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Abstract 

The combination of NOx storage and reduction (NSR) and selective catalytic 

reduction (SCR) catalyst is a promising technology for the reduction of NOx emission 

from the exhaust of lean-burn or diesel engine vehicles. In the combined NSR/SCR 

system, NH3 generated in LNT during the rich phase is utilized in the SCR for additional 

NOx conversion. Therefore, the performance of the combined NSR/SCR depends 

strongly on the NH3 generating function of the NSR catalyst. Earlier studies show that 

lower Pt dispersion NSR catalysts give higher selectivity to NH3 making them ideal 

candidates for this particular application. 

In the first part of the work, we performed experiments on lower Pt dispersion 

catalysts to gain insights on the mechanistic effects of Pt dispersion on NOx conversion 

and selectivity. We also developed an improved crystallite-scale model of NSR that 

explicitly accounts for the crystallite scale gradients of the stored NOx. The calibrated 

model is able to capture the effects of Pt dispersion, rich phase duration and overall cycle 

time on cycle-averaged conversion and selectivity trends. 

In the second part, we carried out a simulation study of dual-layer NSR+SCR 

monolithic catalyst using (1+1)-D model of catalytic monolith with individually-

calibrated global kinetic models. Simulations show that multiple combinations of catalyst 

loading can attain a given NOx conversion and N2 selectivity, and that there exists a 

loading of SCR washcoat for a given NSR catalyst for which the NOx conversion is 

maximum. Simulations of the dual-brick monolith are also performed to analyze the 

effects of catalyst architecture. Under identical conditions, the simulations show that 
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dual-layer catalyst outperforms the dual-brick largely because of the better utilization of 

generated NH3. 

Finally, we performed an optimization study to identify optimal loading and 

configuration of combined Fe+Cu zeolite catalyst that gives overall high NOx removal 

efficiency over a broad range of temperature. Simulations suggest that the brick 

configuration in which Fe- brick is followed by Cu- catalyst is slightly better than dual-

layer in which Fe- is coated on top of Cu- architecture. This is attributed to the 

diffusional limitations in the washcoat that is more pronounced in the dual-layer 

catalysts. 
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CHAPTER 1 Introduction 

1.1 Preamble 

 The strict regulations on fuel economy and emissions have been the major driving 

force for the development of the advanced engine design and exhaust aftertreatment 

systems [1-3]. Diesel or lean-burn engine vehicles give higher fuel economy and lower 

CO2 emissions compared to traditional gasoline or stoichiometric engine vehicles. 

However, the presence of excess O2 in the exhaust of the lean-burn engines poses a 

difficult challenge of reducing nitrogen oxides (NOx) from the oxidizing environment. 

NOx emissions lead to ground level ozone formation, and cause various respiratory 

related health hazards, and as a result, strict NOx emission limits have been imposed 

worldwide [3]. The conventional three-way catalyst (TWC) used in the normal gasoline 

engine vehicle is capable of removing the three key pollutants viz. carbon monoxide 

(CO), nitrogen oxides (NOx) and hydrocarbon (HC) or unburned fuel, simultaneously 

from the exhaust. Fig. 1-1 shows a typical plot of fuel consumption and three-way 

performance, defined as the removal of CO, NOx and HC, of a gasoline engine vehicle as 

a function of air-fuel (A/F) ratio [4]. The stoichiometric A/F ratio is defined as the 

amount of air required to completely oxidize the fuel. For gasoline, the (A/F)stiochiometric is 

approximately 14.6 (wt/wt). A typical lean-burn engine operates at the air-fuel (A/F) ratio 

of 25:1 and above, which gives better fuel economy. While efficient oxidation of CO and 

HC can be attained by the traditional approach, higher NOx conversion cannot be 

achieved over the TWC converter under these conditions [4]. Therefore, there has been 

growing pressure on the automakers and catalyst companies to develop new technologies 

that not only give better fuel economy but also meet the stringent NOx emission 
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regulations. Over the past few decades, major advances have occurred in the development 

of improved engine design and diesel or lean-burn aftertreatment systems to comply and 

keep pace with the ever tightening regulations. New concepts such as NOx storage and 

reduction (NSR) has been invented and commercialized, and existing lean NOx reduction 

technologies such as selective catalytic reduction (SCR) have been tailored to vehicular 

applications to address the emission challenges. Despite the significant advancements in 

various lean NOx reduction technologies, they are still not far from being fully matured, 

both from the fundamental and the technological aspects.  

 

Figure 1-1. Fuel consumption and conversion of key pollutants (CO, NOx and HC) as a 

function of air-fuel (A/F) ratio [4]. 
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 1.2 Background on emission regulations in the United States 

 Since the inception of the Clean Air Act in 1970, the United States Environmental 

Protection Agency (EPA) has been imposing stricter regulations on fuel economy and 

vehicular emission standards. The amendments to the U.S. Federal Clean Air in 1990 

introduced two standards (Tier 1 and 2) for the light-duty vehicles [3]. Tier 1 and 2 

standards were implemented between 1994 – 1997 and 2004 – 2009, respectively [3].  At 

the same time, the California Air Resources Board (CARB) introduced even more 

stringent emission regulations with Low Emission Vehicles (LEV) II standards becoming 

effective in 2004 [3]. On March 29, 2013, the US EPA proposed Tier 3 emission 

standards for light-duty vehicles that are closely aligned with the California LEV III 

standards beginning from 2017, and are phased-in through 2025 [5]. The seven emission 

bins of the Tier 3 standards are given in Table 1-1, and are applicable to all vehicles 

irrespective of the fuel type. Both non-methane organic gas (NMOG) and nitrogen oxides 

(NOx) are expressed as the sum of both emissions (NMOG+NOx). The FTP – 75 

(Federal Test Procedure) is used to test the vehicles [5].  

Table 1-1. Proposed Tier 3 Standards (FTP-75; 150,000 miles), mg/mile [5]. 

Bin NMOG+NOx PM CO 

Bin 160 160 3 4200 

Bin 125 125 3 2100 

Bin 70 70 3 1700 

Bin 50 50 3 1700 

Bin 30 30 3 1000 

Bin 20 20 3 1000 

Bin 0 0 0 0 
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 The diesel engine emission control in the United States did not begin until mid-

1980s when both EPA and CARB began to regulate both NOx and PM (Particulate 

Matters). The first diesel emission standards were introduced during the amendment of 

the Clean Air Act in 1990, and required that by 1994 the particulate emissions be reduced 

to 0.1 g/bhp-hr (from 0.25 g/bhp-hr) and 0.07 g/bhp-hr for trucks and buses, respectively 

(as measured during the U.S. Heavy Duty (HD) FTP Transient Cycle) [6]. Recently, a 

new more stringent emission standards (EPA 2010) were implemented that required the 

use of the catalytic device to meet the regulations [6]. The summary of development of 

the emission regulations for the U.S. trucks is provided in the Table 1-2. 

Table 1-2. Emission standards for the heavy-duty trucks in the U.S., g/bhp-hr [6]. 

 1994 1998 2003 2007 2009 2010 

HC 1.3 1.3 0.5 0.5 0.14 0.14 

NOx 5 4 2 2 0.2 0.2 

PM 0.1 0.1 0.1 0.01 0.01 0.01 

1.3 Background on diesel emission control technologies 

 In recent years, the diesel engine vehicles are receiving more and more attention 

largely because of the engine efficiency and durability compared to the conventional 

gasoline engines. The operating temperatures in the diesel engines are comparatively 

lower than that in the spark-ignited gasoline engines, which leads to lower NOx, CO and 

HC emissions. However, the particulate emission in the diesel engines is higher [6].  

With the introduction of new regulations in 1990 by the U.S. EPA, both NOx and 

PM emissions from the diesel engines were regulated [6]. During the initial period, the 

vehicle manufacturers were faced with the so-called NOx-particulate trade-off [6]. When 
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the operating temperature is lowered, NOx emission is lowered and PM emission is 

increased. On the other hand, at higher operating temperature, PM emission is drastically 

reduced but with high NOx formation. The US 2007 diesel NOx emission standards were 

met by using an engine management strategy called Exhaust Gas Recirculation or 

Recycle (EGR) [6]. In this method, the portion of the exhaust gas is recycled back to the 

engine cylinders thereby reducing the temperature in the combustion chamber. 

Consequently, the NOx production, and thus the NOx emission, is lowered. On the other 

hand, reduced operating temperature in the engine promotes PM emission. To comply 

with the PM regulations, diesel particulate filters (DPF) were placed downstream of the 

engine to trap the PM. The DPF requires periodic regeneration at elevated temperatures 

to burn off the accumulated soot so as to minimize the pressure drop. In addition to NOx 

and PM, volatile organic compounds (VOCs), which are a combination of unburned 

diesel fuel and lubricating oils, are also emitted from the tail pipe. A diesel oxidation 

catalyst (DOC) is, therefore, used to oxidize the unburned fuel and other VOCs [6]. The 

precious metal contained in the DOC also oxidizes some of the NO to NO2 which can 

readily react with the soot (carbon, C) trapped in the DPF placed downstream of the 

DOC. The use of EGR+DPF was able to meet the NOx and PM standards of US 2007 

rules but it is not sufficient to meet the even more stringent NOx regulations set by the 

US EPA 2010 standards. Therefore, the employment of the advanced aftertreatment 

system is needed to comply with strict NOx and PM emissions [3]. As a result of this 

reason, there has been a vast amount of research and development both in academia and 

industry to explore different NOx reduction approaches and to develop catalytic materials 

that can not only reduce the NOx emissions but also lower the emission of the PM.  
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1.4 Lean NOx reduction technologies 

To meet the tight NOx emission regulations, vehicle manufacturers and catalyst 

companies have developed and commercialized various lean NOx reduction technologies 

[3, 6]. There has also been an enormous amount of fundamental research in universities, 

national laboratories and industry that span from synthesizing new catalytic materials to 

understanding the mechanistic pathways of various catalytic reactions [3, 6]. 

Mathematical modeling has also played crucial role in understanding, optimizing and 

commercializing various deNOx systems [1]. 

Different techniques have been explored in the past two decades to reduce the 

NOx in the oxygen-rich environment. The catalytic decomposition of NOx to N2 and O2 

over the copper zeolite catalysts was extensively studied during the early 1990s. 

However, it was not possible to achieve high activity and the catalysts was readily 

poisoned by water and sulfur dioxide [7]. The focus then shifted towards using fuel or 

hydrocarbon as a reductant to reduce the NOx under lean conditions. Pt/Al2O3 and Cu-

ZSM5 were identified as two candidate catalysts for this application [3, 6, 8]. However, 

this approach of NOx reduction was not able to meet the stringent limits for 2010 [6].  

Recently, NOx storage and reduction (NSR) and selective catalytic reduction 

(SCR) by ammonia (urea) technologies have been successfully commercialized to meet 

the EPA 2010 emission standards. The combined NSR+SCR technology has also been 

studied extensively in the past decade and has been shown to be a viable solution to NOx 

abatement for the light- to medium-duty vehicle applications [9]. The NSR, SCR and 

combined NSR+SCR are currently the leading technologies for the NOx reduction under 

lean conditions. The details of these techniques are discussed next.  
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1.4.1 NOx storage and reduction (NSR) 

 NOx storage and reduction (NSR) is a recently commercialized technology for 

reducing NOx from lean burn vehicles. The NSR concept, first introduced by Toyota 

researchers in the mid-1990s [10], is implemented in a multifunctional monolithic 

catalytic reactor or so-called lean NOx trap (LNT). The LNT contains a precious metal 

function that catalyzes NO oxidation to NO2 as well as reduction of stored NOx, and an 

alkali or alkaline earth-metal function that provides sites to store NOx. NSR operates 

with periodic fuel-lean and fuel-rich cycles in which NOx is stored during the lean phase 

and reduced during the rich. Commonly-used precious metals include Pt and Rh while 

oxides of Ba, Mg, Sr and Ca are used as storage compounds [3]. The most commonly 

studied catalyst formulation is Pt/BaO/Al2O3. Rh is added for additional NOx reduction 

activity while ceria (CeO2) is added for precious metal dispersion control and improved 

low temperature performance [11]. 

