) at which considerable NH3 slip from 

the LNT catalyst occurs. Chatterjee et al. [51] reported experimental results and modeling 

of the combined LNT-SCR catalytic system, showing improvement in deNOx and NH3 

trapping efficiency. The goal of very few investigations was minimizing the required 

precious group metal (PGM) loading while maintaining a specified NOx reduction. 
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Gandhi et al. [52] developed a sequential LNT and SCR catalytic bricks system to 

enhance NOx removal that was tested experimentally by Theis et al. [53]. They found that 

for a specified NOx reduction, the required total loading of precious metal catalyst could 

be reduced and thereby decrease the cost of the combined systems.  

Wang et al. [54] have reported the occurrence of a different pathway from the 

established NH3 pathway in the SCR catalyst of a combined system, in the presence of 

hydrocarbons. Due the co-adsorption of NH3 and C3H6 over the SCR catalyst, the NOx 

conversion was found to be additive, with an additional advantage of decreased N2O 

emission that slips out of the LNT catalyst.  A better understanding of the dynamic 

behavior of the combined LNT and SCR catalysts would lead to more efficient use of the 

catalysts. Theis et al. [55] proposed combined aftertreatment system for diesel engines 

that include both LNT and SCR catalysts. SCR is found to be very active below 400 
o
C in 

storing NH3. This characteristic of the SCR catalyst was useful in its performance as a 

buffer to prevent NH3 and NOx slip from the LNT. It has been suggested that presence of 

SCR following the LNT simplifies the controls needed for NH3 injection at higher 

temperature, where the onboard LNT shows fluctuations in the NOx exit levels.  
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CHAPTER 2 

 MODEL DEVELOPMENT 

2.1 Introduction 

Mathematical modeling has been increasingly used over the past three decades to 

solve many reaction engineering problems. This was possible because of the growing 

computational power and refining techniques of numerical analysis. Chemical kinetic 

modeling and simulation help predict conversion and selectivities over an extended range 

of experimental conditions. This reduces the necessity to conduct numerous experiments 

while investigating and developing new technologies.  

Various physical and chemical processes occur during the operation of the 

monolith reactor. The exhaust gas flows through the narrow channels of the monolith. 

Because of the small diameter of the channels, exhaust gas is considered to be in laminar 

flow regime. Reactant species are transported along the axial direction by the flow; they 

are then transferred to the washcoat by diffusion in transverse direction. Within the 

washcoat the reactants are carried to the surface of the catalyst by diffusion. Once close 

to the surface the species get adsorbed onto the catalyst and react. Because of the 

exothermic nature of most of the catalytic reactions in the automotive applications, heat is 

generated from the reactions, which is then carried to the surroundings either by 

convection or conduction.  The products formed during the reaction are then transported 

back to the bulk fluid phase by mass transfer. Depending upon the operating conditions 

the time constants for all these processes may vary significantly. Typical residence time 
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for the exhaust gas in the channel ranges between 10 – 100 milliseconds. Model 

developed in the present work assume large time constants for axial diffusion of gas 

species both in the bulk fluid phase and inside the washcoat.  

Depending on the level of complexity different types of models are developed and 

used in the literature. These range from 1-D pseudo homogeneous models to 3-D direct 

numerical simulations. The most widely used model while studying the heterogeneous 

catalysis is the one dimensional two phase model. Here, the balance equations are solved 

in one direction (axial) and the fluid-solid interactions are accounted through heat and 

mass transfer. Because of the heterogeneity, this model can be used to study different 

phenomena happening on various time scales and hence enabling a reliable prediction of 

different operating regimes.  

Accurately predicting the heat and mass transfer characteristics inside the 

monolith channel is crucial to the analysis of monolith reactors. Also, computational load 

during these analyses determine the practical applicability of the model on real time 

basis. In this direction, Joshi and Balakotaiah [56] have developed low dimensional 

models for monolith reactors that describe the qualitative behavior of the monolith 

reactors and also possess the quantitative accuracy needed for most practical applications. 

Joshi et al. [57] have also developed the criteria for determining various operating 

regimes in a washcoated monolith reactor.  

Recently Bhatia et al. [58] have developed the global kinetic model for NOx 

storage and reduction on Pt/BaO/Al2O3. They suggest the presence of two different types 

of storage sites designated as ‘fast’ and ‘slow’ sites. Storage sites that are in close 
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proximity to the Pt/Ba interface are called fast sites and those that are far removed are 

called slow sites. Bhatia et al. [58] have also developed the crystallite scale model to 

study the spatio-temporal profiles of the reactants and products formed during the NOx 

storage and reduction process. The model also assists in determining the effect of Pt 

dispersion on the amount of NH3 formed during the regeneration process. Chatterjee et al. 

[59] developed the global kinetic model to study the regeneration of NOx storage 

catalysts using CO, H2 and C3H6 in the presence of CO2 and H2O. Koop et al. [60] have 

developed a two-dimensional model that includes flow-field description with boundary-

layer approximation. Their model also takes into account detailed reaction mechanism for 

the conversion of CO, CH4, C3H6, H2, O2 and NOx along with the diffusion limitations 

inside the washcoat.  

2.2 Mathematical Model  

The performance of the monolith reactors depends on the typical operating 

variables such as, space velocity, inlet and initial temperature, inlet species concentration; 

and also on geometric parameters such as, channel diameter, length of the reactor, 

washcoat thickness etc. In this work, we used the classical transient one dimensional two 

phase model to simulate the dynamic behavior of the LNT/SCR catalytic processes in a 

single monolith channel, under aerobic and anaerobic conditions. It is further extended to 

non-isothermal, 1 + 1 dimensional two phase model to account for the full washcoat 

diffusional effects. The following balances were considered in the model development: a) 

species balance in the bulk fluid phase along the channel, including accumulation, 

convection and mass transfer to the washcoat; b) species balance for the fluid phase 

inside the washcoat that includes accumulation, mass transfer, diffusion and reaction of 
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the species; c) species coverage balance on the surface of the catalyst that includes 

accumulation, adsorption, desorption and reaction; d) energy balance for the fluid phase 

and the washcoat. In the first part of the results section of the thesis simulations are 

conducted without considering the effects of washcoat diffusion in order to compare with 

the results obtained while considering the diffusional effects, especially on predicting the 

NOx conversions. As described earlier the basic assumptions made in this work are a) 

fully developed laminar flow; b) dispersion in the axial direction is negligible when 

compared to convection; c) physical properties are independent of the species 

concentration; d) negligible heat losses to the surroundings. Typical balance equations 

and boundary conditions are,  

Gas phase species balance:  
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Washcoat species balance neglecting washcoat diffusional resistance:  
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Washcoat species balance including washcoat diffusional resistance:  
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Gas phase energy balance:  
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Washcoat energy balance:  
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Boundary conditions:  
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Here, first set of boundary conditions are used for simulations with no diffusional 

resistances, and second set of boundary conditions are used for simulations with 

washcoat diffusional resistances.  

2.3 Kinetic Model 

Modeling catalytic reactors require reliable kinetic expressions that account for 

the composition and temperature dependence of reaction rates. In this direction various 

models and mechanistic details have been explored in the literature that describe the NOx 

storage and reduction phenomena. Complexity of the series of reactions on the surface of 

the catalyst and transient operating conditions make it difficult for each model to 

successfully present a complete description of the LNT process.   

2.3.1 NOx Storage and Reduction  

Mechanistic details of the LNT process are poorly understood. Many versions of 

reaction pathways have been suggested in the literature with emphasis on understanding 

the basic steps for storage and reduction under fuel lean and rich conditions. Olsson et al. 

[61] and Deutschmann et al. [62] have used shrinking core model to describe the NOx 

storage process on the Ba compounds. Scholz et al. [63] developed a global reaction 

kinetic model based on multiple storage sites using hydrogen as reducing agent. Laurent 

et al. [64] presented a global model for NOx storage, Koci et al. [65] developed a kinetic 

model for NOx storage and regeneration using hydrogen, Bhatia et al. [66] developed a 

global kinetic model for NOx storage and reduction based on two different types of 

storage sites called ‘fast’ and ‘slow’ sites, also Olsson et al. presented a detailed kinetic 

model for NOx storage and regeneration using propene [67] and hydrogen [68]. Watanabe 
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et al. [69] have developed a one dimensional numerical model with simplified kinetics for 

NOx reduction by hydrocarbons with particular emphasis on hydrocarbon adsorption and 

desorption phenomena.  

Based on various investigations performed throughout the literature, the following 

reactions are considered to be occurring on the LNT catalyst. Reactions R1 – R9 

represent the global kinetic mechanism and reactions R10 – R19 represent the micro-

kinetic scheme used to explain the selectivities of NH3 and N2 on Pt/BaO/Al2O3,  

R1: 2 2

1

2
NO O NO  , 

R2: 2 3 23 ( ) ( ) ( )NO BaO f Ba NO f NO                (fast sites),  

      
3 2( )( ) ( ) 1v Ba NOf f   , 

R3: 2 3 23 ( ) ( ) ( )NO BaO s Ba NO s NO                   (slow sites),  

       
3 2( )( ) ( ) 1v Ba NOs s   . 

As discussed earlier, NO oxidation to NO2 is the essential precursor to NOx storage. NO 

oxidation reaction occurs on Pt site, and the NO2 thus formed migrates towards the 

storage sites of BaO. R2 is considered to be occurring the storage sites close to the Pt/Ba 

interface, hence are called fast sites. Storage sites far from the Pt/Ba interface are called 

referred as slow sites. It can be seen that one NO is released for every 3 NO2 molecules 

stored on BaO. In the following reactions (R4 – R19), we consider that the rich feed 

consists of H2 as a reducing agent which converts stored NOx to NH3 and N2, thus, 

producing H2O. Some of the NH3 formed during the regeneration subsequently reacts 
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with the stored NOx to produce N2. Cumaranatunge et al.[44] and Lietti et al. [45] have 

proposed that NH3 acts as hydrogen carrier during the regeneration.  

R4: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO f H O BaO f NH    ,  

R5: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO s H O BaO s NH    ,  

R6: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO f H O BaO f N    ,  

R7: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO s H O BaO s N    ,  

R8: 2 2H O X H O X   ,  

R9: 3 3NH X NH X   ,   

 
2 3, , , 1H O X NH X v X     .

 

Here 
2 ,H O X and 

3 ,NH X  are the coverages of H2O and NH3 on Al2O3 sites, respectively 

and 
v,X  is the vacant site coverage. The following micro-kinetic steps are considered to 

account for the NO and H2 reaction occurring on the Pt site,  

R10: NO Pt NO Pt   , 

 R11: 2 2 2H Pt H Pt   , 

R12: NO Pt H Pt N Pt OH Pt       , 

R13: H Pt O Pt OH Pt Pt      , 
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R14: 2 2H Pt OH Pt H O Pt     , 

R15: 22 2N Pt N Pt   , 

R16: NO Pt Pt N Pt O Pt      , 

R17: 33 3N Pt H Pt NH Pt Pt      , 

R18: 3 3NH Pt NH Pt   ,
 

R19: 2 2 2O Pt O Pt   .
 

2.3.2 Selective Catalytic Reduction  

There is an extensive literature describing the kinetic and mechanistic details of 

the SCR reactions over metal-exchanged zeolite catalysts. Sjövall et al. [70 ] have 

developed and validated kinetic models for SCR of NOx with NH3 based on two and four 

different sites of adsorption on Fe-zeolite catalyst. Nova et al. have used 1+1 dimensional 

two phase model to study the effects of various parameters representing the structural and 

geometrical characteristics of a catalytic converter, they have also focused on the effect 

of inter-phase mass transfer and intra-phase diffusional limitations on the deNOx 

efficiency of the zeolite catalysts [71]. Baik et al. [33] developed a model that studies the 

reduction of NOx using urea under steady state conditions using Cu-ZSM5 catalyst. 

Similarly, Delahay et al. [72] developed a steady state model for Cu-faujasite and 

Stevenson et al. [73] for H-ZSM5.  

Malmberg et al. [74] presented a transient kinetic model for SCR of NO over Fe-

zeolite catalyst. Olsson et al.[79] recently developed a global dynamic kinetic model for 
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NO/NO2–NH3 SCR over a Cu–ZSM-5 catalyst. Kinetic study of the SCR reaction was 

carried out by Valdes-Solis et al. [75], they have developed a power-law rate expression 

that led to that conclusion that NO does not react from the gas phase. Additionally, the 

competition observed in the adsorption of water and NO and the concomitant decrease in 

catalytic activity further confirm that NO reacts from an adsorbed state. All the above 

studies focused on important reactions like NH3 adsorption desorption, Standard-SCR 

reaction, Fast-SCR reaction, NO2-SCR reaction and NH3 oxidation. NH3 is an important 

precursor during the SCR of NOx,  

  

R20: 3 3NH S NH S   , 

R21: 3 2 2 2

3
2 3 2

2
NH S O N H O S     , 

R22: 2 2

1

2
NO O NO  , 

R23: 3 2 2 24 4 4 6 4NH S NO O N H O S          (Standard SCR reaction),  

R24: 3 2 2 22 2 3 2NH S NO NO N H O S          (Fast SCR reaction), 

R25: 3 2 2 24 3 3.5 6 4NH S NO N H O S               (NO2 SCR reaction), 

R26: 3 2 2 2 22 2 3 2NH S NO N N O H O S      ,        

3
1v NH   .  

Reaction R23 is called the Standard-SCR reaction. It is found to be dominant in 

the temperature range of 250 – 450
o
C. Compared to reaction R24 (Fast-SCR),  standard 
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SCR reaction is relatively slow. In the analysis of the dynamics behacior of the SCR 

catalyst, it is desired to operate the system such that NO2/NOx ratio is close to 0.5 [76, 77, 

78].Third reaction is called NO2-SCR reaction and it is less important when compared to 

the other two reactions.  
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CHAPTER 3 

MODELING STUDIES ON LEAN NOx REDUCTION BY A 

SEQUENCE OF LNT – SCR BRICKS 

3.1 Introduction  

Lean burn gasoline and diesel engines are becoming increasingly popular because 

of their high fuel efficiency and low CO2 emissions. However, the oxygen rich 

environment (with A/F ratios around 16:1 – 17:1) increases NOx emissions, and its 

removal is a major technological challenge. Leading technologies for NOx emissions 

reduction include: a) NOx storage and reduction (NSR) and b) selective catalytic 

reduction (SCR).  