 Several NOx storage and reduction mechanisms have been proposed in the 

literature [11-27]. An extensive compilation of such mechanisms can be found in reviews 

by Roy and Baiker [3] and Epling et al., [12]. The first step of NOx storage on 

Pt/BaO/Al2O3 involves the oxidation of NO to NO2 on Pt because of the effectiveness of 

the catalyst to reactively adsorb NO2 compared to NO [12]. Forzatti et al., [14] proposed 

two parallel routes, namely the “nitrate route” and the “nitrite route”, to explain the 

storage of NO in the presence of O2 on Pt/BaO/Al2O3 catalyst. In the “nitrate route”, NO 

is oxidized to NO2 on Pt which is then converted to Ba(NO3)2 via the disproportionation 

reaction (3NO2 + BaO → Ba(NO3)2 + NO); in the “nitrite route” NO is oxidized on Pt and 

directly stored on the neighboring BaO sites to form nitrites that are subsequently 
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oxidized to nitrates. The disproportionation storage mechanism is widely regarded to be 

dominant during the longer storage times, while the 3:1 stoichiometry between NO2 

stored and NO produced is not satisfied during the initial storage [12]. Kabin et al., [15] 

proposed a “hybrid” mechanism in which the storage is initiated by the spillover of O 

adatoms from Pt to BaO followed by the addition of NO2. Epling et al., [13] proposed 

two different storage sites depending on the proximity to Pt. Proximal storage sites or so-

called “alpha” sites store NO2 with the aid of adsorbed O atom on Pt and do not satisfy 

the 3:1 disproportionation ratio while non-proximal sites store NO2 via the 

disproportionation mechanism. Kwak et al., [17] proposed a different NOx storage 

mechanism.  During the first stage, complete NOx uptake at the beginning results from 

the spillover of NO2 formed by NO oxidation on the Pt crystallites, to the neighboring 

BaO.  There is a shift to a second stage in which the uptake slows down as the BaO sites 

in the vicinity of the Pt particles are converted to Ba(NO3)2.  The storage process 

becomes limited by the diffusion rate of nitrate ions to BaO sites further removed from 

the Pt. This approach to saturation causes NO2 that desorbs from the Pt to breakthrough, 

marking the commencement of NOx slip. Kumar et al., [16] employed isotopic exchange 

(
15

NO) on Pt/BaO/Al2O3 powder catalyst in a TAP (Temporal Analysis of Products) 

reactor to elucidate the role of the Pt/BaO interface during NSR. They reported data that 

clearly shows the existence of a stored NOx concentration gradient and transport in the 

storage phase. They proposed that NOx storage proceeds radially away from the Pt/BaO 

interface and that some mobility of the stored NOx exists on the storage (BaO) phase. 

The mobility of nitrate/nitrite species was also confirmed in an ab initio molecular 

dynamic simulation studies by Broqvist et al., [28] who predicted diffusion events for 
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both nitrate and nitrite on the BaO(100) surface. The importance of the coupling between 

Pt and BaO has been previously reported by a host of researchers [21, 23, 27, 29-32].  

 A number of regeneration mechanisms have been reported [12, 18, 22, 23, 29, 32-

37]. Nova et al., [23] proposed that the reduction of stored NOx occurs via Pt catalyzed 

reaction and that it is only possible when both Pt and BaO are dispersed on the same 

support. Zhou et al., [27] showed that Ba(NO3)2 is unreactive in H2 in the absence of Pt 

while a relatively small amount of Pt was sufficient to completely reduce Ba(NO3)2 to N2 

at temperatures below 400 K. They concluded that the intimate contact between Pt and 

BaO phase is essential during the reduction and that nitrates in the Ba phase are 

extremely mobile. Liu and Anderson [38] proposed the possible spillover of activated 

reductant to the storage phase where it reacts with the stored nitrates, forming nitrites and 

releasing NO. Clayton et al., [31] studied the effects of Pt dispersion during the storage 

and reduction on Pt/BaO/Al2O3 catalyst. They observed increased storage and reduction 

with an increase in Pt dispersion and attributed it to the larger Pt/BaO interfacial 

perimeter, which promotes the spillover of NOx from Pt to BaO during the storage and 

reverse spillover of stored NOx, and/or the spillover of activated hydrogen from Pt to 

BaO, during the regeneration. They also reported that the selectivity of NH3 during the 

regeneration depends on both temperature and Pt dispersion, with high and low 

dispersion catalyst favoring NH3 production at low and high temperature, respectively. 

More recently, Luo and Epling [20] proposed that the regeneration of NOx proceeds via 

spillover and diffusion of activated hydrogen on the exposed alumina support as an 

alternative mechanism. 
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1.4.2 Selective catalytic reduction (SCR) 

 Selective catalytic reduction of NOx by ammonia is the leading NOx abatement 

technology that is widely used in the heavy-duty diesel engine vehicles. The SCR with 

ammonia is a well-established technology which is extensively used in stationary 

applications such as power plants [6]. In the SCR system, ammonia generated from the 

external source is utilized to reduce the NOx from the lean exhaust to benign products 

such as nitrogen and water [5]. The external source of ammonia is usually consists of a 

diesel exhaust fluid (DEF) or urea tank and a decomposition reactor. The urea is injected 

to the hot exhaust stream which is then hydrolyzed to ammonia in the decomposition 

reactor [5]. The SCR technology is very robust and is able to provide high NOx 

conversion over wide temperature range. However, the need to have the extra 

infrastructure for ammonia generation adds to the overall cost of the aftertreatment 

system. Moreover, space requirements also become an important issue, especially for the 

application in light- to medium-duty vehicles. 

 There are mainly two classes of practically viable SCR catalytic materials. They 

are vanadium-based SCR catalyst and Cu- or Fe- exchanged zeolites. The vanadium-

based SCR catalysts, e.g., V2O5/WO3/TiO2, have been used to remove NOx under net 

oxidizing conditions for decades in the both stationary and mobile applications [39]. 

However, the more stringent US EPA 2010 regulations demand high temperature 

regeneration of the DPF which makes this class of catalysts impractical as they cannot 

withstand high temperatures (ca. 550 – 600 °C) [39]. On the other hand, zeolite-based 

SCR catalysts give excellent activity over wide temperature range and possess 

exceptional hydrothermal stability [39, 40].  
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 The overall SCR chemistry is well established in the literature and has been found 

to be similar in both vanadium-based and zeolite-based SCR catalysts [41]. The main 

reaction occurring in the SCR converter under such conditions is the so-called “standard 

SCR” reaction can be expressed as  

4NH3 + 4NO + O2 → 4N2 + 6H2O. (1-1) 

It is well known that the presence of NO2 in the feed significantly improves the NOx 

reduction activity [41]. The reaction between NH3 and equimolar mixture of NO and 

NO2, which gives the most favorable conditions for NOx reduction, is referred to as the 

“fast SCR” reaction,  

2NH3 + NO + NO2 → 2N2 + 3H2O. (1-2) 

Similarly, the reaction between NO2 and NH3, which is comparatively slower than the 

“fast SCR” reaction, is referred to as “NO2-SCR” or “slow SCR” reaction [41] and is 

given by 

4NH3 + 3NO2 → 3.5N2 + 6H2O. (1-3) 

In addition to the above key reactions, other side reactions such as NH3 oxidation and NO 

oxidation also take place. NH3 oxidation reaction is comparatively more active in Cu-

exchanged zeolites than in Fe-zeolites. Because of the high activity of NH3 oxidation side 

reaction, the NOx reduction activity in Cu-zeolite SCR catalysts are lowered at higher 

temperatures [40]. Finally, the formation of surface nitrites and nitrates also become 

important in the presence of NO2 in the feed [42, 43]. The surface nitrates thus formed 

reacts with NH3 to form ammonium nitrate which decomposes at higher temperatures to 

give N2O [40-42].  
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 There is a vast number of experimental and modeling studies available in the 

literature that focus on understanding of the kinetics and mechanistic aspects of SCR 

reactions on vanadium and zeolite based SCR catalysts ([40-48] and references within). 

Likewise, there are several kinetic models with varying complexities that describes 

transient and steady-state behavior of various catalyst formulations [9, 40, 42, 45, 48]. 

Sjövall et al., [48] developed a detailed kinetic model of NH3 SCR over Cu-ZSM-5 using 

the experimental data obtained from the flow reactor experiments. The calibrated model 

was able to predict the NOx conversion and N2O formation over wide range of 

experimental conditions and temperatures. In another study [49], they developed a global 

transient kinetic model for a commercial Fe-zeolite catalyst. Similarly, Grossale et al., 

[50] investigated the activity and the mechanism of the main reactions in the NO/NO2–

NH3 SCR reacting system over a Fe- and a Cu-promoted commercial zeolite catalysts. 

They also developed a micro-kinetic model that gave close agreement with all the details 

of the SCR catalytic chemistry. Likewise, Colombo et al., [42] developed a dynamic 

micro-kinetic model with particular focus on the NO2-related SCR catalytic chemistry 

over a Cu-zeolite catalyst. Their tuned model is able to predict the most of the transient 

behavior observed during temperature-ramp experiments. Recently, Metkar et al., [40] 

developed global kinetic model for the commercial Cu-Chabazite and Fe-ZSM-5 

monolithic catalyst that gave good steady-state predictions over wide feed conditions and 

temperatures. The developed model was also used to predict the performance of the dual-

layer and dual-brick Fe/Cu combined catalyst [40]. 
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1.4.3 Combined LNT+SCR 

 Both NSR and SCR technologies have drawbacks. In particular, NSR catalysts or 

LNTs require high loading of PGM and are prone to sulfur poisoning and PGM sintering 

while SCR requires additional infrastructure to supply the NH3. The combination of the 

LNT and SCR provides an interesting solution to overcome the limitations of the 

individual systems by integrating their functionalities [9, 51-59]. In the combined 

LNT+SCR, NOx that is stored in the LNT is selectively reduced to NH3 during the rich 

phase which is captured by the SCR placed in proximity to the LNT component. The 

LNT and SCR catalysts can be arranged in different ways, including a brick configuration 

where the SCR brick is placed downstream of the LNT [9, 57-59], or a layered 

configuration in which the SCR is washcoated on top of the LNT layer [53-55], or a 

mixed configuration [60, 61] wherein both the components are physically mixed. The 

NH3 stored on the SCR is then utilized to reduce additional NOx during the subsequent 

lean cycle. In this way, the NH3 generating function of the LNT catalyst is utilized in the 

SCR unit. Thus, the use of the integrated system not only eliminates the need to have an 

external NH3 source, which would otherwise be needed in a standalone SCR system, 

reducing total fixed cost and space requirements, but also provides an opportunity to 

lower the volume of the expensive LNT catalyst, as some of the NOx is reduced by the 

SCR catalyst [9, 54]. 