The NSR process is carried out over a Lean NOx Trap (LNT) which is a monolith, 

washcoated with a bifunctional catalyst. The conventional LNT catalyst comprises of 

precious metals (Pt, Rh, etc.) and oxides of alkaline earth metal (Ba, K) supported on a 

high surface area metal oxide carrier like Al2O3, MgO etc. The most common LNT 

catalyst is Pt/BaO/Al2O3. Alternate lean and rich fuels are periodically fed to the LNT. 

NOx is stored on the trapping material (BaO) during the lean feed (consisting of NO and 

O2) period. It is subsequently purged by a rich feed (containing reducing agents like H2, 

Hydrocarbons, etc.) to form N2 and H2O. Formation and consumption of the NH3 occurs 

during the reduction of the stored NOx by a complex network of reaction steps. 

Experiments revealed that NH3 generated in the upstream of the LNT reacts with stored 
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NOx downstream until it breaks through the LNT. Major concerns in the operation of the 

LNT are NOx reduction, NH3 slip, and the cost of the precious metal catalyst.  

Selective catalytic reduction (SCR) which uses NH3 as a reductant is a widely 

used commercial technology for NOx abatement. In mobile applications urea can be used 

to generate NH3. Urea-SCR recently has found widespread application in the exhaust 

after-treatment of automobiles and heavy duty vehicles. One of the main disadvantages of 

Urea-SCR is the cost and space required for the urea injection system. Various catalysts 

like V2O5/TiO2 and metal exchanged zeolites like Cu/Fe-ZSM5 are used for selective 

catalytic reduction of NOx. The use of V2O5/TiO2 for the abatement of NOx in the exhaust 

gases is regulated in some countries because of the toxicity and poor stability at the high 

temperatures (T > 400
o
C). Metal zeolites like Cu/Fe-ZSM5 perform better over a wide 

range of temperatures, are environmentally friendly and have good durability with respect 

to hydrothermal aging. Olsson et al. [79, 80, 81]developed a global and a micro-kinetic 

model for NH3 SCR reaction on Cu-ZSM5 catalysts. Recently Metkar et al. [41] have 

reported detailed transient and steady state kinetic studies of SCR using Fe-ZSM5 

catalyst.  

Hybrid technologies which combine the functionalities of LNT and SCR offer an 

opportunity to overcome the disadvantages of either the LNT or SCR. An economic 

incentive in using the combined LNT – SCR system is the potential lowering of the 

expensive precious metal loading. Theis et al. [82] studied the advantages of using a 

sequence of LNT – SCR bricks at high temperatures. Lindholm et al. [83] evaluated the 

performance of Pt/Ba/Al2O3 along with Fe-Beta catalyst on NOx conversion. They 

reported a significant improvement in deNOx efficiency of the sequential catalytic 
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system. Forzatti et al. [84] and Seo et al. [85] studied the NOx reduction by a sequential 

pair of LNT and SCR catalysts. They reported a pronounced improvement in NOx 

removal efficiency especially at low temperatures ( < 200
o
C) at which considerable NH3 

slip from the LNT catalyst occurs. Chatterjee et al. [86] reported experimental results and 

modeling of the combined LNT-SCR catalytic system, showing improvement in deNOx 

and NH3 trapping efficiency. The goal of very few investigations was minimizing the 

required precious group metal (PGM) loading while maintaining a specified NOx 

reduction. Gandhi et al. [87] developed a sequential LNT and SCR catalytic brick system 

to enhance NOx removal that was tested experimentally by Theis et al. [88]. They found 

that for a specified NOx reduction, the required total loading of precious metal catalyst 

could be reduced and thereby decrease the cost of the combined systems.  

The main objective of the present modeling study is to determine which 

sequential LNT-SCR bricks operation can achieve the required NOx reduction with a 

minimal loading of PGM. We describe below the mathematical model and the kinetic 

network of the reactions in the LNT and SCR used to study the combined system. The 

model enables an efficient determination of the rate processes which limit the 

performance of the sequence of the sequence of LNT-SCR bricks and an efficient 

optimization of its design and operation. Simulations of a single LNT and SCR brick are 

followed by those of multiple brick architecture. We study the dependence of the NOx 

conversion on the temperature, catalyst architecture, precious metal loading, and cycle 

time. The results provide useful insight and guidance for optimizing the operation of the 

system.  
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3.2 Mathematical Model Development  

One dimensional two-phase model is used to simulate the spatiotemporal profiles 

of various species in the LNT and SCR bricks during lean and rich operation. We restrict 

the computation and analysis to isothermal cases and study the dynamic behavior of a 

sequential LNT-SCR system at three temperatures (237, 275 and 335
o
C). Following 

assumptions are made during the model development, 1) variation of physical properties 

of the exhaust gas with composition is neglected; 2) dispersion in the axial direction is 

negligible compared to convection; 3) diffusional limitations inside the washcoat are 

initially assumed to be negligible at the temperatures considered. The impact washcoat 

diffusional resistance is assessed later in the present work; and 4) the flow in the 

monolith channel is laminar and fully developed. The model incorporates a species 

balance for the fluid and the solid phases (washcoat). The details of the model equations 

are provided in Chapter 2. Brief discussion is presented here for the sake of continuity. 

The fluid phase balance accounts for the accumulation, convection, and mass transfer of 

species from the bulk fluid to the washcoat,  

 
( , )jm jm c

jm jwc

X X k j z
u X X

t z R

 
   

 
.                                                                    (3.1) 

The subscript j represents the species (j = NO, NO2, O2, H2, NH3, H2O), Xjm is the 

dimensionless mixed-cup mole fraction of species j, u  is the average velocity, ( , )ck j z  is 

the position-dependent mass transfer coefficient, and R  is the effective transverse 

length scale.  
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Similarly, the solid phase balances describe the accumulation, mass transfer from 

fluid phase, and catalytic reaction occurring within the washcoat,  

 
, ,

1

( , )
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rxn

mj Vm wc ads j des j
jwc mc

wc jm jwc

wc Tm

R X R R
X k j z

X X
t C

 






 
      




,                      (3.2) 

where, wc  is the washcoat porosity, wc  is the washcoat thickness, CTm is the total molar 

concentration, VmR , 
,ads jR  and 

,des jR  are the rates of the reaction, adsorption and 

desorption, respectively, and 
mj  is the stoichiometric coefficient of species j in reaction 

m.  

Effective mass transfer coefficient is used to account for transverse gradients. The 

spatial dependence of the effective mass transfer coefficient was developed by 

Ramanathan et al. [89] for a fully developed velocity and developing concentration 

profiles. When the diffusion limitations in the washcoat are not negligible, overall mass 

transfer coefficient ko(j,z) is to be used, that accounts for both the internal and external 

transport resistances instead of kc(j,z) in eqs. 3.1 and 3.2. Joshi et al. [90] showed that this 

overall mass transfer comprises of internal and external resistances and is given by,   

1

1 1
( , )

( , ) ( , )
o

e i

k j z
k j z k j z



 
  
 

,                                                                                   (3.3) 

where the position dependent external mass transfer coefficient of species j is ( , )ek j z  = 

4

(z)mj e

R

D Sh

  and the position dependent internal mass transfer coefficient of species j is 
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( , )ik j z  = wc

ej iD Sh


 , R  is the effective transverse length scale, wc  is the washcoat 

thickness, 
mjD  is the diffusivity of species j in the bulk fluid, 

ejD  is the effective 

diffusivity of species j in the washcoat, (z)eSh  is the position dependent external 

Sherwood number and iSh  is the internal Sherwood number [91]. Gas diffusivities 

calculated by the Lenard-Jones potentials are reported in the Table 4-4. Initially we 

present calculations assuming ki is very large (infinity) or equivalently, washcoat 

diffusional effects are neglected. In section 5, we assess the validity and impact of this 

assumption.  

Surface coverage of the adsorbed species on the LNT catalyst is described by,  

( , )

1

( , )
( , ) ( , )

rxn
v

BaO lBaO f s Vl wc

l

f s
C f s R X

t


 







 ,                                                              (3.4) 

, ,

jX

X ads j des jC R R
t


 


,                                                                                                (3.5) 

where ( , )v f s  is the fractional coverage of the fast or slow sites in the washcoat, 

( , )BaOC f s  is the concentration of fast or slow BaO storage sites, 
( , )lBaO f s  is the 

stoichiometric coefficient in the reaction l, 
jX  is the coverage on Al2O3 sites by NH3 and 

H2O, and CX is the total concentration of adsorption sites on Al2O3 for NH3 and H2O.  

Fractional coverage of the adsorbed species on the SCR catalyst surface is described by,  

1

( , )
rxn

jS

S mj Vm wc

m

C R X
t


 







 ,                                                                                         (3.6) 
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where, 
jS  is the fractional coverage of NH3 on the zeolite, SC  is the concentration of 

adsorption sites on Cu-ZSM5 catalyst, 
mj  is the stoichiometric coefficient of species j in  

reaction m and VmR  is the reaction rate. The initial and inlet conditions are, 

( ,0) 0jmX z                    @ 0t  ,                                                                                 (3.7) 

( ,0) 0jwcX z                  @ 0t  ,                                                                                  (3.8) 

( )j joz                       @ 0t  ,                                                                                  (3.9) 

(0, ) ( )jm inletX t X t        @ 0z  .                                                                                (3.10)   

The properties of the LNT and SCR such as cell density, channel length and washcoat 

thickness may be different. However, for the sake of simplicity, we assume that these are 

equal. This assumption may affect the optimal design analysis of the sequential LNT-

SCR bricks. The simulations were conducted using the following values: total length of 

either the LNT or SCR brick (L) is 2 cm, the gas velocity ( u ) is 0.98 m/s (space velocity 

of ~ 60000 hr
-1

), the hydraulic diameter 4 R  is 1.110
-3

 m, washcoat porosity ( wc ) of 

0.41 and washcoat thickness ( wc ) of 3.010
-5

 m. We chose the total length of either the 

LNT or SCR to be 2 cm because of the availability of the experimental data to which the 

simulation predictions could be compared. For the assumed dimensions and assuming a 

square channel, the washcoat volume is 2.6410
-9

 m
3
 per channel.  

 

 



34 

 

3.2.1 Kinetic Model of LNT  

The kinetic model of the LNT catalyst accounts for a) NO oxidation to NO2 on 

the precious metal, b) storage of NO2 in the form of nitrates or nitrites, and c) anaerobic 

reduction of stored NOx with H2 during the rich phase. It is known that NO2 adsorbs more 

readily onto NSR trapping species than NO [92 ] [93 ]. Since the majority of NOx in the 

exhaust is NO, it’s oxidation to NO2 on the precious metal (Pt) is an essential precursor in 

the LNT reactions,  

R1: 2 2

1

2
NO O NO  . 

The corresponding rate expression and the kinetic parameters for NO oxidation, 

derived from the work of Bhatia et al. [94 ] are provided in the Appendix [A4]. NO2 

produced by oxidation of NO is stored on the trapping material (BaO) in the form of 

nitrates or nitrites. The storage process occurs on two types of sites designated as fast and 

slow sites. This two site mechanism can explain experimentally observed trends 

including initial storage and gradual breakthrough of NOx. Storage sites present in the 

vicinity of Pt/BaO interface are referred to as fast sites and employ a spillover mechanism 

for storing NO2. Sites that are removed from the BaO and Pt interface are referred to as 

‘slow’ sites which may involve gas phase transport,  

R2: 2 3 23 ( ) ( ) ( )NO BaO f Ba NO f NO                (fast sites),  

      
3 2( )( ) ( ) 1v Ba NOf f   , 

R3: 2 3 23 ( ) ( ) ( )NO BaO s Ba NO s NO                   (slow sites),  
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3 2( )( ) ( ) 1v Ba NOs s   . 

During the rich feed, H2 acts as a reducing agent and in the absence of O2 

converts stored NOx to N2 and H2O. NH3 is formed as an intermediate during the 

regeneration step and reacts with NOx stored downstream to produce N2 and H2O. 

Adsorption of H2O and NH3 on Al2O3 sites is also accounted for in this model which can 

explain some of the observed experimental trends. The reduction model consists of the 

following global reactions,  

R4: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO f H O BaO f NH    , 

R5: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO s H O BaO s NH    , 

R6: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO f H O BaO f N    , 

R7: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO s H O BaO s N    , 

R8: 2 2H O X H O X   , 

R9: 3 3NH X NH X   ,  

 
2 3, , , 1H O X NH X v X     .

 

The kinetic parameters used for the regeneration reactions are reported in 

Appendix [A4]. In order to account for the reaction between NO and H2 during the rich 

period and to predict the experimentally observed selectivities of NH3 and N2, we used 
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the nine reaction step micro-kinetic sequence shown below and described by Xu et al. 

[95], 

R10: NO Pt NO Pt   , 

 R11: 2 2H Pt H Pt   , 

R12: NO Pt H Pt N Pt OH Pt       , 

R13: H Pt O Pt OH Pt Pt      , 

R14: 2 2H Pt OH Pt H O Pt     , 

R15: 22 2N Pt N Pt   , 

R16: NO Pt Pt N Pt O Pt      , 

R17: 33 3N Pt H Pt NH Pt Pt      , 

R18: 3 3NH Pt NH Pt   ,
 

R19: 2 2O Pt O Pt   .
 

Seven of these reaction steps are eversible whereas formation of H2O and N2 are 

irreversible. The corresponding rate expressions are reported in the Appendix [A2] and 

the corresponding kinetic parameters were provided by Xu et al. [95].  
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3.2.2 Kinetic Model of SCR  

The model assumes that the SCR reaction between NH3 and NOx is carried out 

using a Cu-ZSM5 catalyst. The global kinetic model for Cu-ZSM5 catalyst includes NH3 

adsorption, NO oxidation to NO2, selective reduction of NOx by adsorbed NH3, NH3 

oxidation, and a side reaction producing N2O. The kinetic model assumes Eley-Rideal 

mechanism to account for the reaction between adsorbed NH3 and gas phase NOx. 

Tronconi et al. [96] have used similar mechanism to model the NH3 SCR reaction over 

Vanadia and Zeolite catalysts. The main reactions considered in NH3 SCR are,  

R20: 3 3NH S NH S   , 

R21: 3 2 2 2

3
2 3 2

2
NH S O N H O S     , 

R22: 2 2

1

2
NO O NO  , 

R23: 3 2 2 24 4 4 6 4NH S NO O N H O S          (Standard SCR reaction), 

R24: 3 2 2 22 2 3 2NH S NO NO N H O S          (Fast SCR reaction), 

R25: 3 2 2 24 3 3.5 6 4NH S NO N H O S               (NO2 SCR reaction), 

R26: 3 2 2 2 22 2 3 2NH S NO N N O H O S      ,        

        
3

1v NH   .  

The rate expressions for the above reactions and the kinetic parameters used in the 

simulation are reported in the Appendix [A3].  
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3.2.3 Validation of the LNT and SCR Kinetic Models  

NOx storage and breakthrough behavior of LNT has been widely discussed and 

intensely studied. The kinetic scheme for NO oxidation to NO2, used in our model, is 

adopted from the work of Bhatia et al. [94]. Experimental results at three temperatures 

were used to validate the global kinetic parameters used in our model that accounts for 

the storage and regeneration reactions. These predictions were made for 60 s lean feed of 

500 ppm NO, 5% O2 and 60 s rich feed of 1% H2. The gas velocity was 1 m/s 

corresponding to the space velocity of ~ 60,000 hr
-1

. The validation was done for a 

catalyst with 1.1 wt% Pt loading and 33% dispersion. To account for the change in the 

kinetic parameters with Pt loading, we adopted the following relation proposed by Xu et 

al. [95],  

m
i

Pt
i B B

Pt

C
k k

C

 
  

 
.                                                                                                        (3.11) 

Here, PtC  is the Pt concentration (mol/m
3
 washcoat), i is the index identifying a 

particular catalyst, B refers to the catalyst whose Pt loading and kinetic parameters are 

known, and m is the sensitivity of the kinetic parameters to the Pt concentration. Equation 

3.11 with m = 1 was used to study the effect of Pt loading on NOx storage behavior. We 

assume that the regeneration kinetics have a similar dependence on the Pt loading. The 

number of fast storage sites is assumed to be proportional to the Pt loading and that of 

slow storage sites is obtained by subtracting the fast sites from total amount of storage 

sites. Model predicted cycle averaged NH3 and N2 selectivities are shown in Figure 3-1. 

The data for the lowest and highest temperatures are fitted with the model. The activation 
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energies of the storage and regeneration reactions were further tuned to obtain the best 

possible fit over the three temperatures studied. The parameters used to model the SCR 

reactions have been experimentally validated by Olsson et al. [79] for Cu-ZSM5 catalyst. 

We have not attempted to tune any of the SCR kinetic parameters.  

 

 

 

 

 

 

 

 

 

Figure 3-1. Comparison of NH3 and N2 selectivities obtained from experiments and 

model. (lines with white symbols represent model results and filled black symbols 

represent experimental results). 

 

3.3 Characteristic Times and Capacities  

Multiple rate processes including convection, mass transfer, catalytic reaction, 

storage, adsorption, and desorption occur within the channels of an LNT or SCR. Insight 

into the dominant process may be obtained by analyzing the characteristic times of 
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various processes. These include the convection time ( /C L u  ), the gas diffusion time 

in transverse direction ( 2 /D mjR D  ), and the characteristic reaction times                        

( / ( )
jR ref j refC R C  ) for reaction j which correspond to the NO oxidation (

1R ), storage   

(
2,3R ), and regeneration (

4,5R ), reactions on both the fast and slow sites in the LNT, and 

the standard (
22R ), fast (

23R ), and NO2 SCR (
24R ) reactions in the SCR. Here, L is the 

length of the catalyst, u  is the average gas velocity, R  is the effective transverse 

diffusion length of the channel, and 
mjD  is the diffusivity of the species in bulk gas 

phase.  

The characteristic times of some of the important processes and capacities of the 

catalysts involved in the operation of the sequence of LNT – SCR model are reported in 

Tables 3-1 and 3-2. Many dynamic aspects may be predicted from an analysis of the time 

constants. For example, the time constants of the LNT reactions are shorter than those of 

the SCR reactions, which imply that the LNT has a major impact on the deNOx efficiency 

of the sequential system. The ratio between the convection and fast storage times (
2

/C R 

= 43.8 >> 1 at 237 
o
C) implies that NOx is rapidly stored as the feed enters the LNT. 

Similarly the ratio of the convection to the slow storage time (
3

/C R  = 0.39 < 1 at 237 

o
C) implies that some NOx may slip from LNT at 237 

o
C. Similar estimates may be made 

for other rate processes. For example, inspection of Table 3-1 shows that at 335 
o
C, all 

the reactions in the LNT except the slow storage are external mass transfer controlled. 

Similarly at 335 
o
C, all the reactions in the SCR except the fast SCR reaction are in the 

kinetic regime. The capacities of the individual catalysts determine the maximum amount 
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of the species that may be stored or adsorbed. These are calculated using the following 

relations,  

LNT: NOx Storage Capacity = 2 ( , )w BaOV C f s ,   

SCR: NH3 Adsorption Capacity = w SV C .  

Table 3-1 Characteristic Times of Different Processes in the LNT Catalyst.  

Characteristic 

time (ms)  

Temperature (
o
C) 

237 275 335 

   21.9 20.4 18.35 

   1.46 1.29 1.08 

    8.75 1.95 0.5 

    0.5 0.2 0.08 

    56 16 3 

    1.4 0.52 0.14 

    15 4.2 0.7 

    14 3 0.55 

    52 9.8 1 
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Here, 4(4 )w wcV R L  is the volume of the washcoat, ( , )BaOC f s  is the concentration of 

the fast and slow storage sites in the LNT catalyst, 4R  is the channel hydraulic 

diameter, L is the catalyst length, wc  is the washcoat thickness. NO2 is stored in the LNT 

as nitrites or nitrates on both the fast and slow sites. The maximum amount of NO2 that 

can be stored on the fast sites is the short-term NOx storage capacity of the LNT. For a Pt 

loading of 2.2 wt% and 21.9 % dispersion, it is calculated to be 132.5 mol/m
3
 of 

washcoat (or 0.35 μmol/channel). Similarly, the maximum amount of NO2 that can be 

stored on the slow sites is the long term storage capacity which is 530.3 mol/m
3
 of 

washcoat. 

Table 3-2 Characteristic Times of Different Processes in the SCR Catalyst.  

Characteristic 

time (ms)  

Temperature (
o
C) 

237 275 335 

   21.9 20.4 18.35 

   1.46 1.29 1.08 

     359.7 89.7 14 

     7.6 1.9 0.3 

     385 118 24.6 

 

The short term NOx storage capacity of the LNT is an important parameter in 

determining the efficiency of the combined LNT-SCR system at low temperatures. It 

determines the duration of the lean cycle time beyond which NOx breakthrough may 
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occur from the LNT. For example, for an inlet NO concentration of 500 ppm at 237 
o
C 

and 0.98 m/s, assuming NO oxidation and storage reactions are instantaneous, the fast 

sites can store all the incoming NOx for duration of about 17.6 s. The maximum amount 

of NH3 that can be stored on the Cu-ZSM5 catalyst is calculated to be 3939.4 mol/m
3
 of 

washcoat (10.4 μmol/channel), assuming that the geometric parameters like washcoat 

thickness, cell density, and length of the catalyst are the same for both the LNT and the 

SCR catalyst, which need not be the case.   

The capacities and the time constants provide guidance into how to optimize the 

cell dimensions of the monolith and operating conditions. By adjusting these values it is 

possible to affect the ratio of the LNT effluent NO to NO2 and the NH3 selectivity. The 

capacities and time constants are inherently dependent on Pt loading and dispersion. 

Assuming that the Pt particle are hemispherical and surrounded by a layer of BaO with 

circular interfacial perimeter, the exposed Pt surface area and interfacial perimeter 

increases as the Pt loading is increased. This facilitates the NO oxidation, which is a 

surface area dependent process and the spillover reactions including the storage and 

regeneration processes. These are dependent on interfacial perimeter between Pt and 

BaO. As the Pt loading increases, the short-term storage capacity increases.  

Similarly, as the dispersion is increased for a fixed loading, the exposed surface 

area of the Pt increases and the effective distance between Pt particles decreases, 

resulting in the enhanced storage and regeneration processes. Therefore, to increase the 

NH3 selectivity, the rate of the NH3 reaction with stored NOx should be minimized. This 

may be accomplished by reducing the Pt loading or by decreasing the Pt dispersion. As 

H2 reacts with stored NOx faster than NH3, changing the loading or dispersion affects the 
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NH3 reaction more than the H2 reaction. Because of the simple dependence of the rate on 

Pt loading, we investigate here only that effect.  

3.4 Sequence of LNT-SCR bricks 

It has been suggested that a sequence of LNT-SCR bricks offer a potential 

reduction of the NOx emission and a reduction of the NH3 slip. The performance of this 

system depends on many parameters including the number and size of the bricks, the Pt 

loading and its axial distribution, temperature, cycle time, and monolith geometric 

parameters such as cell density, washcoat thickness, length of the catalyst, etc. An ideal 

design and operation of an LNT-SCR pair is attained when 50 % of the NOx from the 

exhaust is stored in the LNT during the lean feed and the other 50 % exits the LNT (with 

NO/NO2 ratio of 1:1) and is converted in the SCR unit by the fast SCR reaction. All the 

NOx stored in LNT has to be converted to NH3 during the rich feed. It is adsorbed on the 

SCR and subsequently converts all the NOx slipping out of the LNT. Attaining this ideal 

operation is very difficult as it is affected by many factors such as the NOx storage 

capacity of the LNT, the selectivity of NH3 in the LNT, and the NO2/NO ratio that 

determines the dominant reaction occurring in the SCR. This ideal case serves as a point 

of comparison to obtain an optimal design for the sequence of LNT-SCR catalyst.  

As the SCR reactions are slow at low temperature compared to the NOx storage 

and reduction reactions, the performance of the LNT-SCR sequence is rather close to that 

of a single LNT. Hence, it is important to find how to optimize the performance of this 

sequence at low temperature. To accomplish this we studied the effect of Pt loading and 

cycle time. We present first the results for a single brick of LNT and SCR at 237 
o
C 
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followed by a study of a LNT-SCR sequence of bricks. We then report on the 

performance of various brick architectures at three temperatures (237, 275 and 335 
o
C), 

on the influence of the Pt profile and the impact of cycle time on the NOx conversion.  

3.4.1 Single Brick Arrangement 

Figure 3-2 compares the temporal effluent concentrations of NO and NO2 of a 

single LNT catalyst with that of a LNT-SCR sequence for one periodic cycle of 70 s, 

consisting of a 60 s lean feed followed by 10 s rich feed. The lean feed contains 500 ppm 

NO and 5 % O2, while the rich feed contains 500 ppm NO and 0.875 %H2. The gas 

velocity and temperature are 0.98 m/s and 237 
o
C, respectively. The figure shows the 

effluent concentrations after a periodic steady state is attained. The NOx breakthrough 

occurs about 15 s after the start of the lean period and the effluent concentration 

gradually increases with time. The effluent NO and NO2 concentration from the LNT-

SCR sequence is lower than that from the LNT as the NH3 adsorbed on the SCR catalyst 

during the previous rich cycle reacts with the NO and NO2. During the rich operation, the 

H2 feed reacts with the stored NOx producing intermediate NH3.  

The NH3 formed during the regeneration acts as hydrogen carrier and reacts with 

stored NOx downstream in the LNT brick forming N2 and H2O. The regeneration front 

moves downstream causing NH3 and H2 breakthrough. The simulations do not predict the 

formation of an NOx puff during the rich period, as the global kinetic model does not 

account for the release of NOx upon regeneration and other mechanistic details like 

reverse spillover. Improved microkinetic model for storage process could give better 

insights into such phenomenon.  
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Figure 3-2. Effluent NO and NO2 concentrations from LNT and LNT-SCR catalyst 

system. 

 

 

 

  

 

 

 

 

 

Figure 3-3. Spatio-temporal profile of NH3 from LNT-SCR catalyst system during rich 

period. NH3 profiles are shown every 2 s during the rich period.  
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Our kinetic model accounts for the reaction between gaseous phase NO and H2 on 

the LNT catalyst during the rich phase. This reaction generates N2, NH3 and H2O 

depending on the temperature and feed composition. The NO consumption during the 

rich phase is by the reaction between NO and H2. Effluent compositions predicted by the 

model are qualitatively consistent with experimental results [52, 53, 55]. Figure 3-3 

shows the calculated NH3 concentration profiles during the rich operation. It can be seen 

that some of the NH3 produced upstream is consumed in the downstream of the LNT with 

a peak in between that moves through the length of the LNT brick. NH3 slip is 

considerable during the rich cycle when a single LNT brick is used. However, upon 

adding a sequential SCR brick, almost all of the NH3 is trapped and utilized in the next 

lean cycle to reduce the NOx slipping out of the LNT.  

Thus the spatio-temporal profiles of the NH3 clearly indicate the reduction in the 

NH3 slip. The simulations of the single brick arrangement predict that ~ 70% of the NOx 

feed is stored in the LNT and ~ 30% is slipping to the SCR downstream of the total NOx 

stored only ~ 25% (~ 17% of the incoming NOx) is converted to NH3. Hence, the 

simulated case differs from the ideal case and the NH3/NOx ratio entering the SCR is 

~0.57 which causes some NOx to slip out of the LNT-SCR sequence so that the overall 

NOx conversion is ~ 83%. To improve this NOx conversion, it is necessary to increase the 

NH3 selectivity in the LNT. This may be achieved by dividing the LNT-SCR into 

multiple bricks or by decreasing the Pt loading. Dividing the catalyst into multiple 

sections enables to prevent the NH3 consumption in the LNT catalyst and capture it in the 

SCR subsequently.  
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3.4.2 Multiple LNT-SCR bricks 

  We conducted simulations to determine the impact of dividing each catalyst brick 

into several bricks forming a sequence of LNT-SCR pairs as done experimentally by 

Theis et al. [55]. The total length of the sequence of LNT-SCR pairs was 4 cm, and  

 

 

 

 

 

 

 

Figure 3-4. Architecture of n pairs of LNT-SCR bricks with fixed total length.  

the multiple brick architecture is shown in Figure 3-4. A major advantage of this 

architecture is that the NH3 consumption in the LNT is decreased, and it is stored in the 

SCR brick adjacent to the LNT. Comparison of Figures 3-3 and 3-5 shows that a 

temporal downstream moving NH3 peak forms in the LNT by the reaction with stored 

NOx. When two pairs of LNT-SCR sequential bricks are used, the NH3 peak in the 

second LNT is lower. Similar decrease in the amplitude of the NH3 peak occurs as the 

number of the LNT-SCR bricks in the sequence increases. 
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Figure 3-5. Spatio-temporal profile of NH3 in the multi-brick architecture (n=2). NH3 

profiles are shown every 2 s during the rich period.  