The concept of NOx reduction by using an internally or in situ generated 

ammonia was first introduced in patents by Toyota and Daimler-Chrysler in the years 

1998 and 2002, respectively [51]. However, the concept of combined LNT and NH3-SCR 

was first patented by Ford Motor Company in 2004 [62]. Since then, several 
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experimental and modeling studies and patents have appeared that have focused on 

various mechanistic and architectural aspects of the combined LNT/SCR systems [9, 51-

61, 63-66]. A critical review of the recent developments of lean NOx reduction using 

combination of the NSR and SCR along with detailed patenting activities is provided by 

Can et al., [51]. Some of the relevant experimental studies are summarized below. Corbos 

et al., [60] studied the NOx removal performance of combined Pt-Rh/Ba/Al and Cu-

ZSM5 powdered catalysts using a mixture of CO-H2 as a reductant. They found that the 

NOx reduction efficiency of the physically mixed catalyst was significantly higher than 

the dual-bed catalyst in which Cu-ZSM5 bed was placed downstream of Pt-Rh/Ba/Al. 

Furthermore, the NOx removal activity of the mixed catalyst was found to be higher than 

the sum of activities of the individual components. In order to elucidate the observed 

cooperative effects in the mixed system, they performed DRIFTS (Diffuse Reflectance 

Infrared Fourier Transform Spectroscopy) experiments and found that Cu-ZSM5 catalyst 

in proximity to Pt-Rh/Ba/Al catalyst enhances the formation of –NCO species on 

alumina. The –NCO species thus formed are subsequently hydrolyzed to NH3 during the 

lean period, which further reduces the NOx. In another study [61], they observed that in 

the absence of CO (only H2 as a reductant) in the rich feed, both dual-bed and physically 

mixed catalyst gave comparable NOx conversion, further confirming the synergistic 

effect in the presence of CO in the rich feed. Similarly, Bonzi et al., [63] performed 

dedicated experiments over Pt/BaO/Al2O3 and Fe-ZSM5 catalyst system under “clean” 

conditions (i.e., in the absence of H2O and CO2) using H2 as a reductant and with an inert 

purge between lean and rich feed. They found that the physically mixed catalyst gave 

higher NOx conversion than the dual-bed and claimed that it was simply because of the 
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better utilization of NH3 that is generated in LNT catalyst. Likewise, Lindholm et al., [58] 

studied the effect of H2 concentration and NO2:NOx ratio over the combined Pt/Ba/Al 

and Fe-Beta catalyst. They observed an optimum H2 concentration at higher temperature 

(400 °C) which was attributed to the inhibition of SCR reactions by ammonia. They also 

found that the presence of NO2 in the lean feed improved the NOx conversion by 

increasing the amount of NOx stored in the LNT catalyst. Wang et al., [66] also studied 

the combined LNT-SCR system using low PGM loaded Pt/Rh LNT catalyst and 

commercial Cu-SCR catalyst. They used a mixture of CO+H2+C3H6 as the reductant and 

found that in addition to NH3-SCR reactions, hydrocarbon (HC)-SCR reactions 

contributed significantly to NOx reduction. This indicated that during the actual driving 

conditions, non-NH3 pathway to NOx reduction becomes important. Similar results were 

also observed by Xu et al., [57] who reported laboratory and vehicle experimental data 

using the Ford‟s “2nd generation” multiple bricks LNT+SCR system. Liu et al., [53] 

studied the dual-layer LNT/SCR catalyst by synthesizing a series of catalysts in which 

they coated Cu-ZSM5 on top of three different model Pt/Rh/BaO/CeO2 LNT catalysts. 

They found that NOx conversion was increased when a layer of SCR was coated on top 

of the LNT in the presence of CO2 and H2O. Further, ceria was found to be necessary to 

avoid undesirable PGM migration from the LNT to the SCR layer. They suggested that 

the mixing of the LNT and SCR components at the interface resulted in undesirable NH3 

oxidation in the LNT layer producing N2O at lower temperatures and NOx at the higher 

temperatures. They also prepared a mixed monolithic catalyst and interestingly observed 

substantial production of NO2 during the lean cycle, lowering the NOx conversion 

significantly. The formation of NO2 was attributed to the possible migration (via 
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desorption and/or spillover) of NH3 stored on the SCR onto the PGM sites where it was 

oxidized. However, a detailed investigation of mixed washcoated catalyst was not 

performed in that study. In another work [55], they studied the effects of loading and 

zonal distribution of ceria in the LNT in the dual-layer catalysts. The addition of ceria 

enhanced the NOx conversion at lower temperatures by providing additional NOx storage 

sites. On the other hand, ceria promoted the NH3 oxidation side reaction at higher 

temperatures. They showed that distributing the ceria loading in the LNT along the 

catalyst length with the ceria-free catalyst brick placed upstream of the ceria-containing 

brick can improve the NOx conversion over wider temperature range. 

1.5 Research objectives and outlines  

The overall objective of this work is to develop a mathematical model for the 

combined LNT+SCR system to gain a fundamental understanding of the reactor behavior 

and use that knowledge to provide information or guidelines in terms of catalyst design 

and operating strategies. In combined LNT+SCR system, ammonia generated in the LNT 

is utilized in the SCR to achieve additional NOx conversion. Therefore, the overall 

performance of the combined system depends largely on the ability of the LNT catalyst to 

generate ammonia. As mentioned earlier, it is possible to selectively reduce stored NOx 

in the LNT during the rich phase to ammonia by using a low Pt dispersion or aged LNT 

catalyst. In the first part of the work, we investigated the effects of Pt dispersion on the 

cycled-averaged cyclic steady-state NOx conversion and NH3 yield. We also studied the 

effects of cycle time on the performance of the aged LNT catalysts to identify conditions 

that would give favorable NOx conversion and NH3 yield. The main outcome of the first 

part of the work was that we identified, among the catalysts studied, that intermediate Pt 
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dispersion LNT catalyst would be a good choice of catalyst for the combined system 

because it gave reasonable NOx conversion and NH3 yield over wide operating 

conditions (temperature and cycle time). A crystallite scale model that incorporated 

crystallite scale details into the reactor scale model was developed to explain the trends 

observed during cycling experiments on different Pt dispersion catalysts.  

In the second part of the work, we developed a simplified global kinetic model of 

the intermediate Pt dispersion LNT catalyst and combined the model with the existing 

SCR model to perform the simulation studies of the combined LNT+SCR monolithic 

catalyst. The simulation study was mainly focused on elucidating the complex 

spatiotemporal processes occurring within the washcoat of the dual-layer catalyst. The 

model predicts the existence of optimal loading of SCR washcoat for the given LNT 

catalyst and operating conditions. The performance of dual-layer catalyst was also 

compared with the dual-brick counterpart to study the effects of catalyst architecture. The 

model provided important guideline in terms of catalyst design and operating strategies 

for the dual-layer LNT+SCR catalysts. 

Finally, the simulation study of the combined Fe/Cu-SCR catalyst was also 

studied to identify the optimal catalytic composition for the dual-layer and dual-brick 

catalysts under standard SCR reacting conditions. The model was also used to compare 

the performance of dual-layer and dual-brick Fe/Cu catalysts. The simulation results 

provided important information about the superiority of one design over another. 
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The specific objectives of this study are summarized below. 

1. Carry out lean-rich cycling experiments with different lean and rich phase 

durations over different Pt dispersion catalyst to study the impact of cycle time 

and Pt dispersion on the cycle-averaged NOx conversion and NH3 yield. 

2. Develop a crystallite scale model of NSR to simulate the experimental data 

obtained for different Pt dispersion catalyst and overall cycle time. 

3. Develop global kinetic model for the aged LNT catalyst and use it in conjunction 

with existing SCR model to carry out simulations of dual-layer LNT+SCR 

catalysts. 

4. Perform detailed simulation study of combined LNT+SCR monolithic catalyst to 

identify optimal washcoat loading of individual components in a dual-layer 

catalyst and to compare the performance of the dual-layer architecture with that of 

dual-brick to determine better design for the combined system. 

5. Conduct detailed analysis of dual-layer and dual-brick Fe+Cu SCR monolithic 

catalyst to study the effect of catalyst composition and to determine optimal 

design. 

The dissertation is organized as follows. Chapter 2 describes generic 

mathematical models of the catalytic monolith including 1D two phase model, low 

dimensional model, (1+1)-D model and detailed 3D model. Chapter 3 describes the 

experimental setup and catalysts used in this study. Chapter 4 presents the development 

of the crystallite scale model of NSR that explicitly accounts for the gradient of stored 

NOx in the barium phase. New experimental data on different Pt dispersion catalysts are 

provided. The comparisons of model predictions with the experimental data for different 



19 

 

Pt dispersion LNT catalysts are also presented. Chapter 5 focusses on the effect of the 

cycle time on the NH3 generation over low Pt dispersion LNT catalysts. The crystallite 

scale model developed in Chapter 4 is used to predict the experimental trends. Chapter 6 

describes the development of mathematical model for dual-layer LNT+SCR monolithic 

catalyst. The detailed analysis of dual-layer catalysts is performed and the effects of 

washcoat loading, temperature and architecture are presented. Some guidelines to design 

effective dual-layer catalysts are also provided. Chapter 7 analyzes the performance of 

dual-layer and dual-brick Fe+Cu-SCR monolithic catalysts. An optimization study is also 

carried out to identify optimal catalyst loading (fraction of Fe- or Cu-) in the combined 

Fe+Cu SCR catalyst. Finally, the main contributions and findings of the current study are 

summarized in Chapter 8. A few recommendations for the future direction of the research 

are also provided. 
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CHAPTER 2 Mathematical Modeling of Catalytic Monoliths 

2.1 Introduction 

 The catalytic monolith reactors are widely used as emission control devices in the 

aftertreatment systems of the diesel and gasoline engine vehicles. They are also 

commonly used in the catalytic oxidation of the volatile organic compounds (VOCs) in 

various industries as well as the abatement of the NOx emissions from the stationary 

sources such as power plants. Other emerging applications of monolith reactors include 

hydrogen generation for the fuel cell applications, steam reforming of hydrocarbons to 

generate syngas (CO+H2), water-gas shift (WGS) catalysis and so on [67]. Likewise, 

these reactors are also being considered as a potential candidate to replace the traditional 

multiphase reactors widely used in the industry including trickle-bed reactors, slurry 

reactors, and slurry bubble column reactors for gas–liquid–solid reactions [68].  

 The monolith reactors are honeycomb-shaped reactors that consist of large 

number of narrow parallel channels (hydraulic diameter of ca. 1 mm, 400 cpsi) through 

which reacting fluid flows. The walls of the reactor are coated with thin layer of catalytic 

washcoat with typical washcoat thickness of ca. 20 – 50 µm. The monolithic reactors 

come in different cell geometries such as square, triangular, hexagonal, sinusoidal, etc. as 

shown in Fig. 2-1. The support or substrate materials for the monolith reactor are 

typically either ceramic or metallic. Commonly used ceramic support is the cordierite 

(2MgO.2Al2O3.5SiO2) which has high melting point of ca. 1400 
o
C and extremely low 

thermal expansion coefficient [69]. The main advantages of the monolithic 

reactor/catalyst over the conventional packed bed reactor are high heat and mass transfer 

rates per unit pressure drop, higher geometric surface area, smaller thermal gradients in 
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the washcoat, relatively lower internal diffusion limitations, ease of scale-up and superior 

hydrodynamics [67-70] 

 

Figure 2-1. Typical cell geometries of the monolith reactors [69]. 

 There are various length/time scales involved in a typical monolith reactor 

system. The simplified schematic showing different length scales is shown in Fig. 2-2. 

The reactants diffuse transverse to the flow into the catalytic washcoat where they react 

to form products which then diffuse back to the fluid phase. In the case of exothermic 

reaction and high reactant concentration, significant heat is generated in the washcoat 

which may lead to non-uniform temperature distribution along the reactor length. 

Therefore, a robust mathematical model for the catalytic monolith must account for not 

only the thermal and mass transport as well as kinetic processes occurring in different 

length scales but also the complex coupling between these processes. A brief survey of 
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various mathematical models of the catalytic monolith with varying levels of details and 

complexities is provided in the following section. 