 

Figure 3-6 shows that the NOx conversion increases monotonically with an 

increase in the number of divisions of the sequence of LNT-SCR catalysts at the three 

temperatures (237, 275 and 335 
o
C). Here   represents the length ratio of LNT to SCR 

and n is the number of LNT – SCR brick sequences. By dividing the LNT – SCR brick 

sequence into equal halves and rearranging, the consumption of the NH3 generated in the 

LNT is reduced. Consequently, more NH3 selectively reduces the NOx slipping out of the 

LNT bricks during the lean feed. Theis et al. [55] attributes the increase in NOx 

conversion to an improved balance of the NOx and NH3 in the SCR catalyst zones. Figure 

3-8 shows that a multiple brick architecture can increase the NOx conversion by 

approximately 5 % at T = 237 
o
C. Most of the deNOx activity predicted at 237 

o
C is  
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Figure 3-6. Dependence of cycle averaged NOx conversion on n and  .   
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attributed to the LNT. The overall NOx conversion increases as the temperature is 

increased. However, is a small amount of NH3 slip was observed from the LNT-SCR 

sequence as the number of bricks increase. This behavior is expected because NH3 

consumption in LNT decreases and the net amount of NH3 entering the SCR brick is 

increased. For lower values of lambda there are two contributing factors for the decrease 

in NH3 slip: a) reduced NOx storage in the LNT bricks resulting in a decrease in NH3 

production and b) the increase in the storage capacity of the SCR for NH3.  

3.4.3 Impact of Non-uniform Pt loading  

It is very desirable to minimize the precious metal loading required to obtain a 

specific deNOx activity. To determine the influence of using non-uniform precious metal 

loading, we conducted simulations of the performance of two pairs of LNT-SCR bricks 

having a total loading of 2.2 wt% of Pt and 21.9 % dispersion. The non-uniform Pt 

loading was realized by removing x % Pt from the first LNT and adding it to the second 

LNT brick. The simulations were conducted at three temperatures (237, 275 and 335 
o
C).  

Figure 3-7 shows the period averaged NOx conversion versus  . At all 

temperatures, the NOx conversion is a monotonic increasing function of  and of the 

temperature. For  = 1, the NOx reduction at 237 
o
C can be increased by about 4 % by 

shifting 40 % of the precious metal loading from the first LNT brick to the second LNT 

brick. However, if a larger fraction of the precious metal loading is shifted from the first 

to the second LNT brick, the overall NOx conversion decreases below the base case 

where the loading of both LNT bricks is equal.  
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Figure 3-7. Dependence of cycle averaged NOx conversion on Pt percentage loading in 

first of the two bricks.  
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The goal of reducing the precious metal loading in the first LNT brick is to reduce the 

NH3 consumption in the LNT. The loading of the precious metal in the second brick was 

increased to reduce the NOx slippage out of the LNT – SCR bricks. For  = 1, the impact 

of non-uniform precious metal loading is largest at T = 237 
o
C at which both the first and 

second LNT bricks contribute to the NOx reduction. At higher temperatures most of the 

NOx reduction is performed by the first LNT brick. This indicates that the LNT – SCR 

system in this example is over designed, i.e. the same reduction could be accomplished 

using a lower total precious metal loading. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. Influence of total cycle time (tL + tR; tL = 6tR) on NOx conversion with two 

pairs of uniform LNT and SCR bricks. 
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3.4.4 Influence of Cycle Time 

Simulations were conducted to determine the impact of the total period time 

(tL+tR) on the NOx effluent concentration from the first and second LNT that are fed to 

the first and second SCR. Figure 3-8 describes the effluent dependence on the total period 

time at T = 237 
o
C, for tL = 6tR, which is a typical ratio of the lean to rich time. 

Decreasing the total cycle time leads to a rapid regeneration and less NOx slips out of the 

LNT brick, enhancing the performance of the LNT-SCR sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-9. Influence of total cycle time (tL + tR; tL = 6tR) on the ratio of the avg. NH3 to 

avg. NOx effluent from first (L1) and second (L2) LNT bricks.  
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Among all the parameters that affect the performance of the sequence of the LNT-

SCR bricks, the cycle time has the strongest impact. Approximately 15 % increase in the 

NOx conversion is predicted for  = 0.33 upon reducing the total cycle time by a factor of 

2. The ratio of the period averaged NH3 to period averaged NOx leaving the first and 

second LNT was determined in an attempt to explain the above trends. Figure 3-9 shows 

the average NH3 to average NOx ratio for   of 0.33 and n = 2. The ratio is increasing as 

the cycle time is decreased because rapid cycling reduces the amount of NOx slip from 

the LNT. Also the increase in the average NH3 concentration was rather small. This 

behavior was expected because by shortening the period time, we do not make use of the 

long-term storage capacity (530 mol/m
3
 of washcoat, corresponding to the slow sites) 

which is nearly four times larger than that of the short-term storage capacity (132.5 

mol/m
3
 of washcoat, corresponding to the fast sites). As a result, both the NH3 production 

and consumption on the slow sites are decreased.  

The efficiency of the SCR brick is also increased due to the improved avg. NH3 to 

avg. NOx ratio. Decrease in NOx slip and the improved performance of the SCR bricks 

contribute to the increased deNOx efficiency of the sequence of the LNT – SCR bricks as 

the cycle time is reduced. While reducing the cycle time improves the performance, it is 

to be noted that this time cannot be too short as it is known that if the cycle time is very 

short, the regeneration reaction may not be ignited and hence the deNOx activity is 

reduced. Also, shorter cycle time is detrimental to the fuel economy of the vehicle. The 

optimum cycle time can be determined by examining the dynamic behavior of the LNT-

SCR catalyst under non-isothermal operating conditions.  
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3.5 Impact of Washcoat Diffusion on NOx Conversion Efficiency 

The simulations of the LNT and SCR bricks presented so far have neglected 

washcoat diffusional effects. We asses here the impact of washcoat diffusion and show 

that when the diffusional limitations are accounted for, the qualitative impact of the brick 

architecture, precious metal loading and cycle time on the effluent is not changed, but the 

NOx conversion is decreased. The importance of washcoat diffusion in the LNT and SCR 

bricks may be estimated by the Weisz modulus (  ) defined as,   

2

,

(C)j c

ej j in

R

D C


  .                                                                                                             (3.12) 

Here, wc  is the washcoat thickness, 
ejD  is the effective diffusivity of species j (or 

limiting reactant) in the washcoat, 
,j inC  is the concentration of j at the inlet to the 

channel, and (C)jR  is the rate of consumption of species j at the inlet conditions to the 

channel. The effective diffusivity 
ejD  may be estimated if the pore size (and structure) of 

the washcoat is known. The simplest case is when the washcoat diffusion is dominated by 

bulk diffusion,  

1wc( ) 10 20
mj

ej

D

D





   .                                                                                             (3.13) 

However, this relation involving molecular diffusion is unlikely to be relevant for the 

LNT washcoat (with  -Al2O3 of high surface area) or SCR washcoat (zeolite particles of 

1 – 5 m  embedded in  -Al2O3 washcoat). A more likely situation is that of Knudsen or 

configurational diffusion. In this case,  
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where, wc  = 0.41 is the porosity of the washcoat, 8   is the tortuosity factor, a is the  

average pore radius, Ts is the monolith temperature, and Mm is the molecular weight of 

the species. Assuming a = 10
-8

 m (or 100 Å) gives 300
mj

D

ej

D

D


 
  
 
 

.  

Diffusional limitations are generally small when 1 . The values of the Weisz 

modulus for the various reactions are reported in the Appendix [A6] for different 

assumed values of D between 10 and 300. These calculations indicate that washcoat 

diffusional limitations are important at high temperatures even for 10D  . For higher 

values, e.g. 100D   (which falls in the Knudsen regime), diffusion limitations in the 

LNT catalyst are pronounced at all the temperatures for NO oxidation, storage, and 

regeneration reactions. The SCR kinetic parameters indicate that diffusion limitations are 

not significant at high temperatures for which 100D  . However, Metkar et al. [98] have 

shown that diffusion limitations are important even at 200 
o
C for fast and NO2 SCR 

reactions on Fe-zeolite catalyst.  

Figure 3-10 shows the influence of washcoat diffusion on NOx conversion at    

237 
o
C. If the bulk diffusion is dominating in the washcoat ( 100D  ) only a small 

change in the conversion is observed. When the diffusion in the washcoat is in the 

Knudsen regime, a pronounced effect on the NOx conversion occurs. However, the 

dependence of the NOx conversion on the length of the LNT brick is qualitatively the 
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same as that observed when no washcoat diffusion limitation exists. This indicates that 

washcoat diffusion can significantly affect the efficiency of NOx reduction in LNT-SCR 

systems and should not be neglected, especially at higher temperatures. A detailed 

analysis of the coupled LNT- SCR system including washcoat diffusion and the dynamic 

behavior under non-isothermal operating conditions will be presented in subsequent 

chapter.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-10. Influence of washcoat diffusion on NOx conversion for different values of 

diffusivity in the washcoat (the catalyst configuration corresponds to that used for 

Figures 3-7 and 3-8). 
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3.6 Conclusions 

Analysis and simulations of a mathematical model is the most efficient and 

economical tool for optimizing the performance of a sequential LNT-SCR catalytic 

bricks and determination of the key factors that affect its performance. The mathematical 

model we developed for reduction of NOx by a sequence of LNT and SCR, which 

accounts for the external and internal transport resistances, predicts experimentally 

reported trends. The simulations reveal that as the number of bricks in the sequential 

LNT-SCR catalyst is increased the NOx conversion increases and approaches an 

asymptotic limit. 

Only marginal increase in NOx conversion is realized beyond the n = 2 

architecture of sequential LNT-SCR bricks. Similar trends were observed experimentally. 

This behavior is attributed to the improved balance of NOx and NH3 in the SCR bricks. A 

temperature increase enhances the performance of the sequential LNT-SCR bricks. At 

high temperatures most of the deNOx activity is due to the LNT and the fast storage and 

regeneration reactions. Results show that the low temperature performance is the limiting 

constraint for optimizing the sequential catalyst. An optimal design of the sequential 

LNT-SCR bricks for a low temperature leads to an overdesign at high temperatures. The 

LNT is the only generator of NH3 in the sequential LNT-SCR bricks. 

Thus, all optimization efforts should focus on decreasing the consumption of NH3 

in the LNT and utilizing it in the reduction of NOx in the SCR adjacent to the LNT. 

Results indicate that this may be achieved by use of LNT bricks with different Pt loading. 

For example, having a lower Pt loading in the first of the two LNT bricks (n = 2 
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architecture) can increase the deNOx activity of the sequential bricks system. While the 

improvement is rather small, it is beneficial. This should be done in moderation as a large 

decrease of the PT loading in the first LNT brick decreases the NOx conversion 

Decreasing the total time of the periodic feeds enhanced the NOx conversion. During this 

high frequency operation, the short-term storage capacity of the sequential catalyst is 

actively utilized. Hence, almost all of the incoming NOx is stored and immediately 

regenerated in the LNT. Moreover it enhances the LNT effluent NH3 to NOx ratio which 

increases the SCR activity.  

Among all the parameters investigated, the total cycle time had the strongest 

impact on the deNOx activity. The change in the period of operation may enable reducing 

the Pt loading of the LNT while still providing the specified deNOx activity. The 

optimization should be conducted at the lowest operating temperature, as the hydrogen 

reducing activity is enhanced at high temperatures. The simulations indicate that the 

optimal architecture and operation is to use two pairs of sequential LNT-SCR bricks with 

non-uniform Pt loading and high frequency alternate lean-rich feed. In our simulations 

this led to approximately 20 % cumulative improvement in NOx conversion over the 

parameters studied for 1  and to a nearly 30 % improvement in NOx conversion for 

0.33  . The key assumption of our model is isothermal operation. Other effects which 

deserve future studies are the impact of CO, CO2, H2O, and hydrocarbons in the feed. In 

order to compare the results to laboratory experiments, the simulations reported here 

were restricted to LNT and SCR bricks of length 2 cm. However, nearly identical results 

are obtained in the isothermal case studied for longer bricks provided the space velocity (

/u L ) remains constant. This is may not be true for the non-isothermal case.   



61 

 

CHAPTER 4 

MODELING STUDIES OF LOW TEMPERATURE 

AEROBIC NOX REDUCTION BY A SEQUENCE OF LNT-

SCR CATALYSTS 

4.1 Introduction 

Diesel engines operate with A/F ratios around 16:1 to 17:1 and generate emissions 

including NOx and particulate matter. It is difficult to reduce the NOx in this oxygen rich 

environment. Leading technologies like lean NOx traps (LNT) and selective catalytic 

reduction (SCR) enable lean NOx reduction that meets stringent emission regulations.  

LNT is used to periodically store and then reduce NOx in an alternate lean and 

rich cyclic operation. LNT catalyst consists of precious group metals (Pt, Rh, Pd) and 

oxides of alkaline earth metal (Ba, K), supported on a high surface are metal oxide carrier 

like Al2O3, MgO etc. The most common LNT catalyst is Pt/BaO/Al2O3. NOx is stored  on 

the trapping material (BaO) during the lean period. It is subsequently purged by a rich 

feed (containing reducing agents like H2, hydrocarbons, etc) to form N2, NH3 and H2O. 

The precious metal catalyst (Pt) used in the LNT is expensive and it is desirable to reduce 

the Pt loading while achieving high conversions.  

Urea has been commercially used to produce NH3 to enable the selective catalytic 

reduction of NOx. The urea feed leads to high-operation cost, freezing during cold 

weather and control problems. One can avoid the need for the complex NH3 feed and 
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decrease the NOx emissions from the LNT using a combination of the LNT and SCR 

catalytic systems [52][55], where the NH3 generated in the LNT is used in the SCR 

catalyst downstream to reduce the NOx. This combination offers several advantages such 

as lower precious metal cost, reduced NH3 slip and efficient NOx reduction. Lietti et al. 

[49] and Seo et al. [50] studied NOx reduction by a sequential pair of LNT and SCR 

catalyst. They reported a pronounced improvement in the NOx removal efficiency 

especially at low temperatures (< 473 K) at which a considerable NH3 slip from the LNT 

catalyst occurs. Researchers at Ford Motor Co. [52, 55] showed that a sequential LNT 

and SCR catalytic system enhanced the NOx conversion. Kota et al. [100 ] studied the 

impact of operating conditions and architectural configurations of sequential LNT-SCR 

catalytic systems under isothermal conditions.  