 

Figure 2-2. Schematic showing various length/time scales involved in catalyst monolith 

reactors (lab-scale catalyst). 

2.2 Modeling of monolith reactors 

 In this section, we review some of the mathematical models widely used in the 

modeling and simulation of catalytic monolith reactor. First, we discuss the simplified 

one dimensional model with and without the inclusion of washcoat diffusion. We then 

give a brief description of the so-called (1+1)-dimensional model of catalytic channel 

which explicitly accounts of the diffusion occurring in the washcoat. Finally, we provide 

a summary of the 3D model that includes detailed description of the monolith reactor. 

The advantages and disadvantages of each model are also discussed in the respective 

sections. Following are the general assumptions made in developing the model: (i) feed 
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distribution is uniform and all channels are identical, thus, only a single channel of the 

monolith is considered in the model, (ii) flow is laminar, which is justified because of the 

small channel opening, (iii) cross-section of the channel is invariant with the axial 

position, (iv) variation of physical properties with composition is negligible, and (v) 

pressure drop across the monolith channel is minimal and thus neglected.  

2.2.1 One-dimensional model 

 The most widely used monolith reactor model is the 1-D two-phase model that 

considers two different concentrations and temperatures (2-modes) in the fluid and solid 

phase [1, 70-72]. The model accounts for the transverse or radial variation in the fluid 

phase by using the effective heat and mass transfer coefficients between the fluid phase 

and solid phase [1, 70, 73]. Further, the model neglects the temperature and concentration 

gradients in the washcoat and treats the washcoat as a catalytic wall where the chemical 

reaction takes place. The effect of the diffusion in the washcoat can be implicitly 

included by the use of effectiveness factor [70]. However, the computation of the 

effectiveness factor requires the solution of multicomponent diffusion and reaction 

problem in the radial coordinates at each axial location [70].  

Recently, Balakotaiah [74] developed a low-dimensional model of the catalytic 

channel which is the generalization of the classical two-phase model. The model is 

developed by averaging the convection-diffusion-reaction (CDR) equations in the 

transverse (radial) direction (in fluid and washcoat phase), and using the concept of 

external and internal mass transfer coefficients [70, 74]. It has been shown that the low 

dimensional model gives comparable results when compared to the detailed solution [70]. 

The details of the model development and applications are provided in a series of papers 
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by Joshi et al., [70, 74-77]. In the first part of the current work, we incorporate crystallite 

scale details into the low dimensional model to study the effect of Pt dispersion on the 

performance of the LNT catalyst. The details of the model used in this study are 

discussed in Chapter 4. Here, we only summarize the key elements of the generic low 

dimensional model. The model consists of species and energy balances in the fluid and 

washcoat phase. The heat and mass transfers in the transverse direction between the bulk 

of fluid and washcoat are accounted for by the use of overall heat and mass transfer 

coefficients.  

The species balances in the gas phase consist of accumulation, convection and 

external mass transfer from bulk fluid to washcoat: 
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where, ,fm jC  and 
wc j

C  represent the cup-mixing mole concentration of species j in the 

fluid phase and volume averaged concentration of species j in the washcoat, respectively. 

u  is the average fluid velocity, 
1

R is the hydraulic radius defined as the ratio of 

channel area (open to flow) to channel perimeter, and , ( )mo jk z  is the overall mass transfer 

coefficient of species j at the axial position z given by: 
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where, kmi,j and kme,j are the internal and external mass transfer coefficients, respectively. 

The mass transfer coefficients are computed using the following relations: 
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where, Df,j and De,j are the fluid phase diffusivity and effective washcoat diffusivity of 

species j, respectively. 
2

R is the effective transverse diffusion length in the washcoat 

defined as the ratio of washcoat cross-sectional area to the interfacial perimeter. She(z) is 

the position-dependent external Sherwood number obtained by using the correlation 

given by Ramanathan et al., [73]. Likewise, Shi is the internal Sherwood number, the 

details of which are provided in the work by Joshi et al., [70, 75, 76]. 

 Similarly, the species balances for component j in the washcoat are given as 

follows: 
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where, wc , ij  and Ri  represent the washcoat porosity, stoichiometric coefficients of 

species j in reaction i and volumetric reaction rate (per unit washcoat volume) of reaction 

i, respectively. Ts is the solid temperature.  

 Likewise, the enthalpy balances in fluid and solid phase are given below: 
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where, 
f ,

,p fc ,
fh ,

fT  and sT  are the density of gas, specific heat capacity of gas, heat 

transfer coefficient, gas phase temperature and solid (washcoat + support) temperature 

respectively. The effective solid phase (wall) heat capacity and thermal conductivity are 

computed as 
2, , ,w sw p w c p c s p sR c R c R c      and 

2w sw c sR k R k R k     respectively. 

The subscripts c and s refer to catalyst (washcoat) and support respectively 

 The initial, inlet and boundary conditions are given below: 
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where,  , 0fm jC z ,  
0wc j

C z ,  f 0T z , and  s 0T z  are initial fluid phase concentration 

of species j, initial washcoat concentration of species j, and initial fluid and solid 

temperatures, respectively.  
,injC t and  finT t  are inlet concentration of species j and 

inlet fluid temperature, respectively. 

2.2.2 (1+1)-dimensional model 

 The (1+1)-dimensional model is an extension of the 1D two phase model which 

explicitly accounts for the diffusion of species in the washcoat. The model consists of 1D 

species balance in the fluid phase. At each axial position, 1D diffusion and reaction 

equation in the washcoat is also solved. In this study, we have used the (1+1)-

dimensional model to simulate the dual-layer LNT+SCR monolithic catalyst. While 
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computationally more demanding when compared to 1D model, the (1+1)-D model is 

useful when the detailed concentration profile in the washcoat is desired. The model 

consists of species balance in the fluid phase (eqn.2-10), species balance in washcoat 

phase (eqn. 2-11), energy balance in fluid phase (eqn. 2-12) and energy balance in solid 

phase (eqn. 2-13). The governing equations along with initial and boundary conditions 

are provided below: 
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The details of the model are provided in the review by Güthenke et al., [1]. 

2.2.3 Detailed 3D model 

 The detailed 3D model accounts for the variation of species concentration and 

temperature in all three spatial dimensions. Fig. 2-3 shows the schematic diagram of 

catalytic channel with arbitrary geometry showing different domains and boundaries. Ω1 

and Ω2 denote the cross-sectional domains of the fluid phase and washcoat, respectively. 

The numerical solution of full 3D model is computationally expensive and therefore it is 

not suitable when the objective is to explore wide parameter space. The full model is not 

used in the current study, but is briefly explained in this section for the sake of 

completeness.  

 

Figure 2-3. Schematic of catalytic channel with arbitrary shape showing different 

notations and domains [70]. 
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The governing equations of the detailed model are discussed next. The species 

balance in the fluid phase is given by: 
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where, C1 is the reactant concentration in the fluid phase. 2

T  is the transverse Laplacian 

operator in Ω1 and Ω2. f(x,y) is the normalized local velocity profile within the channel. 

The following are the initial and boundary conditions, which can be expressed as  
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Similarly, the species balance in the washcoat is expressed as  
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where, C2 is the species concentration in the washcoat (Ω2). The initial and boundary 

conditions are provided below. 
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 Finally, the enthalpy balance in the fluid phase and solid phase along with initial 

and boundary conditions are as follows: 
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where, T1 and T2 are the temperature of the fluid phase and washcoat, respectively. 
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2.3 Numerical solution methods 

 In this section, we discuss about the numerical methods used in solving the 

transient and steady-state equations. The transient monolith reactor model is a set of 

coupled partial differential equations (PDEs). The PDEs were discretized using finite 

volume discretization scheme which results in a set of ODEs. The ODEs thus obtained 

are integrated by using backward differentiation formula method (LSODE subroutine in 

ODEPACK [78]). The optimization code (ODRPACK [79]) based on the trust-region 

Levenberg-Marquardt algorithm was also used in this study to estimate the kinetic 

parameters in Chapters 4 and 6. 
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CHAPTER 3 Experimental 

3.1 Catalysts 

 The catalyst samples used in this study were provided by BASF Catalysts LLC 

(Iselin, New Jersey). The catalyst samples were monolithic catalysts with channel density 

of 400 cpsi (or 62 channels/cm
2
). All experiments were carried out in a 2-cm long piece 

with 28 channels. This corresponds to a total monolith volume of ca. 0.9 cm
3
. The total 

washcoat loading was ca. 2.1 g/in
3 

and the total mass of the washcoat in the catalyst 

sample (28 channels, 2 cm) is calculated to be ca. 0.13 g. The Pt loading is fixed at ca. 95 

g/ft
3
. The details of the catalyst synthesis and characterization procedures are provided 

elsewhere [31]. The summary of the compositions of the catalyst samples used in the 

study are provided in Table 3-1. 

Table 3-1. Composition of the monolith catalyst used in the study. 

Sample Pt (wt%) BaO (wt %) 
Mass of 

washcoat (g) 

Pt dispersion 

(-) 

D8 2.48 13.0 0.13 8 

D3 2.48 13.0 0.13 3 

 3.2 Experimental setup 

 The experimental setup used in this study is a typical bench-scale reactor system. 

It consists of a gas supply system, a reactor system, an analytical system, and a data 

acquisition system. The simplified schematic of the experimental setup showing the 

major components is shown in Fig. 3-1.  
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Figure 3-1. Schematic diagram of the experimental set-up used in this study [80]. 

3.2.1 Gas supply system 

 The gas supply system consists of series of compressed gas cylinders (Matheson 

Tri-Gas), regulators and mass flow controllers (MFC, MKS Inc). The specifications of 

the various gases used in the study are provided in Table 3-2. The mass flow controllers 

were calibrated by using a digital flow meter (Humonics Hewlett Packard Optiflow 520). 

All gases are premixed in an in-line static mixer prior to entering the reactor. The lean 

and rich feeds are altered by using a four-port, duel-actuated switching valve placed right 

upstream of the reactor. The total flow rate in all experiments was maintained at 1000 
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sccm which corresponds to ca. 60,000 hr
-1

 GHSV (gas hourly space velocity) on the basis 

of the total monolith volume (ca. 1 cm
3
).  

Table 3-2. Specifications of the gases used in this study. 

Gas Uses Specifications 

Ar 
Diluent for reactive feed, purge 

gas for reactor, QMS calibration 

Ultra high purity: > 99.999% purity, 

< 1 ppm CO2, < 1 ppm CO, < 15 

ppm N2, < 3 ppm O2, 5 ppm H2O 

He Pressurizing of switching valve Ultra high purity: > 99.999% purity 

O2 Reactant 

Ultra high purity: > 99.98% purity, 

< 1 ppm CO2, < 1 ppm CO, < 15 

ppm N2, 5 ppm H2O 

H2 Reactant 

Ultra high purity: > 99.999% purity, 

< 1 ppm CO2, < 1 ppm CO, < 7 ppm 

N2, < 2 ppm O2, 3 ppm H2O 

1% NH3 FTIR calibration Certified mixture grade; balance Ar 

1% NO FTIR calibration, reactant Certified mixture grade; balance Ar 

1% NO2 FTIR calibration, reactant Certified mixture grade; balance Ar 

5% N2O FTIR calibration Certified mixture grade; balance Ar 

5% H2 QMS calibration Mini MAT certified; balance Ar 

1% N2 QMS calibration Certified mixture grade; balance Ar 
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3.2.2 Reactor system 

  The reactor system consisted of a quartz tube flow reactor placed inside a 500 W 

Mellen single zone furnace (model SC11). The quartz reactor was approximately 15” 

long with dimensions of 0.32” I.D. and 0.50” O.D. The furnace temperature was 

controlled by a Mellen Temperature Control System (model PS305). The maximum 

operating temperature of the furnace is 1100 °C. A four-port, dual-actuated switching 

valve was placed immediately upstream of the reactor and was operated by Labtech 

software. The monolith samples were wrapped with Fiberfrax
®
 ceramic paper in order to 

prevent any bypassing around the catalyst during the experiments. The reactor 

temperatures were measured by two type-K stainless steel sheathed thermocouples; one 

placed inside the monolith sample to measure the catalyst temperature and the second 

placed ca. 1 cm before the inlet of the monolith to measure the inlet fluid temperatures. 