In practice, the LNT or the SCR systems do not operate isothermally, while most 

laboratory studies are of isothermal systems. Only a few studies are of the adiabatic 

operation of the LNT-SCR system. Koltsakis et al. [101] used a model to determine the 

dynamic behavior of the sequential and layered arrangements of LNT-SCR catalysts 

under adiabatic conditions. Similarly, Chatterjee et al. [51] used both modeling and 

experiments to study the performance of the combined LNT-SCR system under non-

isothermal conditions. No attempt was made in these studies to optimize the operation of 

the coupled LNT-SCR system. It is intuitively obvious that the non-isothermal effect 

during the aerobic operation enhances the NOx conversion over that of anaerobic 

operation which is nearly isothermal. However, it is not obvious what is the fuel penalty 

needed to achieve a desired NOx conversion, especially at low temperature operation of 

these systems. We report here a study of the dynamic behavior and the impact of the 
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operating conditions on the performance of the sequential, adiabatic LNT-SCR catalytic 

system under aerobic and anaerobic condition.  

4.2 Mathematical Model Development 

The dynamic behavior of a sequence of LNT and SCR catalysts during a periodic 

lean and rich feed is investigated using species and energy balances. These account for 

the impact of washcoat diffusion on the reaction rate. The model assumes that 1) the 

physical properties of the exhaust gas are unaffected by composition changes, 2) the axial 

dispersion in gas phase is negligible compared to convection, 3) the flow in the monolith 

channels is laminar and fully developed, and 4) the catalyst system operates under 

adiabatic conditions. Though the model details are already presented in Chapter 2, for the 

sake of continuity, the fluid phase balance of the dimensionless mixed-cup mole fraction 

of species j, 
jmX  is given by, 

 
( , )jm jm c

jm jwc

X X k j z
u X X

t z R

 
   

 
.                                                             (4.1) 

The subscript j represents the species (j = NO, NO2, O2, H2, NH3, H2O), u is the 

average velocity, the position dependent mass transfer coefficient 

( , ) 4 / ( )c mj ek j z R D Sh z  accounts for the transverse gradients in the gas phase, R  is 

the effective transverse length scale, 
mjD  is the diffusivity of species j in the bulk fluid, 

( )eSh z  is the position dependent external Sherwood number [89].  

In the prior study [100] it has been shown that neglecting washcoat diffusion 

results in an over estimation of the NOx conversion in the sequential LNT and SCR 
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catalysts. Therefore, we consider here the full diffusion-reaction model inside the 

washcoat. The washcoat balances are,  

 2 , ,

1

2

( , )
rxn

lj Vl jwc ads j des j
jwc jwc l

wc ewc

Tm

R X R R
X X

D
t y C

 

 

 
 

 
 


,                                     (4.2) 

where wc is the washcoat porosity, ewcD  is the effective species diffusivity inside the 

washcoat, TmC  is the total molar concentration, 
jwcX is the mole fraction of species j in 

the washcoat,   is the coverage of adsorbed species on the surface, ( , )Vl jwcR X  is the 

volumetric rate of the reaction l, 
,ads jR  is the adsorption rate, and 

,des jR  is the desorption 

rate of species j from the washcoat. The effective diffusivity of the species in washcoat is 

calculated using the Knudsen diffusivity,  
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,                                                                                               (4.3) 

where, washcoat porosity wc  is 0.41, the tortuosity factor  ≈ 8, the average pore radius 

( a ) is ~ 10
-8

, sT  is the monolith temperature, and mM  the molecular weight of the 

species. The gas phase diffusivities are calculated using Lennard-Jones parameters and 

are given in Table 4-4.  

The surface coverage of the adsorbed species on the LNT catalyst is described by,  

, ( , ) ,

1

( , )
( , ) ( , )

rxn
v

BaO l BaO f s V l jwc

l

f s
C f s v R X

t










 ,                                                     (4.4) 
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, ,

jX

X ads j des jC R R
t


 


.                                                                                     (4.5) 

( , )BaOC f s  is the concentration of fast or slow BaO storage sites which are defined by 

their proximity to Pt. Storage sites that are in close proximity are called “fast” sites and 

those farther away are called “slow” sites. Here, ( , )v f s  is the fractional coverage of the 

fast or slow sites in the washcoat, lv  is the stoichiometric coefficient in the reaction, 
jX  

is the coverage on Al2O3 sites by NH3 and H2O, and XC  is the total concentration of 

adsorption sites on Al2O3 for NH3 and H2O. Fractional coverage of the adsorbed species 

on the SCR catalyst surface is described by,  

1

( , )
rxn

js

S mj Vm jwc

m

C R X
t


 







 ,                                                                             (4.6) 

where, 
js  is the fractional coverage of NH3 on the zeolite, SC  is the concentration of 

adsorption sites on the Cu-ZSM5 catalyst, 
mj  is the stoichiometric coefficient of species 

j in reaction m, and ( , )Vm wcR X is the reaction rate.  

The gas phase and washcoated support energy balances are,  

, , ( )
f f f

f p f f p f f s

T T h
C u C T T
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where, 
f  is the density of gas (kg/m

3
), 

,p fC  the specific heat capacity of gas (J/(kg.K)), 

fh  the heat transfer coefficient (W/m
2
K), 

fT  the gas phase temperature, sT  the solid 

phase (washcoat and the channel wall) temperature, 
,s s p sC   = 

,wc wc p wcC   + 

,wall wall p wallC   accounts for the effective solid phase heat capacity, and s sk  = wc wck  + 

wall wallk  for the effective solid phase thermal conductivity. The values of the geometric 

parameters are reported in Table 4-1. Boundary conditions considered in the model is 

described in detail in Chapter 2. Properties of the LNT and SCR such as the cell density, 

channel length, and washcoat thickness are assumed to be uniform. The dependence of 

gas density (
f ), and average velocity ( u ), on the temperature is taken into account 

through the continuity and ideal gas equations. The simulations were conducted using the 

following values: the total length of either the LNT or SCR catalyst (L) is 10 cm, the gas 

velocity at the inlet ( u ) is 9.8 m/s (gas hourly space velocity of ~ 120,000 hr
-1

 at S.T.P 

conditions or ~ 224,175 hr
-1

 at 510 K, 1atm and based on the total volume of the catalyst 

brick), hydraulic diameter (4 R ) and washcoat thickness ( wc ).  

4.2.1 LNT Kinetic Model 

The NOx storage and reduction catalyst considered in this study is Pt/BaO/Al2O3. 

The catalyst composition consists of 2.2 wt% Pt (21.9 %Pt dispersion) and 16.3 wt% 

BaO deposited on Al2O3 washcoat. The kinetic model of the LNT catalyst accounts for 

the following reactions a) NO oxidation to NO2 on the precious metal, b) storage of NO2 

in the form of nitrates or nitrites, and c) reduction of stored NOx with H2 during the rich 

phase in the presence of O2. 
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Table 4-1 Geometric and Thermal Parameters Used in the Simulations.   

Parameter Value 

Length of the channel (L) 10 cm (each) 

Half wall thickness (ceramic) (
,c wall ) 88.5 m  

Half wall thickness (metallic) (
,m wall ) 25 m  

Thickness of the washcoat ( wc ) 30 m  

Effective transverse length scale ( R ) 275 m  

Density of ceramic wall (
,c wall ) 1675 kg/m

3
 

Density of metallic wall (
,m wall ) 7500 kg/m

3
 

Density of washcoat ( wc ) 1369 kg/m
3
 

Heat capacity of ceramic wall (
,c wallpC ) 1045 J/kgK 

Heat capacity of metallic wall (
,m wallpC ) 460 J/kgK 

Heat capacity of washcoat (
,p wcC ) 880 J/kgK 

Thermal conductivity of ceramic wall (
,c wallk ) 1 W/mK 

Thermal conductivity of metallic wall (
,m wallk ) 40 W/mK 

Thermal conductivity of washcoat ( wck ) 1.5 W/mK 

 

The global kinetic mechanism used in this work is derived from Bhatia et al. [66] which 

considers fast (f) and slow (s) storage sites as described in the precious section,  
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R1:   2 2

1

2
NO O NO                                                   ΔH = -57.2 kJ/mol of NO , 

R2: 2 3 23 ( ) ( ) ( )NO BaO f Ba NO f NO     (fast sites)   ΔH = -149.2 kJ/mol of NO2 ,  

      
3 2( )( ) ( ) 1v Ba NOf f   ,  

R3: 2 3 23 ( ) ( ) ( )NO BaO s Ba NO s NO       (slow sites),   

       
3 2( )( ) ( ) 1v Ba NOs s   .  

We consider that the rich feed consists of H2 as a reducing agent which converts 

stored NOx to NH3 and N2, thus, producing H2O. Because of the presence of O2 in the 

rich phase, part of the H2 is converted to H2O by the combustion reaction. Some of the 

NH3 formed during the regeneration subsequently reacts with the stored NOx to produce 

N2. The regeneration is described by the following global reactions,  

R4: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO f H O BaO f NH              ΔH = -135.3 kJ/mol. H2 , 

R5: 2 3 2 2 38 ( ) ( ) 5 ( ) 2H Ba NO s H O BaO s NH     , 

R6: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO f H O BaO f N            ΔH = -251 kJ/mol. NH3 , 

R7: 3 3 2 2 2

10 8
( ) ( ) 5 ( )

3 3
NH Ba NO s H O BaO s N    , 

R8: 2 2H O X H O X   , 

R9: 3 3NH X NH X   ,  
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2 3, , , 1H O X NH X v X     .

 

Here 
2 ,H O X and 

3 ,NH X  are the coverages of H2O and NH3 on Al2O3 sites, respectively 

and 
v,X  is the vacant site coverage. The heat generated due to R8 and R9 are negligible 

and not considered in the calculations. The rate expressions of the above reactions are 

reported in the Appendices [A1] and [A2]. The kinetic parameters of the regeneration 

reactions are reported in Appendix [A4]. The micro-kinetic sequence that accounts for 

the reaction between NO and H2 during the rich period and the corresponding rate 

constants are derived from the work of Xu et al. [95]. The heat of reactions can be 

calculated from the activation energies listed in their work,  

R10: NO Pt NO Pt   ,  

 R11: 2 2 2H Pt H Pt   ,  

R12: NO Pt H Pt N Pt OH Pt       ,  

R13: H Pt O Pt OH Pt Pt      ,  

R14: 2 2H Pt OH Pt H O Pt     ,  

R15: 22 2N Pt N Pt   ,  

R16: NO Pt Pt N Pt O Pt      ,  

R17: 33 3N Pt H Pt NH Pt Pt      ,  

R18: 3 3NH Pt NH Pt   , 
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R19: 2 2 2O Pt O Pt   . 
 

4.2.2 SCR Kinetic Model 

The global kinetic model of the SCR reactions used in this work was originally 

developed for Cu-ZSM5 catalyst by Olsson et al. [79]. The composition and site 

concentration of Cu is similar to that used in their work. The model accounts for NH3, 

NO oxidation to NO2, selective reduction of NOx by adsorbed NH3, NH3 oxidation, and a 

side reaction producing N2O. The kinetic model assumes an Eley-Rideal mechanism to 

account for the reaction between adsorbed NH3 and gas phase NOx. The reactions 

considered in the NH3 SCR are,  

R20: 3 3NH S NH S                                        ΔH = -181.5 kJ/mol. NH3 @ θNH3 = 0,  

R21: 3 2 2 2

3
2 3 2

2
NH S O N H O S              ΔH = -130 kJ/mol. NH3, 

R22: 2 2

1

2
NO O NO                                        ΔH = -57.2 kJ/mol. NO, 

R23: 3 2 2 24 4 4 6 4NH S NO O N H O S          (Standard SCR reaction),  

                                                                            ΔH = -226 kJ/mol. NH3, 

R24: 3 2 2 22 2 3 2NH S NO NO N H O S          (Fast SCR reaction), 

                                                                            ΔH = -197 kJ/mol. NH3, 

R25: 3 2 2 24 3 3.5 6 4NH S NO N H O S               (NO2 SCR reaction), 



71 

 

                                                                                 ΔH = -160 kJ/mol. NH3, 

R26: 3 2 2 2 22 2 3 2NH S NO N N O H O S          ΔH = -192 kJ/mol. NH3,    

        
3

1v NH   .   

The rate expressions for these reactions and the corresponding kinetic parameters are 

reported in Appendix [A3], and [A5] respectively. Heats of reaction are calculated based 

on gas phase NH3 and subtracting the heat of adsorption from that of the reaction.  

4.3 Characteristic Times and Front Speeds 

The qualitative dynamic features of the reactor can be predicted by inspection of 

the characteristic times ( / )C L u , 
2( / )D mjR D  , 2( / )WD wc ewcD  , ( / ( ))

jR ref refC R C  in 

the LNT and SCR for convection, external mass transfer, washcoat diffusion (internal 

mass transfer) and reactions, respectively. These values are reported in Table 4-2 at 510 

K and at 573 K. We chose these two temperatures because the average temperature rise in 

the monolith under aerobic operation is ~ 60 K in our base case study and ~ 5 K under 

anaerobic operation. The characteristic times of both the LNT and SCR reaction decrease 

when the temperature increases from 510 K to 573 K. The increased rates of storage and 

regeneration on slow sites, NH3 regeneration and standard SCR reactions significantly 

increase the NOx conversion. Table 4-2, shows the temperature rise increases the ratio 

between the convection to the slow storage times from 0.18 to 1.20, which indicates that 

the NOx slip during the lean period has been reduced.  

The time constant reveal that the aerobic operation has a stronger impact on the 

NO oxidation reaction that on the slow storage reaction. This increases the ratio of exit 
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NO2/NO from the LNT which is desirable since it improves the efficiency of the SCR 

downstream. Otherwise, the ratio of exit NO2/NO is less than one due to washcoat 

diffusional limitations, unlike that reported from the isothermal case [100], in which 

washcoat diffusion was not considered. Also the diffusion time within the washcoat 

indicates that NOx storage and H2 regeneration reactions on fast sites are limited by 

washcoat diffusion even at 510 K. The generalized Thiele modulus  2

R/w WD    is 

greater than one for these reactions indicating that washcoat diffusional resistance exists. 