3.2.3 Analysis system 

The analysis system included a FT-IR spectrometer (Thermo-Nicolet, Nexus 470) 

and a quadrupole mass spectrometer (QMS; MKS Spectra Products; Cirrus LM99). Both 

the analytical instruments were placed downstream of the reactor system. All the gas 

lines between reactor system and analysis system were heated to avoid condensation of 

gases in the pipelines. The gas cell of the FT-IR was an ultra-low volume (25 cm
3
) gas 

cell (Axiom, Mini Linear Flow Cell) with BaF2 windows. With flow rate of 1000 sccm, 

the residence time in the gas cell is ca. 1.5 s under standard conditions. The FT-IR was 

used to measure NO, NO2, N2O, NH3, and H2O while QMS was used to measure H2 and 

N2 concentration. 
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3.2.4 Data acquisition 

 The data acquisition system consisted of an ADAM 5000 TCP module and two 

PCs containing software for FTIR and QMS. ADAM 5000 TCP module (Advanced Ind.) 

was used to convert the analog signals from the thermocouples, pressure gauge and mass 

flow controllers into digital signals which were then recorded in the PC installed with the 

Labtech
®
 software. The same PC was also installed with Process Eye software to collect 

the data from QMS. OMNIC
®
 software (Thermo Nicolet; version 6.2), installed in the 

second PC, was used to record the FT-IR composition data. At the start of each 

experiment, it was attempted to start both the software simultaneously. Any difference in 

the start time were recorded and accounted for when the data from different instruments 

were analyzed. In addition to this, there is also a difference in time delays in these 

instruments because of their locations from the reactor. In order to align the signals from 

both analytical instruments, tracer experiments were conducted to accurate measure the 

time delays. This time delay and the difference in the start time of the data collections in 

both PCs must be taken into account to accurately analyze the transient data. The detailed 

operating and shut down procedure of the bench scale reactor set-up along with safety 

considerations are described elsewhere [81]. 
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CHAPTER 4 Crystallite-Scale Model for NOx Storage and 

Reduction on Pt/BaO/Al2O3: Pt Dispersion Effects on NOx 

Conversion and NH3 Selectivity  

4.1 Introduction 

 A number of mathematical models for the NOx storage and reduction have been 

proposed using different feed compositions and varying degrees of complexity [9, 25, 71, 

82-97]. Olsson et al., [25] developed a detailed kinetic model of NO oxidation and NOx 

storage over a Pt/BaO/Al2O3 catalyst. Lindholm et al., [88] utilized the storage model of 

Olsson et al., [25] and from that developed a detailed kinetic model to describe the NSR 

process in the presence of CO2 and H2O. Tuttlies et al., [95] accounted for different time 

scales during storage and regeneration with a localized model that accounts for pore 

transport limitations caused by pore plugging with an expanding storage phase. This 

concept was utilized by Schmeißer et al., [91] in predicting LNT behavior. Olsson et al., 

[90] proposed a similar shrinking core model using global kinetics. Koci et al., [84] 

developed a global kinetic model based on experimental data obtained for a commercial 

NSR catalyst and considered a rich mixture containing CO, H2 and C3H6 in the presence 

of CO2 and H2O. Recently, Mandur et al., [89] also used a shrinking core model and 

assumed diffusivities of NO and NO2 that decrease with particle depth in order to predict 

the progressively decreasing storage rates. In order to explain the asymmetric 

breakthrough curve during storage, the existence of more than one type of site based on 

the proximity to the precious metal has been proposed [71, 85, 88, 97]. Bhatia et al., [71] 

used global kinetics and the concept of fast and slow sites to explain the experimental 
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trends at 275 °C reported by Clayton et al., [98]. Kromer et al., [85] also used two 

different storage sites in their modeling studies. Bhatia et al., [82] developed a crystallite 

scale model to study the effect of Pt dispersion during the regeneration by H2. More 

recently, Xu et al., [97] utilized the kinetic model proposed by Olsson et al., [25] to study 

the effects of Pt loading during storage and proposed a simple relation to estimate the two 

barium site populations (fast and slow) based on the Pt loading. 

 While a number of NSR models have appeared in the literature in recent years, no 

systematic modeling study has appeared that explicitly focuses on the effects of Pt 

dispersion and that accounts for the crystallite scale gradients of the stored NOx. The 

motivation of this modeling study is the aforementioned experimental evidence that 

unambiguously proves the existence of NOx mobility and gradients in the storage phase 

[16]. In this study, we build on the crystallite scale model developed by Bhatia et al., [82] 

for the regeneration of NOx pre-stored on Pt/BaO catalysts so as to enable simulations of 

the complete cyclic NSR process. The storage model developed in this study is based on 

the aforementioned experimental data reported by Kumar et al., [16] and Clayton et al., 

[31]. A rapid uptake of NOx during the initial period of the storage is a result of fast 

spillover of NO2 from Pt to BaO, which in turn is controlled by the diffusion of stored 

NOx away from the Pt/BaO interface. Due to the finite diffusivity of stored NOx in the 

barium phase as observed by Kumar et al., [16], a gradient is created at the interface of Pt 

and BaO which slows the rate of spillover, after which a gradual breakthrough of NOx is 

observed in the effluent. In addition to the interfacial process, a gas-solid 

disproportionation reaction is also considered in the model which is responsible for 

slower storage at longer storage time. The storage model presented here is similar to the 
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mechanism proposed by Kwak et al., [17] who considered diffusion of nitrates from 

surface to bulk BaO. 

 The actual NSR process is extremely complex, involving a large number of 

reactions and competing pathways. Moreover, the process is inherently transient in nature 

and there is a continuous alteration of storage phase during the operation, which will 

depend on the reaction conditions, cycling protocols and catalyst formulation, among 

other factors. Such morphological change of Ba phase during NSR in the presence of 

water has been reported [99]. Moreover, the existence of chemically different storage 

sites (BaO, Ba(OH)2, BaCO3 etc.) is also evident [12]. The change in chemical identity as 

well as structure will not only affect the kinetic properties but also the transport 

properties in the gas phase (gaseous species diffusing into the bulk storage phase or 

diffusion in the washcoat) and solid phase (solid state diffusion in the surface and/or bulk 

storage phase). This coupling of different phenomena occurring during NSR complicates 

the interpretation of the data and the development of an accurate predictive model. 

Therefore, a challenge is to develop a mathematical model that is detailed enough to 

capture the main experimental trends but not too detailed as to be intractable. In this 

study, our aim is not to include all of such details but focus on one of the issues by 

explicitly accounting the diffusion of stored NOx in the barium phase. We account for 

explicit variations in the Pt/BaO interfacial perimeter and exposed Pt area as a result of 

changes in the Pt dispersion and in so doing eliminate the need to have two different 

storage sites based on the proximity to Pt particles. However, we do not address the issue 

of multiple sites due to chemically different storage sites and consider BaO as the only 
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storage component. We believe that this simplification does not impact the mechanistic 

findings of the effects of Pt dispersion on the overall NSR performance. 

4.2 Experimental 

The experimental system used in this study is the same as that described 

previously [11, 31, 98, 100, 101]. The catalyst samples used in this study are 

Pt/BaO/Al2O3 monolithic catalysts. Two samples containing same Pt and BaO loading 

with different Pt dispersion (3% and 8%) were used. Because of the unavailability of a 

catalyst with higher Pt dispersion with similar Pt and BaO loading, we restrict this study 

to the lower dispersion catalysts. As we will show later, even such a small difference in 

Pt dispersion leads to significant difference in performance. Hence, the use of 3% (D3) 

and 8% (D8) dispersion catalysts is sufficient to study the Pt dispersion effects. The 

details of preparation and properties of catalysts can be found in [31] and is summarized 

in Table 4-1. 

Table 4-1 Catalyst properties. 

Sample 
Pt 

(wt%) 

BaO 

(wt%) 

Pt Dispersion 

(%) 

Measured Pt size 

particle (nm) 

CPt 

(mol active Pt/m
3

wc) 

D8 2.48 13.0 8.0 12.5 14.9 

D3 2.48 13.0 3.2 30.0 6.0 

Two types of experiments were carried out; namely NOx storage experiments and lean-

rich cycling experiments. Prior to each experiment, a conditioning procedure was 

performed to obtain reproducible data [11]. It comprised alternating lean and rich feeds of 

3 minutes (lean: 500 ppm NO and 5% O2 in Ar) and 2 minutes (rich: 5000 ppm H2 in Ar) 

at 450 °C for about 1 hour, followed by a protracted rich phase to fully regenerate the 
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catalyst [11]. Pure Ar was flowed over the catalyst to cool the monolith to the desired 

temperature (300 °C). During the storage experiments, a mixture containing 500 ppm NO 

and 5% O2 in balance Ar was fed to the reactor at the monolith temperature of 300 °C and 

gas hourly space velocity (GHSV; based on total monolith volume at standard conditions) 

of 60,000 hr
-1

. Similarly, for the cycling experiments, the same lean feed as in storage 

experiments was used and the rich feed contained 5000 ppm H2 in Ar at 300 °C. We refer 

the reader to [11, 31] for a more detailed description on Experimental section. 

4.3 Model Development 

 We extend the crystallite scale LNT model recently developed by Bhatia et al., 

[82] in order to study the effects of Pt dispersion during the storage and regeneration on 

Pt/BaO/Al2O3 LNT catalyst. Bhatia et al., [82] modeled the effect of Pt dispersion and 

temperature during the regeneration by accounting for the crystallite scale diffusional 

limitations of stored NOx in the barium phase. For a fixed Pt loading, an increase in Pt 

dispersion increases the interfacial perimeter between Pt and Ba as well as the exposed Pt 

surface area (or exposed Pt sites). A large Pt/Ba perimeter value facilitates the spillover 

of species from Pt sites to proximal Ba sites during storage, and the reverse spillover of 

stored NOx back to the Pt during regeneration. This results in enhanced storage and 

regeneration rates, as we show below. 

 In the absence of detailed catalyst characterization including Pt particle size 

distribution and BaO coverage on alumina, we consider a simplified picture of the 

localized catalyst surface in which equal-sized hemispherical Pt crystallites are 

surrounded by a uniform layer of BaO deposited on the alumina surface as shown in Fig. 

4-1. 
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Figure 4-1. Schematic of the top view of Pt and BaO on alumina support. 

While such a distribution of Pt and BaO may be somewhat simplified, Bhatia et al., [82] 

have shown it to be able to capture the main trends during the regeneration. We continue 

with that aim in modeling the storage and reduction rather than opting for an even more 

detailed picture. With this approach, we can estimate the number of Pt crystallites 

(assuming hemispherical particle) per monolith channel (Nc) using the following relation 

[82]: 

 

3

3
   

4

Tav Pt Pt

c

PF c

N D M
N

A R
 . (4-1) 

Here Nav is the Avogadro number, 
TPtM  is the total number of moles of Pt per channel, 

DPt is the diameter of Pt atom, APF is the atomic packing factor (=0.74), and Rc is the 
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radius of the Pt crystallite. The radius of Pt crystallite can be related to Pt dispersion (dPt) 

by the empirical expression [82]: 

  
-91.1 10

  100
2 %

c

Pt

R m
d


 


. (4-2) 

Next, we describe the method of estimating the effective storage radius (Reff), defined as 

the length of the circular region surrounding the Pt crystallite where NOx can be stored. 

Bhatia et al., [82] used a somewhat different approach to estimate Reff because their focus 

was on regeneration of a fixed quantity of NOx. They assumed that the specified amount 

of NOx was stored uniformly in a circular region around the Pt crystallite. In the current 

study, we simulate the complete cycle of an arbitrary extent of storage so the entire area 

surrounding the Pt should be accessible for storage. Thus, the effective storage radius 

(Reff) is expected to be greater than previously calculated by Bhatia et al., [82]. In order to 

estimate Reff, the exposed surface area of the BaO phase is needed, and is approximated 

as the measured BET area assuming the alumina support is entirely covered with BaO. 

XRD measurements reported by Castoldi et al., [102] showed that ca. 23% of BaO is 

needed to completely cover a γ-alumina support having an area of 186 m
2
/g. A similar 

observation of complete coverage by 20 wt% BaO was reported by Szanyi et al., [103] 

for a 200 m
2
/g γ-alumina support. The BaO loading for D series catalysts used in this 

study is ca.13 wt%, which is lower than those reported in the literature. Thus the alumina 

might not be covered entirely with the BaO. However, in the absence of any experimental 

data to prove or disprove the complete coverage, we simply calculate the value of Reff by 

assuming the alumina support is completely covered with BaO. With these assumptions, 

we estimate the value of Reff by equating exposed BaO area and the BET surface area: 
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Here the BET area per unit mass of washcoat is 100 m
2
/gwc, mwc is the mass of the 

washcoat (= 0.13 g), and nch is the total number of channels (= 28). The values of Rc, Reff, 

and Nc are given in Table 4-2. The value of Reff would be overestimated if the BaO does 

not cover the entire alumina support. It is noted that incomplete coverage may have 

implications in terms of the diffusion process during regeneration. We return to this point 

later. 

Table 4-2 Values of Reff, Rc, Nc. 

Catalyst Reff (m) Rc(m) Nc 

D8 1.1810
-7

 6.2510
-9

 9.9310
12

 

D3 4.4010
-7

 1.5010
-8

 7.6010
11

 

 A two-mode, low-dimensional model developed by Balakotaiah [74] is used in 

this study. The model was derived by averaging the detailed convection, diffusion and 

reaction equations in the transverse (to flow in channel) direction and by applying the 

concept of internal and external mass transfer coefficients. The details on the use of the 

low dimensional model can be found in the works by Joshi et al [70, 75, 76]. The model 

consists of species balances for both the fluid and washcoat phases for NO, NO2, O2, H2, 

N2, NH3 and H2O as well as adsorbed species balances for Pt phase. In addition, the 

material balance for stored NOx within the barium phase is incorporated by using a one-

dimensional radial diffusion and reaction equation following [82]. Several simplifying 

assumptions are made: (i) laminar flow, (ii) negligible axial diffusion compared to 

convection (high axial Pe), (iii) constant physical properties, (iv) isothermal condition 



45 

 

because of low reactant concentration, and (v) negligible pressure drop along the reactor. 

The schematic diagram illustrating the cross-section of a single monolith channel is 

shown in Fig. 4-2. 

 

Figure 4-2. Schematic diagram illustrating the cross-section of a single monolith 

channel. 

 The species balances in the gas phase consist of accumulation, convection and 

external mass transfer from bulk fluid to washcoat: 

 

1

( )
- - ( - )



 
 

 

z
u

t z R

mofm fm
fm wc

kx x
x x . (4-4) 

Here, the column vectors fmx  and wcx  represent the cup-mixing mole fraction of 

species in the fluid phase and volume averaged mole fraction of species in the washcoat, 

respectively. u  is the average fluid velocity, 
1

R is the hydraulic radius defined as the 
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ratio of channel area (open to flow) to channel perimeter (Fig. 4-2), and ( )zmok  is the 

matrix overall mass transfer coefficient of species at the axial position z given by: 

  -1 -1 -1

mo me mik k k , (4-5) 

where, mek and mik  are the external and internal mass transfer coefficient matrices. The 

external and internal mass transfer coefficients are computed from external and internal 

Sherwood numbers respectively. The external mass transfer coefficient matrix mek  is 

obtained by following relation: 

 

1

 

4R


 f e
me

D Sh
k . (4-6) 

Here eSh is a diagonal matrix given by eSh = She(z) I where I is the identity matrix and 

She(z) is the position-dependent external Sherwood number obtained by using the 

correlation given by Ramanathan et al., [73] for the developing velocity and 

concentration profile. Matrix Df contains diffusivities of species in the gas phase and 

because of very small concentration of species it is considered as a diagonal matrix i.e., 

i
th

 diagonal element corresponds to diffusivity of i
th

 species in the gas mixture. Since both 

Df and She are diagonal matrices kme is also a diagonal matrix. Similarly, the internal 

mass transfer coefficient matrix is calculated by the using following relation [74]: 

 

2

 




R

i e
mi

Sh D
k . (4-7) 

Here, 
2

R is the effective transverse diffusion length in the washcoat defined as the ratio 

of washcoat cross-sectional area to the interfacial perimeter, De is the effective washcoat 

diffusivity matrix and Shi is the internal Sherwood number matrix. Assuming the 

diffusion in the washcoat is in the Knudsen regime, De is also considered to be a diagonal 
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matrix. It has been reported in the literature that the diffusivity in the washcoat can range 

from 10
-9

 to 10
-5

 m
2
/s depending on the diffusing species, catalyst properties, temperature 

and so on ([104] and references within). To estimate the washcoat diffusivity, we simply 

define a diffusivity ratio λj = Df,j/De,j where Df,j and De,j are the diffusivities of species j in 

fluid and washcoat phase, respectively. A value of λ=100 is used in this study and is fixed 

for all the calculations except for some sensitivity studies which will be discussed later in 

the paper. Note that λ=100 roughly correspond to the diffusivity of species in a porous 

catalyst with pore diameter of ca. 10nm which is typical value for the  alumina 

washcoat. The internal Sherwood number matrix, Shi, is obtained by using following 

relation [74]: 

 ( )


   -1 2
i iSh Sh I Φ Φ . (4-8) 

Here, Shi is the asymptotic internal Sherwood number matrix given by Shi = Shi I 

where Shi is the asymptotic internal Sherwood number. The value of Shi=2.65 and 

=0.58 can be obtained from the work of Joshi et al., [75]. The Thiele modulus matrix, 


2
, can be obtained by linearizing the reaction rates around the fluid-washcoat interface 

concentration and is expressed as follows [105] 
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Here, vector r(x) is the overall reaction rate of each species i.e., r(x) = 
T
 R where  and 

R represent stoichiometric and reaction rate vectors and xs is the gas-solid interfacial 

mole fraction vector given by      
i

-1

s me mi me fm m wcx k k k x k x . It should be noted 

that, as a result of linearization, the Thiele modulus matrix in Eq. (9) is analogous to the 
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one obtained for the system consisting of first order reactions [74] in which the rate 

constant matrix is replaced by the Jacobian matrix 
1 ( )

tmC 

 
 

 
sx x

r x

x
. Clearly, for a multi-

component system, 
2
 might not be a diagonal matrix. Non-diagonal elements represent 

couplings due to the reactions. As a result, kmi and kmo are generally not diagonal 

matrices. Further, it can be seen that Eq. (8) is valid only when 
2
 is positive definite. 

However, the eigenvalues of 
2
 can be negative in cases where the rate achieves a 

maximum [105]. To overcome this difficulty, Kumar et al., [105] proposed a simplified 

approach to estimate the Thiele modulus matrix. They defined an effective rate constant 

,

( )1 i
i eff

tm i

r
k

C x


 
  
 

fmx x

x
and in doing so the 

2
 is a diagonal matrix with diagonal elements 

given by 2

2

2
,

,

ii i eff

e i

R
k

D


  where ri(x) is the net rate formation or consumption of i

th
 species. 

It is worth noting that for the case of a sufficiently slow reaction or high washcoat 

diffusivity Shi can be approximated by Shi, in which case the overall mass transfer 

coefficient matrix kmo becomes diagonal. However, this approximation is not valid when 

a boundary layer exists in the washcoat i.e., the case of fast reaction or low washcoat 

diffusivity. 

The initial and inlet conditions are as follows: 

 
( 0, ) ( )

( , 0) ( )

 

 

z t t
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x x
. (4-10) 

Similarly, the species balances for component j in the washcoat are given as follows: 



49 

 

 
 2 2

2

 ( )( )

21

( )
4

2


  







  
 

  
    

     
  
    

c

c
wc c c eff c

Tm

c

a z

R
N

t a R R
LC

R

BaO

Pt

mo fm wc

T

Int Intwc

T avg

BaO

T

Pt

k x x

Rx

R

R

. (4-11) 

Here wc , c , TmC , a and L represent the washcoat porosity, washcoat thickness, total gas 

concentration, channel width, and monolith length, respectively. IntR , avg

BaOR  and PtR are 

the vectors of interfacial, gas-solid and Pt catalyzed reaction rates and Int, BaO and Pt 

are the corresponding vectors containing the stoichiometric coefficients of individual 

species. The gas-solid reaction rate (in scalar form) is expressed as an average over the 

BaO phase and is given as follows: 

 
2 2

2
eff

c
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BaO BaO
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R R


  , (4-12) 

where, BaOR
 
is the local gas-solid reaction rate ( 2moles / (m s) ). The initial condition is 

as follows: 

 ( , 0) ( ) z t z
o

wc wcx x . (4-13) 

The balances of adsorbed species k in the Pt phase are given as follows: 

 , ,

1 1

1 1k
kl Int l km Pt m

l nPt c
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  , (4-14) 

where, PtC is the surface concentration of active Pt sites ( 2moles of exposed Pt / m ) and 

k  
is the fractional coverage of surface species k on the exposed Pt. The parameters   

and  are the number of interfacial and Pt catalyzed reactions, respectively. The initial 

condition is given by 
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The site balance on Pt is given by 

 1k v   , (4-16) 

where, v is the fractional coverage of vacant Pt sites.   

A balance of stored NOx species in the barium phase is given as follows [82]: 
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where, 
xNO

 

 
is the washcoat averaged fractional coverage of stored NOx (nitrate/nitrite), 

xNO
D  is the solid state diffusivity of stored NOx in the barium phase and  is the number 

of barium phase gas-solid reactions.  The initial and boundary conditions are given 

below: 
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The Ba site balance on barium phase accounts for vacant and occupied sites: 

 
3 2 2( ) -   1 BaO Ba NO BaO NO     , (4-21) 

where, BaO ,
3 2( )Ba NO and 

2-BaO NO are the washcoat averaged fractional coverage of BaO, 

Ba(NO3)2 and BaO-NO2 in the barium phase, respectively. We also note that 

3 23
( ) / 2Ba NONO

   .  
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 In deriving equations (4-11), (4-14), (4-17) and (4-19), it is assumed that the Pt 

catalyzed reactions, interfacial reactions and gas-solid reactions are proportional to the 

exposed Pt surface area, Pt/BaO interfacial perimeter and exposed BaO area, 

respectively. The values of physical properties and other parameters used in the 

simulations are given in Table 4-3. 

Table 4-3 Parameters used in the simulation (@ 300
o
C). 