As the brick temperature increases, NH3 regeneration reactions (R6 and R7) in the LNT 

are limited by the diffusional resistance, as a result more NH3 enters into the SCR.  

During the lean period the NO in the feed is oxidized to form NO2 which is then 

stored on the BaO storage sites to form Ba(NO3)2. The propagation speed of the storage 

front can be predicted by the relation [102],  

,

( )3

in

NO
c str o

wc BaO f

uR C
u

C
 ,                                                                                                      (4.10) 

where u is the gas velocity, R is the effective transverse length scale, is the inlet NO 

concentration, wc is the washcoat thickness, ( )

o

BaO fC is the NOx storage capacity on fast 

sites. The aforementioned expression is valid when washcoat diffusional resistance is 

negligible and the storage is in the mass transfer limited regime. The speed of the fast site 

storage front is  5.4 mm/s. Since the regeneration time of the stored NOx by H2 

4 ( )

ref

R

V ref

C

R C

 

 
 
 

 is faster than that by NH3, the speed of propagation of the regeneration 

front can be calculated by the expression [102],  
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2

,

( )8

in

H

c reg in

wc BaO f

uR C
u

C


 .                                                                                                  (4.11) 

Which is 36 mm/s during aerobic reduction (with 1.875% H2), and 16.8 mm/s during 

anaerobic reduction (0.875% H2). Again the aforementioned speeds of the storage and 

regeneration fronts are of the fast sites in the LNT and when washcoat diffusional 

resistance is negligible. During the rich phase H2 is fed into the reactor in the presence of 

O2 to regenerate the BaO sites that store the NOx. H2 reacts with the O2 and spilled over 

NOx from the storage sites on to the Pt sites. The released reaction heat raises the 

monolith temperature forming a temperature front that propagates along the reactor. In 

general, the speed of this temperature front does not have to be equal to the speed of the 

regeneration front due to different storage and thermal capacities of the monolith channel, 

especially for long channels or when there are excursions in inlet temperatures (leading to 

pure thermal waves). For the parameters considered in this study, the light off occurs 

upstream of the monolith channel and the thermal front propagates downstream. The 

propagation speed of the thermal front (for the case of long channels where the axial 

conduction effects can be neglected) can be estimated by the expression [103] 

,

,

,

f p f

t f

s p s s

C R
u u

C



 


  
    

  

,                                                                                       (4.12)  

here, u  is the average gas velocity in the channel, 
,

,

f p f

s p s

C

C





 
 
 
 

 is the fluid to solid heat 

capacitance ratio, and 
s

R




 
 
 

 is the ratio of effective transverse length scale of the bulk 

fluid phase to the solid phase. For the values given in Table 4-1 the speed of the thermal 
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Table 4-2 Estimated Characteristic Times of Different Processes in the LNT Catalyst.  

Characteristic 

time (ms)  

 

Temperature (K) 

510 573 

C  10.2 9.10 

D  1.46 1.19 

WD
 

4.40 4.10 

1R  8.75 0.82 

2R  0.50 0.10 

3R  56.0 7.50 

4R  1.40 0.21 

5R  15.0 1.80 

6R  14.0 1.60 

7R  52.0 3.40 
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Table 4-3 Estimated Characteristic Times of Different Processes in the SCR Catalyst.  

Characteristic time 

(ms)  

Temperature (K) 

510 573 

C  10.2 9.10 

D  1.46 1.19 

WD
 

4.40 4.10 

22R  
359.7 42.7 

23R  
7.60 0.81 

24R  
385.0 60.0 

 

Table 4-4 Temperature Dependent Diffusivities of Gas Species.  

Species Dmj(m
2
/s) 

NO 1.3310
-9
T

1.696
 

NO2 0.810
-9
T

1.7037
 

O2 1.33610
-9
T

1.6942
 

H2 5.810
-9
T

1.6657
 

N2 1.3410
-9
T

1.6901
 

NH3 1.21510
-9
T

1.7389
 

H2O 0.9510
-9
T

1.7778
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front is estimated to be  10 mm/s, and the thermal front propagation time in the LNT 

(with L = 10cm) is  10 s.  

In the case of a one-step exothermic reaction on identical sites, the speeds of the 

regeneration and temperature fronts are equal. It follows from the front speed estimates 

that for the geometrical, thermal properties and the inlet concentrations considered for the 

model, the regeneration front speed is higher than that of the thermal or storage fronts. 

An estimate of the front speeds provides insight into the overall operation of the system. 

For example, from the storage front speed, we note that in a 10 cm long LNT, all the fast 

sites are occupied in about 18.5 s.  

Similarly, if the inlet gas temperature (during the rich pulse) is different from the 

monolith temperature during the rich period, most of the regeneration reactions are 

completed even without any significant increase in the temperature. Although the average 

temperature over the lean cycle increases due to adiabatic operation, the effect is 

moderate because of the rapid cooling front that travels along the LNT. The LNT-SCR 

catalyst sequence should be designed so that the storage takes advantage of the travelling 

temperature wave. Later we present simulations under aerobic (with O2 during the rich 

phase) and anaerobic (no O2 during the rich phase) conditions, directed to optimize the 

design and operation of the sequence of the LNT and SCR catalyst system. We study the 

impact of Pt loading, cycle time, length of the catalyst, nature of the support material and 

catalyst architecture on the performance of the combined system.  
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4.4 Results and Discussion 

4.4.1 Effect of Pt loading on fuel penalty 

The sequential system of the LNT and SCR is operated periodically with 60 s lean 

feed followed by 10 s rich feed. The length of each catalyst in the base case is taken to be 

10 cm and the same gas hourly space velocity (GHSV) was maintained under anaerobic 

and aerobic conditions. Extended channel length enables us to analyze the impact of 

traveling temperature fronts which may not be formed in the short channels used in the 

laboratory studies. The lean feed contains 500 ppm NO and 5% O2, while the rich feed 

contains 500 pm NO, 1.875% H2, and 0.5% O2. The inlet gas velocity, inlet and initial 

temperatures are correspondingly 9.8 m/s and 510 K. The dependence of the kinetic 

parameters on the Pt loading is accounted for by the expression,  

m
i

Pt
i B B

Pt

C
k k

C

 
  

 
.                                                                                                             (4.13) 

Here, i

PtC  is the desired catalyst Pt loading in mol/m
3
 of washcoat, B

PtC  is the Pt 

loading with known kinetic parameters ( Bk ), m is the sensitivity of the kinetic parameters 

on the Pt loading. Xu et al. [92] have shown that m = 1 adequately predicted their 

experiments using a catalyst composition similar to that used in the current study. We 

refer to their work for a detailed analysis of m. It has been suggested that a sequence of 

the LNT-SCR catalysts enables a reduction of the NOx emission and the NH3 slip. Figure 

4-1 compares the cycle averaged NOx conversion obtained using a sequential LNT-SCR 

system with 2.2 and 0.2 wt% Pt loading under both anaerobic and aerobic conditions. The 

simulations show that aerobic reduction of NO with reduced Pt loading results in higher 
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NOx conversion than that of a base case anaerobic operation. The kinetics of both the 

storage and regeneration reactions is enhanced due to the adiabatic temperature rise 

Figure 4-1. Impact of . Pt loading and Non-Isothermal effects on cycle averaged NOx 

conversion by a pair of LNT – SCR bricks. [Tin = Tinitial = 237 
o
C, LLNT = LSCR = 10cm, u  

= 9.8 m/s, tL = 60s, tR = 10s]. 

 

resulting from the H2 oxidation by O2. The average temperature of the catalyst is higher 

under aerobic conditions. Temperature profiles during both the lean and rich periods are 

shown in Figure 4-2. The NOx conversion obtained with 2.2 wt% Pt under anaerobic 

condition is slightly lower than that obtained under aerobic operation with 0.2 wt% Pt 

loading. Excess reductant, that is, fuel penalty is required to obtain the needed average 

temperature rise of the catalyst. A fuel penalty of 1 % H2 during the 10 s lean feed is 0.14 

% for a total cycle time of 70 s. Increasing the fuel penalty increases the NOx conversion  
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Figure 4-2. Catalyst temperature profiles in a pair of LNT – SCR bricks during lean and 

rich periods with tLean = 60s and tRich = 10s. 

 

as shown in Figure 4-3. However, the impact of the increase is small for a fuel penalty 

exceeding 0.43 % due to washcoat diffusion and external mass-transfer limitations which 

become dominant at higher reaction rates. The results indicate that it is possible to reduce 
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Figure 4-3. Effect of fuel penalty on NOx conversion in the sequence of LNT-SCR 

catalysts [(% H2,%O2) represents the concentration of H2 and O2 during the rich phase].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. Impact of total of cycle time on time averaged NOx conversion by aerobic 

reduction by a pair of LNT – SCR . [Tin = Tinitial = 510 K, LLNT = LSCR = 10cm, u  = 9.8 

m/s, Pt = 2.2 wt%]. 
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the precious metal loading under aerobic operation by use of excess H2. However, a 

significant reduction in the Pt loading can increase the ignition time and hence the fuel 

penalty and may decrease the catalyst durability, because of catalyst deactivation at very 

low Pt loading.  

4.4.2 Effect of cycle time 

The cycle time is one of the key parameters that affect the performance of 

monolith reactors. It can be changed by variation of either the lean or the rich period or 

both. Previous studies [104, 105, 106] have shown that the NOx conversion increases as 

the total cycle time is shortened at a fixed ratio of the lean to rich period (i.e., at a fixed 

pulse duty, which is the ratio of the rich period to the total cycle time). We have 

performed simulations that include changing the total cycle time and also the pulse duty. 

Figures 4-3 and 4-5 show the impact of changing the total cycle time as well as of the 

pulse duty. Here we compare the anaerobic and aerobic NOx conversion for total cycle 

times of 70 s (pulse duty = L R/ (t t )Rt   = 1/7), 40 s ( L R/ (t t )Rt   = 1/4), and 20 s (

L R/ (t t )Rt   = 1/4).  

An increase in the pulse ratio, i.e., the fraction of the cycle time with a rich feed, 

increases the cycle averaged NOx conversion. The reason is that, it leads to a higher 

temperature during the lean period, thereby increasing the rates of the NO oxidation and 

storage. During the 70 s cycle, a high-temperature wave exists for only 10 s during lean 

phase as evident from the propagation of the thermal and concentration fronts. This high 

temperature wave exists only for  16% of the lean period. However, during the 40 s 

cycle a high-temperature wave exists for  33% of the lean period. The NOx conversion 
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can be increased by decreasing the total cycle time. This behavior is expected because of 

the increased regeneration frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5. Impact of total cycle time and fuel penalty on time averaged NOx conversion 

under aerobic operation by a pair of LNT-SCR. [Tin = Tinitial = 510 K, LLNT = LSCR = 

10cm, u = 9.8m/s (inlet), Pt = 2.2 wt%; tlean = 60 s(▲), 30 s(■), 15 s(♦); trich = 10 

s(▲), 10 s(■), 5 s(♦)].  

Fast sites are quickly saturated when compared to slow sites. As the total cycle time is 

reduced, most of the storage and regeneration processes take place on fast sites without 

any significant usage of slow sites. This results in reduced NOx slip from the LNT. The 

average temperature rise does not change when the pulse duty is changed, but it increases 

when the total cycle time is decreased at a fixed pulse duty. The higher conversion in the 

latter case occurs because of both the increase in regeneration frequency and higher 

average temperature.  
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Figure 4-6. Comparison of cycle averaged NOx conversion by a pair of LNT-SCR for 

different lengths of the catalyst during aerobic operation.  

 

4.4.3 Effect of catalyst length 

Figure 4-6 compares the NOx conversion of the base case (with 10 cm each of 

LNT and SCR) with those for other catalyst lengths, i.e., 4 cm, 2 cm, and 1 cm each. The 

residence time is approximately same in all these cases. The corresponding effective heat 

Peclet number is defined as [107],  

2

,

,

1 1 f p f

h eff h f

R u C

Pe Pe k LNu





  ,                                                                                          (4.14) 

where Nu  is the Nusselt number, is the thermal conductivity of the gas phase. The solid 

(or intraphase) heat Peclet number 
,f p f

h

s s

uL C R
Pe

k






  varies from 14.56 to 1456.3 as the 

catalyst length is increased from 1 cm to 10 cm. The first term on the right hand side of 

Eq 4.14 represents intra-phase heat transfer, and second, the inter-phase heat transfer. For 
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the parameters considered, the second term dominates the mode of heat transfer and the 

temperature rise in the solid phase is mainly due to heat exchanged from the gas. Figure 

4-6 shows the dependence of NOx conversion on catalyst length during aerobic operation 

and is representative of the variation of heat transfer modes with the aspect ratio. We 

observed small difference in the NOx conversion due to the high space velocity 

considered in this study. However, the effect of varying heat transfer modes with the 

aspect ratio is discernible. Interphase heat transfer being the dominant mode causes a 

rapid cooling during the start of the lean cycle for long catalysts, as shown in Figure 4-7. 

Decreasing the length (and linear velocity) shifts the heat transfer mode in the catalyst 

from inter-phase to intra-phase mode. When the intra-phase term is significant in Eq. 

4.14, the solid conduction disperses the heat generated in the washcoat along the catalyst 

length. The combined  

 

 

 

 

 

 

 

 

 

 

Figure 4-7. Catalyst temperature profiles for different lengths of LNT-SCR catalysts 

during the lean feed. [Tin = Tinitial = 510 K, u = 9.8 m/s(inlet), Pt = 2.2 wt%, tlean = 60 s, 

trich = 10 s]. 
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effect results in an optimum length that retains heat in the catalyst for a longer period 

resulting in enhanced reaction rates. As the length of the catalyst is further decreased (1 

cm or lower), intra-phase heat transfer becomes the dominating mode and also there is a 

significant decrease in temperature rise at the inlet. Hence, the NOx conversion for 1 cm 

catalyst is lower than that of 2 cm. This explains the difference performance of catalysts 

with different lengths, which is not present during anaerobic operation. It should be noted 

that this effect could be more significant when the space velocity is decreased. We chose 

a high space velocity in this study to focus on a base case with low NOx conversion so 

that any increase based on the parameters studied can be appropriately noted.  

4.4.4 Effect of the support material 

Few studies compared the performance of exhaust gas after-treatment systems 

using metallic monoliths with those using ceramic monoliths. Nishizawa et al. [108] have 

concluded that metallic monoliths lead to a higher conversion than ceramic monoliths. 

Pfalzgraf et al. [109] reported that the type of support material does not affect the 

performance of the converter. Santos and Costa [110] have concluded that the metallic 

converters perform well at high space velocities and the ceramic at low space velocities. 

Gundlapally and Balakotaiah [107 ] have performed a detailed analysis of the steady state 

behavior of both metallic and ceramic converters and concluded that for a low transverse 

heat Peclet number 

2

,f p f

h

f

R u C
P

Lk


 

 
 
 

 ceramic converters perform better while at high 

transverse Peclet number metallic converters perform better. Our simulations (Figure 4-8) 

have shown that the LNT-SCR sequence with a metallic support perform marginally (  

2%) better than those with a ceramic support. Due to high gas velocity and high 
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conductivity of the metal support both the convection and conduction modes of heat 

transfer contribute to the increase in NOx conversion. Also, the temperature profiles are 

broader than those in a ceramic support. 

 

Figure 4-8. Comparison of cycle averaged NOx conversion by a pair of LNT-SCR using 

either a ceramic or metallic support.  

 

The ratio between the heat capacities of the ceramic and metallic monoliths is estimated 

to be 1.56, and the temperature front propagation time in the metallic monolith is  0.6 

times of that in the ceramic monolith. For low space velocity operation of the combined 

catalyst, large differences in the performances of metallic and ceramic monoliths are 

expected because of the variation in the dominant heat transfer mode as described earlier.  

4.4.5 Effect of catalyst architecture 

We study the impact of using n LNT-SCR catalysts of equal length (‘n’ being the 

number of LNT-SCR catalyst pairs). Figure 3-4 is a schematic description of several 
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sequences of LNT-SCR catalysts (n=1, n=2 and n=4). The LNT catalyst is the first one in 

each sequence and the total length of the catalyst is the same in all cases. This 

architecture decreases the NH3 reaction in the LNT and stores it in the adjacent SCR. 

This reduces NOx slip out of the LNT during the subsequent lean period. Experiments on 

similar architectures in the literature [52][55] verified that the NOx conversion can be 

increased by a sequence of LNT and SCR catalysts.  

 

Figure 4-9. Comparison of cycle averaged NOx conversion during aerobic operation 

using sequential LNT-SCR pairs with n = 1,2 and 4 architecture. [Tin = Tinitial = 510 K, 

LLNT = LSCR = 10 cm, u = 9.8 m/s(inlet), Pt = 2.2 wt%]. 

 

Similar results are predicted by our model during aerobic operation, as shown in Figure 

4-9. Due to the fast H2 oxidation, all the oxygen is consumed in the first LNT catalyst. 

Thus, except for the first catalytic zone the temperature rise downstream is mainly due to 
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the convective heat transfer. This suggests that the only advantage of using multiple 

zones under aerobic operation is the increase in the average temperature of the monolith.  

4.4.6 Effect of non-uniform PGM loading 

Pt loading profile is one of the key parameters that can optimize the performance 

of the combined LNT-SCR system. Under isothermal conditions Kota et al. [100] have 

shown that non-uniform Pt loading in equal sized LNT and SCR catalysts improved the 

NOx conversion following a decrease of the Pt loading in the first LNT catalyst and 

shifting it to the second LNT catalyst. This enhanced the NH3 selectivity in the first LNT 

and increased the NOx conversion in the second. However, additional decrease of the Pt 

loading may deteriorate the system performance. We conducted two simulations of 

similar LNT and SCR catalyst sequence, using a detailed model that accounts for the 

washcoat diffusion. One with lower Pt loading (1.32 wt% and 0.44 wt%) in the front and 

higher (3.08 wt% and 3.96 wt%) in the back LNT catalyst. Both downstream loadings 

decreased the conversion over that obtained with uniform loading as shown in Figure 4-

10 (a).  

The second simulation is of the inverse loading policy with a higher loading in the 

first LNT and lower in the second. Figure 4-10 (b) shows that the cycle averaged NOx 

conversion was higher than that under uniform loading. When more Pt is loaded in the 

downstream catalyst, the first LNT catalyst does not fully benefit from the temperature 

rise due to the H2 oxidation because of the low Pt loading. However, when the Pt loading 

in the first LNT is high both the storage and regeneration kinetics are significantly 

enhanced and the NOx conversion is increased.  
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Figure 4-10. Comparison of cycle averaged NOx conversion in a sequential LNT-SCR 

system with n=2 architecture. Non-uniform Pt loading effect [Tin = Tinitial = 510 K, LLNT 

= LSCR = 10 cm, u = 9.8 m/s(inlet), L1 = first LNT, L2 = second LNT] 
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4.5 Impact of washcoat diffusion 

Simulations were performed for the operating conditions selected, to assess the 

impact of the washcoat diffusion on the cycle averaged NOx conversion. The effective 

diffusivities of the species have been artificially increased in some simulations to 

eliminate the washcoat diffusional resistance. Figure 4-11 shows that the cycle averaged 

NOx conversion is higher when no washcoat diffusion exists under both aerobic and 

anaerobic operation. The diffusional resistance diminishes the NOx conversion by 20%. 

This is because at high temperatures fast reactions like NOx storage and H2 regeneration 

on fast 

 

 

 

 

 

 

 

 

 

Figure 4-11. Impact of washcoat diffusion during anaerobic and aerobic operation. [Tin 

= Tinitial = 510 K, LLNT = LSCR = 10 cm, u = 9.8 m/s (inlet)]. 
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sites are limited by washcoat diffusion. The impact of washcoat diffusional resistance 

increases as the total cycle time is reduced, because only fast sites are involved in the 

storage and regeneration chemistry. Increasing the fuel penalty increased the reaction 

rates due to the higher average temperature of the monolith. However, the NOx 

conversion slowly approaches an asymptotic limit due to the dominant washcoat 

diffusion and external mass transfer limitations at high temperature. Simulations indicate 

that it is important to account for the washcoat diffusional effects in predictions of the 

performance of sequential LNT and SCR catalysts to avoid erroneous predictions of the 

cycle averaged NOx conversion.  

4.6 Conclusions 

This study is focused on the adiabatic, aerobic operation of sequential LNT-SCR 

catalyst. We found that washcoat diffusional resistance, which is usually neglected, can 

be important in either anaerobic or aerobic operation, and it diminishes the reaction rates 

resulting in reduced conversions. For the same Pt loading and with other parameters 

considered in this work, the NOx conversion using a sequence of LNT-SCR catalysts 

under aerobic operation exceeds that of the anaerobic operation by up to 10%. The 

simulations show that it is possible to reduce the precious metal loading under aerobic 

operation of the LNT-SCR catalyst sequence. The cycle time and pulse duties have a 

major impact on the overall NOx conversion. For operating conditions considered in this 

study, decreasing the total cycle time (higher regeneration frequency) or increasing the 

pulse duty (longer time of exothermic reaction) increases the NOx conversion by 41% 

over the anaerobic operation with the parameters considered in this work. The predicted 



92 

 

increase of the NOx conversion upon using the sequence of multiple LNT-SCR catalysts 

is similar to experimental observations reported in the literature. Under aerobic operation 

the highest NOx conversion is obtained when the LNT and SCR attain an intermediate 

catalyst length, which in our base case was 2 cm each. Hence, for a given NOx 

conversion it is possible to reduce the amount of precious metal. Non-uniform Pt loading 

affects the NOx conversion. With a high upstream loading of precious metal in the LNT 

the conversion exceeds that of the uniform loading case. In contrast, a high downstream 

loading decreases the conversion below that obtained with a uniform loading. Important 

observations are that the aerobic operation can significantly increase the NOx conversion 

and could enable a decrease in the precious metal loading. However, such reduction in 

the precious metal loading should take into account the corresponding decrease in 

resistance to deactivation and the increase in the ignition time.   
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CHAPTER 5 

KINETIC MODELING OF NOX REDUCTION BY H2, CO 

ON Pt/BAO/Al2O3 

5.1 Introduction 

Three way catalysts have been widely used for exhaust aftertreatment in 

automobiles. TWCs are efficient in reducing H2, CO and hydrocarbons. But for efficient 

performance, it is required to operate it under stoichiometric conditions. EPA’s stringent 

regulations demand lower emissions without compromising the fuel economy. Operating 

the engine lean helps preserve the fuel economy but is detrimental to the performance of 

TWC. TWC is inefficient in reducing NOx under lean conditions. Alternative 

technologies such as lean NOx traps and selective catalytic reduction are becoming 

popular for their efficient reduction of NOx from the exhaust.  

Several authors have focused on different aspects of NSR process for example, 

the effect of lean/rich timing [10, 15], influence of the fuel mixture composition [111, 

112], the performance of the NOx storage materials [113, 114], kinetic mechanism of 

storage processes [115] and study of the gas phase transients which include NOx 

breakthrough and switch from lean to rich conditions. In order to gain a complete 

qualitative and quantitative understanding of the operation of LNT and SCR it is 

important to study their behavior under close to realistic conditions, which includes the 

combination of NO, CO, H2 and hydrocarbons. Several authors in the literature have 
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suggested that H2 is better reductant than CO, which is followed by hydrocarbons 

(propylene).[116, 117, 118, 119]  

H2 has been the common reducing agent in many laboratory and theoretical 

investigations. [120, 121, 122] Few studies also employed CO, H2/CO combination. 

Some other studies include H2/CO/C3H6 combined feed to study the NOx storage and 

reduction behavior of lean NOx traps. Kobylinski et al. compared the reduction of NO 

with H2, CO and an equimolar mixture of CO/H2 over Pt, Pd, Rh and Ru catalysts. They 

determined the order of activity as Pd>Pt>Rh>Ru when H2 was the reductant. They 

observed the order is reversed when CO or CO/H2 was used as reductants. This behavior 

is attributed to the inhibiting effect of CO on NO reduction, which is significant on Pt 

compared to Rh or Ru. NO, CO reaction by itself has been subjected to numerous 

investigations for its nonlinear behavior.  

Schwartz et al. [123] reported oscillatory behavior of NO, CO reaction system on 

Pt (100). Similar behavior was reported and modeled by Fink et a. [124] and suggested 

that the occurrence of oscillations can be rationalized in terms of a periodic sequence of 

autocatalytic ‘‘surface explosions’’ and the restoration of an adsorbate‐covered surface. 

Granger et al. [125] performed kinetic studies on Pt/Al2O3 catalysts and suggested that 

competitive adsorption of CO and NO non-dissociatively. And that NO requires vacant 

nearest neighbor adsorption site for subsequent dissociation. Evans et al. [126] explained 

various features of NO+CO reaction kinetics on Pt(100) surfaces, including temporal 

oscillations, by incorporating only the CO, NO, and O coverages. The main objective of 

this study is to develop and evaluate the kinetic model based on mechanistic details 

explored through various experimental results presented in the literature. In the following 
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sections we present the model used to define the kinetics of the important reactions. Then 

we present the results for the NO reduction by H2, CO separately. In future work we 

would like to extend the individual model to account for the NO reduction using all the 

reductants combined. Such approach would also help validate the model attempted here 

and determine if any mechanistic details are to be added.  

5.2 NO/H2 on Pt/BaO/Al2O3 

H2 is highly reactive even at low temperatures (< 200
o
C) [119, 118, 127]. The 

main products from the reaction of NO and H2 are N2, N2O and NH3. The experimental 

data used to compare the simulations are derived from the work of Xu and Clayton [95]. 

They have carried out the NO/H2 reaction experiments over a range of temperatures and 

feed compositions. The product selectivities and conversions give insight into the 

mechanistic details and competing pathways during the reduction process. The catalyst 

composition used to compare the results is given in Table 5-1. Xu et al. [95] has 

performed similar simulations using the same data without taking into account the 

washcoat diffusional resistance in the washcoat. Possible reaction between the surface 

NO2 species and BaO on the Pt/BaO/Al2O3 catalyst was also neglected in the kinetic 

model.  Similar reaction steps are adopted in the present work. Also some of the kinetic 

parameters are adopted from the work of Xu et al. [95] and modified to account for the 

additional storage step included in our reaction scheme.  

Table 5-1 Catalyst composition of Pt/BaO/Al2O3 used in the experiments and 

simulations. 

Sample Pt (wt %) BaO (wt %) Pt dispersion (%) 

B3 2.2 16.3 21.9 
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The following reactions are considered to be occurring on Pt, including the NO 

adsorption, dissociative adsorption of H2 and O2, desorption of N2 and NH3 and water 

formation,    

R1: NO Pt NO Pt   ,  

R2: 2 2 2H Pt H Pt   ,  

R3: NO Pt H Pt N Pt OH Pt       ,  

R4: 2 2N O Pt NO Pt N Pt     , 

R5: H Pt O Pt OH Pt Pt      ,  

R6: 2 2H Pt OH Pt H O Pt     ,  

R7: 2 2 2N Pt N Pt   ,  

R8: NO Pt Pt N Pt O Pt      ,  

R9: 33 3N Pt H Pt NH Pt Pt      ,  

R10: 3 3NH Pt NH Pt   ,  

R11: 2 2 2O Pt O Pt   ,  

R12: 2NO Pt O Pt NO Pt Pt      ,  

R13: 2 2NO Pt NO Pt   ,  
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R14: 2 3 22 ( ) 3BaO NO Pt O Pt Ba NO Pt       (f,s). 

Since the catalyst under consideration is Pt/BaO/Al2O3 it is important to consider the last 

step in developing the overall mechanistic model. This validates the applicability of the 

scheme even for periodic lean rich conditions. The adsorption rates of H2, NO, NH3, O2 

are derived from the product of collision flux and sticking coefficient.  

Experimental results for NO/H2 system and the corresponding simulation results 

are shown in Figures 5-1 to 5-10 for different ratios of inlet H2/NO. It can be seen that at 

low temperatures (<150 
o
C) N2O is the major product. The low but nonzero steady-state 

conversion of NO obtained at temperatures below the light-off temperature reveals that 

H2 reacts with strongly adsorbed NO. At temperatures higher than 150
o
C, the product 

distribution shifts to a mixture of N2 and NH3. The relative selectivities are dictated 

primarily by the temperature and the H2/NO feed ratio The direct decomposition of NO 

produces O2. The H2 conversion was complete under these conditions based on an overall 

hydrogen balance. The simulation results qualitatively describe the experimental results 

produced for NO/H2 reaction. In contrast to Xu et al. [95], full washcoat diffusion model 

is solved and also NOx reaction with BaO is considered. 
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Figure 5-1. Measured H2 Conversion during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO feed ratios [Xu et al. (2008).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2. Measured NOx Conversion during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios [Xu et al. (2008)].  
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Figure 5-3. Calculated H2 Conversion during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO feed ratios.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4. Calculated NOx Conversion during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO feed ratios.  