Parameter Values 

u 1.0 m/s  

L  2.010
-2

 m 

1
RΩ  

2.7510
-4 

m 

2
RΩ  3.110

-5 
m 

δc 3.010
-5 

m 

chn
 

28 channels 

a  1.1 mm 

εwc 0.41 

She,∞ 3.608 

Shi,∞ 2.65 

Λ 0.58 

λ 100 

TmC  21.3 mol/m
3
 

o

BaOC  5.010
-6 

mol/m
2
 

f ,NOD
 

6.110
-5

 m
2
/s 

2f ,NOD
 

4.910
-5

 m
2
/s 

2f ,HD
 

2.410
-4

 m
2
/s 

2f ,ND
 

6.010
-5

 m
2
/s 
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Table 4-3 (continued.)  

3f ,NHD
 

8.110
-5

 m
2
/s 

2f ,H OD
 

8.110
-5

 m
2
/s 

Lean Feed   

NO  500 ppm 

2O
 

5% 

Ar  balance 

Rich Feed   

2H
 

5000 ppm 

Ar  balance 

4.4 Reaction Scheme 

The reaction scheme describing NOx storage and reduction can divided into three parts: 

(i) NO oxidation, (ii) NOx storage and (iii) NOx regeneration. Keeping with the overall 

modeling approach, we use a scheme that contains a minimum number of reaction steps 

and species, yet is detailed enough to capture the main experimental trends. A detailed 

description of each part is discussed next. 

4.4.1 NO Oxidation  

 NO oxidation is a key step during storage because NO2 stores readily as compared 

to NO [12]. In this study, we build on the kinetic model developed by Bhatia et al., [106], 

and which follows the work of Olsson and coworkers [25]. The mechanistic steps 

considered are as follows: 

R1: NO + Pt       NO-Pt , 

R2: O2 + Pt       O2-Pt, 
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R3: NO-Pt + O-Pt      NO2-Pt + Pt, 

R4: NO2 + Pt       NO2-Pt, and 

R5: O2-Pt + Pt       2O-Pt. 

Based on their kinetic analysis, Bhatia et al., [106] showed the adsorption of molecular 

oxygen (R2) to be the rate determining step which was then utilized to derive a global 

kinetic model. The model successfully predicted the steady state NO conversion for 

Pt/Al2O3 catalyst over a range of catalyst temperatures. The catalyst used in the current 

study contains BaO, which is known to reduce the catalyst activity [106, 107] by 

enhancing the formation of inactive Pt oxides. In addition, the intrinsic rate of NO 

oxidation depends on the Pt particle size with larger Pt particles yielding higher turnover 

rates (TOR) compared to smaller ones [108]. This apparent structure sensitivity has been 

attributed to the enhanced oxidation of small Pt crystallites by NO2 [107, 108]. 

Furthermore, NO oxidation activity is dependent on catalyst history. Bhatia et al., [106] 

studied NO oxidation on pre-oxidized and pre-reduced Pt/Al2O3 catalyst and observed 

lower activity for the pre-oxidized catalyst and attributed the reduction in activity to the 

oxidation of Pt. A similar phenomenon was previously reported by Olsson et al., [107]. 

As a result, there is a continuous decrease in catalyst activity during the steady state NO 

oxidation experiments. In fact, Bhatia et al., [106] showed that at the intermediate 

temperature range (200-350 
o
C), a true steady state was not attained within the time scale 

of the experiment (14 hours). Hauptmann et al., [109] reported “inverse-hysteresis” 

during the transient NO oxidation on Pt/Al2O3. They observed a higher NO oxidation rate 

during the transient heat-up compared to the transient cool-down and attributed this to the 

reversible deactivation of the catalyst by NO2 to form oxides on the Pt during the heat-up 
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which then are reduced by NO during the cool-down. They modeled this result by using 

additional reactions for Pt oxidation by NO2 and Pt oxide reduction by NO. They further 

concluded that the use of NO oxidation kinetics obtained by steady state experiments 

may not be valid for modeling transient operation. This argument was also made by 

Schmeißer et al., [91] who had to increase the activity of the NO oxidation by a factor of 

3.5 to predict the initial breakthrough compared to the values obtained from the steady 

state experiments.  

Table 4-4. Kinetic parameters for NO oxidation (D8). 

Reaction no. Rate expression Rate constants 

1 1 1f wc,NO Pt 1b NOr = k X θ – k θ  
k1f  = 4.210

3
     mol/(m

2s) 

k1b  = 1.310
0
     mol/(m

2s) 

2 
2 22 2f wc,O Pt 2b O -Ptr = k X θ – k θ  

k2f  = 1.810
-2

    mol/(m
2s)

a
 

k2b  = 1.110
-1

    mol/(m
2s)

a
 

3 
23 3f NO-Pt O-Pt 3b Pt NO -Ptr = k θ θ – k θ θ  

k3f  = 1.510
-1

    mol/(m
2s) 

k3b  = 1.110
4
     mol/(m

2s) 

4 
2 24 4f wc,NO Pt 4b NO -Ptr = k X θ – k θ  

k4f  = 4.510
3
     mol/(m

2s) 

k4b  = 3.810
2
     mol/(m

2s) 

5 
2

2

5 5f O -Pt Pt 5b O-Ptr = k θ θ – k θ  
k5f  = 1.4 10

5
    mol/(m

2s) 

k5b  = 4.610
-4

    mol/(m
2s) 

 
a
 Adjusted for storage 

In this study, we have adjusted the kinetic parameters of O2 adsorption (rate 

limiting) step to account for the aforementioned impact on the NO oxidation kinetics. The 

same factor is applied to both the forward and reverse rate constants so as to preserve the 

thermodynamic constraint. Note that we have expressed the Pt catalyzed reaction rate 

constant in terms of moles per unit exposed Pt surface area per second (which is same as 

considering per unit active Pt sites). Hence, the change in active Pt site concentration (or 
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equivalently the change in exposed Pt surface area) is explicitly considered in the model. 

The kinetic parameters for NO oxidation used in the simulations are given in Table 4-4.  

4.4.2 Storage Chemistry  

 The direct storage of NO is negligible compared to NO2 at higher temperature (ca. 

300 
o
C) [12, 110] and therefore can be ignored. Further, storage of NO2 occurs via an 

overall disproportionation reaction in which 3 moles of NO2 are consumed releasing one 

mole of NO: 

3NO2 + BaO   Ba(NO3)2 + NO 

∆H
o
 = -452 kJ/mol   ∆G

o
 = -341 kJ/mol. 

During early storage times, neither NO nor NO2 are observed in the effluent due to 

complete uptake. This is followed by the gradual emergence of both NO and NO2. This 

behavior of an induction period followed by gradual NOx breakthrough has been 

explained in the literature by the existence of multiple types of storage sites [71, 85] or by 

mass transfer limitation associated with a growing storage particle [89-91, 95]. Here we 

develop a storage model based on the previous studies by Kumar et al., [16], Clayton et 

al., [31] and Bhatia et al., [82] and utilize the processes of spillover and solid state 

diffusion of stored NOx. In our proposed mechanism, NO2 that is formed on the Pt 

crystallite spills over to the nearby BaO and is stored in the form of a nitrite or nitrate; the 

actual identity depends on many factors including the storage duration. This creates a 

gradient of stored NOx due to finite diffusional rates in the vicinity of Pt. As mentioned 

earlier, Kumar et al., [16] proved the existence of stored phase gradients and stored NOx 

diffusion using isotopic TAP experiments. In a follow-up study, Kumar et al., [111] 
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estimated the diffusivity of stored NOx as a function of temperature.  The estimated 

values are consistent with values used by Bhatia et al., [82] in their modeling studies. In 

addition to interfacial processes, gas phase NO2 can also store directly onto BaO, 

although NO2 storage in the absence of Pt is slower compared to when the Pt is present 

[15, 17]. Based on these features and observations, the following set of reactions is 

proposed: 

R6: NO2 + BaO         BaO-NO2, 

R7: 2NO2 + BaO-NO2        Ba(NO3)2 + NO, 

R8: NO2-Pt + BaO        BaO-NO2 + Pt, and 

R9: 2NO2-Pt + BaO-NO2       Ba(NO3)2 + NO-Pt + Pt. 

In this reaction scheme, R6 and R7 are assumed to take place in the absence of Pt while 

R8 and R9 are corresponding interfacial reactions. Reactions R6 and R8 are responsible 

for complete NOx uptake during the initial storage period. The “nitrite” species (BaO-

NO2) thus formed are subsequently converted to nitrates via reactions R7 and R9. Scotti 

et al., [93] used similar reasoning in their modeling study. 

 Some additional points about the above storage model are worth noting. Implicit 

in reactions R6 – R9 is the assumption that the storage sites are in the form of BaO, 

acknowledging that the production of water during the regeneration will lead to the 

formation of Ba(OH)2. This assumption is made to simplify the model and to minimize 

the number of unknown kinetic parameters. The existence of multiple storage sites that 

has been observed experimentally can be attributed to a number of factors including the 

proximity effects with storage sites close to Pt being more active, chemical effects due to 

some storage components being more active than others (e.g., BaO > Ba(OH)2 > BaCO3), 
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and the existence of surface and bulk sites as well as storage on alumina sites ([88] and 

references within). Therefore, in considering a single type of storage site (BaO), we only 

account for proximity effects. More details on the proximity effects during the storage 

will follow in the subsequent sections. We further assume that the storage reactions R6 

and R8 are reversible while R7 and R9 are irreversible. This assumption can be justified 

by the high -ΔG value of the disproportionation reaction; i.e., under these operating 

conditions the system is far from the thermodynamic equilibrium. This has been verified 

by Xu et al., [97] in their sensitivity analysis in which it was showed that most of the 

kinetic steps during the storage are slow and negligible for the similar operating 

conditions. Finally, we assume the rates are first order with respect to species 

concentration (mole fraction or coverage). The actual orders for the non-elementary 

reactions are difficult to determine, especially for a complex system such as NSR. So in 

light of more detailed kinetic information this assumption is deemed reasonable.  

 Next, we discuss our approach to estimate reasonable parameter values to predict 

the storage data. These parameters include rate constants (R6-R9), exposed storage site 

concentration ( o

BaOC ), stored NOx diffusivity (
xNOD ) and the NO oxidation correction 

factor. The storage of NOx is enhanced by the addition of Pt [15] which suggests the 

interfacial storage rate to be faster than the corresponding gas-solid storage. The 

interfacial storage process comprises NO2 spillover from Pt sites to BaO sites followed 

by the diffusion of stored NOx. We assume that the rate of spillover is much faster than 

other processes occurring during the storage and therefore the rate constants of spillover 

or interfacial reactions (forward rate constants of R8 and R9) are assigned arbitrarily high 

values such that a further proportionate increase does not alter the predictions. In doing 
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so, we are implicitly assuming that the rate of interfacial storage is controlled by the 

outward diffusion of stored NOx. This assumption reduces the complexity of determining 

the interfacial rate constants as they are closely coupled with the rate of stored NOx 

diffusion away from the Pt sites. Since the interfacial rate (R8) was taken to be reversible, 

the reverse of R8 was computed by using appropriate thermodynamic constraints (R8 = 

R6 – R4). 