 

Pt = 2.2% 

L = 2 cm 
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Figure 5-5. Measured N2O selectivities during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios [Xu et al. (2008)].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6. Measured NH3 selectivity during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios [Xu et al. (2008)].  
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Figure 5-7. Calculated N2O selectivities during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios . 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8. Calculated NH3 selectivities during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios. 

Pt = 2.2% 

L = 2 cm 

GHSV = 60000 hr
-1
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Figure 5-9. Measured N2 selectivity during steady state NO reduction by H2 as a function 

of monolith temperature at different H2/NO ratios [Xu et al. (2008)].  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10. Calculated N2 selectivities during steady state NO reduction by H2 as a 

function of monolith temperature at different H2/NO ratios. 
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5.3 NO/CO on Pt/BaO/Al2O3 

NO/CO reaction on Pt/BaO/Al2O3 is gaining attention from researchers because 

of the possibility of producing NH3, that can be used in the NOx reduction on SCR 

catalyst. Unland et al.[128] conducted experiments on precious metal catalysts such as Pt, 

Pt, Rh and Ru supported on Al2O3. It has been reported that NO, CO reaction takes place 

through the intermediate isocyantes, which, when reacted with water form NH3. Being 

consistent with the experimental observations the following reaction steps are considered 

to model the system,  

CO Pt CO Pt   , 

2CO Pt O Pt CO Pt Pt      , 

2 2CO Pt CO Pt   ,  

CO Pt N Pt NCO Pt Pt      , 

2 3 22NCO Pt H O Pt NH Pt CO Pt OH Pt         , 

2 3CO Pt BaO BaCO Pt     (f,s). 

Figure 5-11 shows the experimental results for NO/CO system without water in 

the feed by Dasari et al. [129]. NO conversion initially increases linearly with CO 

concentration until the CO adsorption is dominant. Once CO is in excess, it covers the Pt 

sites hindering NO adsorption. Such inhibition effect results in increasing NOx 

breakthrough. Eventually the entire Pt surface is covered by CO preventing further 

adsorption of NO or CO on the catalyst. Simulation results shown in Figure 5-12 
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satisfactorily represents the experimental observations. However, multiple values 

observed in the experiment could not be produced by 

 

 

 

 

 

 

 

 

 

Figure 5-11. Measured NO and CO conversion during steady state NO reduction by CO 

as a function of inlet feed CO concentration [Dasari et al.(2012)]. 

 

 

 

 

 

 

 

 

 

Figure 5-12. Calculated NO and CO conversion during steady state NO reduction by CO 

as a function of inlet feed CO concentration.  
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simulations. Special techniques like arc length continuation methods could elucidate the 

observed multiple values. Model equations used here are intended to develop a sequence 

of microkinetic reaction steps that captures the main features of NO reduction by CO. In 

order to account for the effect of water on the reduction mechanism, reaction R6 has been 

modified, such that adsorbed water molecule can be accounted for in the reaction scheme. 

Comparison of the experimental data and simulation results for NO/CO system in the 

presence of H2O is shown in Figures 5-13 and 5-14. It can be seen that addition of water 

relatively increases the conversion of both NO and CO as the CO concentration is 

increased. Dasari et al. [129] suggested the involvement of water gas shift reaction in the 

overall sequence, thus leading to the conversion of CO to CO2. They have also proposed 

two reaction pathways for the production of NH3, one involves hydrogen generated 

through the water gas shift mechanism, and the other involving direct reaction of water 

with intermediate isocyanates. The reaction sequence considered in the model has the 

advantage of including both the possibilities and the results qualitatively match the 

experimental observations.  
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Figure 5-13. Measured NO and CO conversions during steady state NO reduction by CO 

as a function of inlet CO feed concentration [Dasari et al.(2012)].  

 

 

 

 

 

 

 

Figure 5-14. Calculated NO and CO conversions during steady state NO reduction by 

CO  as a function of inlet feed CO concentration.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATION FOR FUTURE 

WORK 

6.1 Conclusions 

Lean burn engines including diesel engines have proven to be highly efficient in 

controlling NOx emissions when compared to the stoichiometrically operated gasoline 

engines. Because of the presence of excess oxygen during lean operation it is difficult to 

reduce NOx emissions with conventional three-way catalytic converters. NOx storage 

and reduction catalysts and Selective catalytic reduction catalysts gained prominence for 

their efficiency in removing NOx from the exhaust gas. High cost precious metal 

components are employed in the LNT catalyst formulations. Such high prices and 

ineffectiveness in avoiding NH3 slip during the regeneration process are the major 

drawbacks of the LNT catalyst technology. Similarly, difficulty in handling and control 

of the onboard urea device required for NH3 production in SCR applications is a 

drawback of this process. In order to overcome these drawbacks, extensive research is 

being conducted to combine both the LNT and SCR catalyst technologies.  

The present work studied the behavior of combined LNT and SCR catalysts under 

anaerobic and aerobic operating conditions. Effects of various parameters have been 

determined. Importance of considering the washcoat diffusional resistances in the 

mathematical models is highlighted. The simulations reveal that as the number of bricks 

in the sequential LNT-SCR catalyst is increased the NOx conversion increases and 
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approaches an asymptotic limit. Only marginal increase in NOx conversion is realized 

beyond the n = 2 architecture of sequential LNT-SCR bricks. Similar trends were 

observed experimentally. This behavior is attributed to the improved balance of NOx and 

NH3 in the SCR bricks.   

It is observed that washcoat diffusional resistance, which is usually neglected, can 

be important in either anaerobic or aerobic operation, and it diminishes the reaction rates 

resulting in reduced conversions. The simulations show that it is possible to reduce the 

precious metal loading under aerobic operation of the LNT-SCR catalyst sequence. The 

cycle time and pulse duties have a major impact on the overall NOx conversion. The 

predicted increase of the NOx conversion upon using the sequence of multiple LNT-SCR 

catalysts is similar to experimental observations reported in the literature. Non-uniform Pt 

loading affects the NOx conversion. Important observations are that the aerobic operation 

can significantly increase the NOx conversion and could enable a decrease in the precious 

metal loading. However, such reduction in the precious metal loading should take into 

account the corresponding decrease in resistance to deactivation and the increase in the 

ignition time.  

It is also shown that the detailed mechanistic model developed in this work 

satisfactorily explains the observed experimental trends. Though, it is to be noted that 

solving such complex set of reactions along with the full washcoat diffusion model 

considerably increases the computational expense. Finally it is believed that the choice of 

computational model depends on the level of detail required to explain the trends and 

thus be able to predict the behavior of the catalyst system under various operating 

conditions.  
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6.2 Future Considerations 

Geometric parameters are considered to be uniform for both LNT and SCR 

catalytic systems in the present work. Varying the washcoat thickness between the 

corresponding catalytic systems is suggested in order to study its effect on the 

performance of the combined system. Washcoat thickness is one of the key parameters 

that determines the controlling regimes existing during the lean-rich operation. Also 

detailed investigations are needed on the effect of different LNT and SCR catalyst 

lengths respectively, to account for the non-isothermal effects during the adiabatic 

operation.  Such studies involving the change in the ratio of LNT length to SCR length 

helps to optimize the amount of NH3 that can be generated during the regeneration 

reaction in the LNT and also the NO/NO2 ratio of the gas species entering SCR catalyst.  

Numerous studies in the literature have considered regeneration operation with a 

single reductant, either H2 or C3H6. Very few studies have included a combination of 

reductants from H2/CO/C3H6 species. Developing reliable kinetic models for regeneration 

reaction with different species combinations is essential to study the behavior of the 

combined LNT-SCR system under realistic engine exhaust conditions. In the present 

work, we have satisfactorily shown the reaction steps with respect to H2 and CO both in 

the presence and absence of water, current work is in progress regarding the kinetics of 

NO/C3H6 system. Similar studies are to be performed with the main objective of 

combining the kinetics to explain the trends of LNT and SCR using NO/H2/CO/C3H6 

system.  
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Appendix 

A1. Global rate expressions used for NO oxidation, NOx storage and regeneration 

reactions in    LNT.  Units of the rate constant are mol/m
3
s for R1 and s

-1
 for the rest of 

the reactions.  

Reaction 

No. 
Expression 

 

R1 

 

           

  
       

                
 

 

 
 

          
 
  
  

         
        

   

 

   
   

   
    

   

   
    

   

   
    

   

   
;                     

      

  
  

R2 

 

                      

R3                       

R4                             

R5                             

R6                              

R7                              

R8                               

R9                               
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A2: Rate expressions using micro-kinetic scheme for reaction between NO and H2 in 

LNT. Units of the rate constant are mol/m
3
s 

Reaction 

No.  

 

   Rate expression                             Reaction No.        Rate expression 

R10f 

 

0.5

0, ,
NO

NO ads v NO S

s

M
S C X

T




 
 
 

                 R10b                10, NO( )b sk T    

 
R11f 2

2 2

0.5

0, ,

H

H ads v H S

s

M
S C X

T




 
 
 

                R11b               
2

2

11, ( )b s Hk T    

R12f       
12, ( )f s H NOk T                                       R12b               12, OH( )b s Nk T     

R13f       
13, ( )f s H Ok T                                         R13b               13,b ( )s v OHk T    

R14       14( )s H OHk T     

R15       2

15( )s Nk T   

R16f       
16, ( )f s NO vk T                                        R16b              16,b ( )s N Ok T    

R17f 
17, ( )f s N Hk T                                         R17b             

317,b ( )s v NHk T    

 
R18f 3

3 3

0.5

0,N ,

NH

H ads v NH S

s

M
S C X

T




 
 
 

            R18b              
318, NH( )b sk T    

 

R19f 
2

2 2

0.5

2

0,O O ,

O

ads v S

s

M
S C X

T




 
 
 

                 R19b              
2

19,b ( )s Ok T   

0.5
2

ads Tm vC C
R
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A3: Rate expressions used for different reactions on SCR catalyst.  

 

Reaction 
No.  

  

Rate Expression Units of rate constant 

‘k’ 

 

R20 

 

3 320, 20, f NH Sv b NH Sk C k     

 

k20,f [=] m
3
/(mol×s); 

k20,b  [=] s
-1

 

R21 
2 321 O NH Sk C  

  m
3
/(mol×s) 

R22 

 
2 2

1/2

22, 22, f O NO b NOk C C k C      k22,f [=] (mol/m
3
)
-3/2

s
-1

; 

k22,b  [=] m
3
/(mol×s) 

R23 
323 NO NH Sk C  

  m
3
/(mol×s) 

R24 
2 324 NO NO NH Sk C C  

  (m
3
/mol)

2
s

-1
 

R25 
2 325 NO NH Sk C  

  m
3
/(mol×s) 

R26 
 

2 326 NO NH Sk C  
  m

3
/(mol×s) 

 

A4:  Kinetic parameters used for LNT; units of k or A depend on rate expression and are 

given in Appendix A1 

k  A Ea  

(kJ/mol) 

k
f1

 

k
b1

 

7.5×10
9
 

1.27×10
16

 

0 

106.9 

k
f2

 

k
b2

 

6.81×10
4
 

8.41×10
12

 

0 

80 

k
f3

 

k
b3

 

4.5×10
14

 

2.5×10
14

 

101.3 

44.9 

k
f4

 

k
b4

 

8×10
9
 

5.7×10
17

 

0 

97.9 

k
f5

 

k
b5

 

4.94×10
18

 

1×10
22

 

80 

209.4 

k2 

k3 

2.44×10
8
 

1.7×10
9
 

50.0 

76.7 
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A4: Continued.. 

k4 

k5 

1×10
9
 

1×10
10

 

60.0 

80.0 

k6 

k7 

2.7×10
11

 

1.6×10
12

 

85.0 

102.5 

k8f 

k8b 

1×10
8
 

1×10
7
 

52.0 

80.0 

k9f 

k9b 

2.×10
7
 

4×10
6
 

42.0 

73.5 

Concentration of Storage sites: 

CBaO(f)= 6.62×10
1
 mol/m

3
 washcoat 

CBaO(s) = 2.72×10
2 

mol/m
3
 washcoat 

Cx = 96.7 mol/m
3
 washcoat 

 

A5: Kinetic parameters used for SCR; units of k or A depend on rate expression and are 

given in Appendix A3 

k  A Ea  

(kJ/mol) 

k19f 

k19b 

9.3×10
-1

 

1.0×10
11

 

0 

181.5 ; α = 0.98 

 k20 1.2×10
11

 162.4 

k21f 8×10
1
 48 

k22 2.3×10
8
 84.9 

k23 1.9×10
12

 85.1 

k24 1.1×10
7
 72.3 

k25 3.6×10
4
 43.3 

 

Cs  = 2.75×10
-3

 moles/g zeolite 
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A6: Numerical values of Weisz modulus for LNT reactions at different temperatures 

Weisz 

modul

us  

 
Temperature (

o
C)  

λD ≈ 10 λD ≈ 100 λD ≈ 300 

237 275 335 237 275 335 237 275 335 

    0.02 0.092 0.35 0.20 0.92 3.50 0.52 2.60 11.3 

    0.36 0.90 2.30 3.60 9.0 23.0 11.5 31.4 91.3 

    3.2×10
-3

 0.012 0.06 0.032 0.12 0.60 0.10 0.42 2.4 

    0.13 0.35 1.30 1.30 3.50 13.0 3.07 9.20 39.3 

    0.038 0.043 0.26 0.38 0.43 2.60 0.92 1.13 7.85 

    0.013 0.06 0.33 0.13 0.60 3.30 0.30 1.53 9.70 

    3.5×10
-3

 0.019 0.18 0.035 0.18 1.80 0.082 0.46 5.30 

 

A7: Numerical values of Weisz modulus for SCR reactions at different temperatures 

Weisz 

modulus  

 
Temperature (

o
C)  

λD ≈ 10 λD ≈ 100 λD ≈ 300 

237 275 335 237 275 335 237 275 335 

     0.0005 0.002 0.013 0.005 0.020 0.130 0.013 0.057 0.420 

     0.023 0.094 0.600 0.230 0.940 6.000 0.600 2.700 19.30 

     0.00046 0.0015 0.0072 0.0046 0.015 0.072 0.012 0.042 0.230 
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