The diffusivity of stored NOx is an important parameter which confirms 

conclusions drawn in previous experimental studies [16, 31]. In fact, the NOx diffusivity 

is crucial in determining the breakthrough times of NOx during the storage.  Bhatia et al., 

[82] estimated the diffusivity values of stored NOx to be in the range of 10
-19

 to 10
-16

 

m
2
/s for the temperature window of 160 

o
C – 370 

o
C which corresponds to an activation 

energy of ca. 75 kJ/mol. Kumar et al., [111], using independent TAP data and different 

assumed stored NOx profiles, reported an activation energy of ca. 74 - 80 kJ/mol. Using 

this range of activation energies, the values of NOx diffusivity at 300 
o
C were found to 

vary from 4×10
-17

 m
2
/s to 9×10

-17
 m

2
/s. It is notable that these diffusivity values were 

obtained by regenerating a fixed amount of NOx stored and assuming an initial stored 

NOx profile in the storage phase. Therefore, the diffusivity of stored NOx is expected to 

be confined within a range of about one order of magnitude. Here, we estimated the NOx 

diffusivity during storage to be 1.5×10
-17

 m
2
/s; a value that is somewhat lower than those 

estimated by Bhatia et al., [82] and Kumar et al., [111]. This difference in NOx 

diffusivity during the storage and regeneration has important implications and will be 

discussed in a subsequent section.  
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Determining a consistent set of kinetic and transport parameters for two different 

catalysts is complicated by differences in the intrinsic catalyst properties, catalyst history, 

among other factors. Our approach was to determine the parameters to get a reasonable 

fit for a base case storage experiment (D8 catalyst). Once the parameters for D8 catalyst 

were obtained, they were fixed for simulations of D3 catalyst. This approach introduces 

some discrepancies in the model predictions of the D3 catalyst data.  That said, our intent 

was not to carry out a rigorous parameter fitting of that data as it will not provide any 

further insight.  

To summarize, a total of 6 parameters were adjusted to predict the storage data for 

D8 catalyst: forward and reverse rate constants of R6, forward rate constant of R7, o

BaOC  , 

xNOD  and NO oxidation correction factor. These were fixed for all the calculations (for 

D3 and D8) including the lean-rich cycling which will be discussed later. The relevant 

kinetic parameters used in this study are given in Table 4-5. 

Table 4-5 Kinetic parameters for storage (D8). 

Reaction no. Rate expression Rate constants 

6 
2 26 6f wc,NO BaO 6b BaO-NOr = k X θ – k θ  

k6f = 7.010
-4

   mol/(m
2s)

a
 

k6b = 3.510
-7

   mol/(m
2s)

a
 

7 
2 27 7f wc,NO BaO-NOr = k X θ  k7f  = 8.510

-6  
 mol/(m

2s)
a
 

8 
2 28 8f NO -Pt BaO 8b BaO-NO Ptr = k θ θ –k θ θ  

k8f = 5.010
-5

   mol/(ms)
b
  

k8b = 3.010
-7

   mol/(ms)
c
 

9 
2 29 9f NO -Pt BaO-NOr = k θ θ  k9f = 5.010

-5
   mol/(ms)

b
 

a
 Fitted to D8 data  

b
 Fixed 

c
 Calculated from thermodynamic constraints
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4.4.3 Regeneration Chemistry 

 In this study, H2 is used as the reductant and the reduction of the NOx takes place 

on Pt sites. A necessary step in the regeneration mechanism must involve the release of 

stored NOx that ultimately reaches Pt sites where it is converted. Several different 

mechanisms have been proposed in the literature ([12] and references within). Stored 

NOx in the form of nitrite/nitrate may decompose either due to the change in gas/surface 

equilibrium when switching from a net-oxidizing to net-reducing feed gas [34]. In 

addition, the exotherm generated by the oxidation of reductant by the residual oxygen 

may assist in the decomposition process [110]. The gaseous NOx thus released may re-

adsorb onto the Pt for subsequent reduction. Alternatively, the stored NOx may diffuse 

towards to the Pt sites and undergo reverse spillover onto the Pt sites [25] or activated 

reductants may spillover from Pt to the storage phase and reduce the stored nitrates to 

produce NO [38]. The actual mechanism, in fact, may involve, but are not limited to, 

each of the above processes.  

In this study we consider the reverse spillover of stored NOx as the main 

mechanism of regeneration. Our approach is to build a kinetic model that involves a self-

consistent set of steps, acknowledging that detailed kinetic studies on the reduction of 

NOx (NO and NO2) on precious metals have appeared in the literature [86-88, 96, 112]. 

The regeneration model is explained and justified as follows. Consider the following 

simplified reaction scheme:   

R10: H2 + O-Pt         H2O + Pt, 

R11: 2
3

NH3 + O-Pt       1
3

 N2 + H2O + Pt, 
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R12: BaO-NO2 + H2 + Pt       NO-Pt + BaO + H2O , 

R13: Ba(NO3)2 + 3H2 + 2Pt      2NO-Pt + BaO + 3H2O, 

R14: Ba(NO3)2 + 10
3

NH3 
Pt     BaO + 8

3
 N2 + 5H2O, 

R15: 5
2

H2 + NO-Pt       NH3 + H2O + Pt, 

R16: 2
3

NH3 + NO-Pt       5
6

N2 + H2O + Pt, 

R6r: BaO-NO2            NO2 + BaO, and
 

R8r: BaO-NO2 + Pt        NO2-Pt + BaO. 

The scheme includes the scavenging of adsorbed oxygen by H2 (R10) and NH3 (R11), 

interfacial spillover/reduction involving nitrite and nitrate species reacting with H2 (R12 

and R13 respectively), nitrate reacting with NH3 (R14), catalytic reduction of adsorbed 

NO by H2 (R15) and NH3 (R16) as well as catalytic and non-catalytic decomposition of 

nitrite species (reverse of R6 and R8 respectively). In the scheme, reactions R10, R11, 

R15 and R16 are assumed to occur on exposed Pt sites, reaction R6r on the exposed BaO 

sites while reactions R8r, R12, R13 and R14 at the Pt/BaO interface. Some comments are 

instructive concerning this scheme: 

 At the start of the regeneration, the Pt sites are mostly covered with chemisorbed 

oxygen atoms. Introduction of H2 cleans the Pt surface, producing water (R10) 

and making vacant sites available for NOx reduction. The model also accounts for 

scavenging of chemisorbed oxygen through its reaction with NH3 (R11). 

 Consistent with the storage model, two distinct stored NOx species; viz. BaO-

NO2 and Ba(NO3)2, are consumed during the regeneration. Lindholm et al., [88] 

proposed that the Pt-catalyzed reaction between H2 and Ba(NO3)2 generates NO 
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and that this is necessary to predict the NOx release (NOx puff) observed at the 

start of regeneration. We use a similar mechanism (R12 and R13). 

 The non-catalytic and catalytic nitrite decomposition steps (R6r, R8r) were found 

to contribute negligibly to the overall regeneration rate.   

 Reactions R12-R14 represent combined reverse spillover and reduction steps, so 

these are lumped reactions. An alternative construct would be to exclusively 

separate the interfacial decomposition and the catalytic reduction. However, that 

approach involves more kinetic parameters which were undesirable.  

 Reactions R15 and R16 are lumped representations of the Pt catalyzed reduction 

of NO. Xu et al., [96] showed that N2 and NH3 are the major products during 

reaction between NO and H2 at 300 
o
C and that the selectivity depends on the 

local H2/NO ratio with higher values favoring the production of NH3. We 

acknowledge that a more detailed microkinetic approach may be needed to 

accurately predict the NH3 and N2 selectivities over a varying range of H2/NO 

ratios [86, 87, 96, 112].  

 The formation of N2O is not considered because of its negligible production at 

300 
o
C [96]. 

 The scheme treats NH3 as an intermediate as shown in the literature [33, 36]. 

Once formed by the catalytic reduction of adsorbed NO (R15), it can react further 

with adsorbed NO (R16) and stored NOx (R14). 

 Model simulations showed that the concentration NO2 in the gas phase and on the 

Pt surface is negligible compared to other species during the regeneration and 

therefore we do not consider the reduction of NO2 by hydrogen. In the absence of 
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O2 in the rich feed, any NO2 formed is rapidly converted to NO via the reverse of 

steps R3 and R4.  

 We ignore the co-adsorption of water on Pt sites because we are focusing our 

analysis to cycle averaged quantities and it has been shown that addition of water 

has a secondary effect on the overall conversion [11]. Along similar lines, we 

ignore the adsorption of NH3 on Pt generated during the reduction. 

 Now that the reaction scheme has been described, it is instructive to explain our 

methodology in handling the rate expressions and in converging on a set of rate constant 

values. We further assume all the regeneration reactions are irreversible and a first order 

dependence with respect to mole fraction or coverage. Our approach to parameter 

estimation is not to get a quantitative fit of the data but to use a set of values that follow 

from known features of the reaction system. Clayton et al., [31] argued and Bhatia et al., 

[82] showed that the regeneration of stored NOx is limited by either the supply of 

reductant to the reactor or the diffusion of stored NOx to the Pt sites. The demarcation 

between the two regimes is determined by whether there is any H2 present in the gas 

phase for the particular set of conditions. In the absence of gas phase H2 the regeneration 

is limited by the supply of H2 while in the presence of H2 the regeneration is limited by 

stored NOx diffusion. A distinct shift in the instantaneous stored NOx conversion was 

observed in the two regimes [31]. Bhatia et al., [82] showed that this shift in regimes was 

well captured with the crystallite-scale formulation. In the current study, we followed 

their approach by assigning sufficiently high values for the rate constants of the 

interfacial reactions (R12-R14). Regarding reactions R10 and R11, since the oxidation of 

H2 is known to be much faster than NH3 oxidation (ambient temperature light-off 
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temperature for H2 versus ca. 150 
o
C for NH3 [112]), the rate constant for R10 was 

assigned a much larger value than  the one for R11 [96]. The selectivity to N2 and NH3 

are primarily governed by reactions R11, R14, R15 and R16. Our approach was to fix the 

rate constants of R11 and R14 and tune the constants for R15 and R16 in order to get a 

reasonable prediction of selectivity trends. It has been shown that NH3 reacts negligibly 

with NO in the presence of H2 [57]. Therefore, the rate constant of R16 was chosen to be 

smaller than the rate constant for R15 such that in the presence of H2, NH3 was formed 

via R15 (favoring NH3 selectivity). This approach ensured that once H2 is depleted, NH3 

is consumed by NO (R16), producing N2. We found that an order of magnitude difference 

in rates constants of R15 and R16 gave reasonable results. Finally, the rate constants for 

reactions R15 and R16 were also chosen to be smaller than those for R10 and R11 

because of the faster oxidation rates. Further, we found that a proper prediction of the 

NOx puff at the start of the regeneration was quite sensitive to the values of the R15 and 

R16 rate constants. 

The parameter estimation scheme highlighted above led to reasonable prediction 

of the experimental trends, as shown in the next section. The final sets of kinetic 

parameters are given in Table 4-6. It should also be reiterated that no rigorous fitting of 

experimental data was carried out to predict the regeneration trends. The model can 

always be fine-tuned by adding more reactions and performing parameter optimization 

but such an extension will not change the main learning of the model. 
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Table 4-6 Kinetic parameters for regeneration (D8). 

Reaction number Rate expression Rate constants 

10 
210 10f wc,H O-Ptr = k X θ  k10f = 1.010

3
     mol/(m

2s) 

11 
311 11f wc,NH O-Ptr = k X θ  k11f = 1.010

0
     mol/(m

2s) 

12 
2 212 12f wc,H BaO-NO Ptr = k X θ θ  k12f = 1.010

-3
    mol/(ms) 

13 
2 3

13 13f wc,H PtNO
r = k X θ  θ  k13f = 1.010

-3
    mol/(ms) 

14 
3 3

14 14f wc,NH PtNO
r = k X θ θ  k14f = 1.010

-3
    mol/(ms) 

15 
215 15f wc,H NO-Ptr = k X θ  k15f = 6.010

-2      
mol/(m

2s) 

16 
316 16f wc,NH NO-Ptr = k X θ  k16f = 6.010

-3
    mol/(m

2s) 

4.5 Results and discussion 

4.5.1 NOx Storage 

 The results of storage experiments as well as the model predictions carried out on 

the fully regenerated and fresh 8% Pt dispersion catalyst (D8) at 300 
o
C is shown in Fig. 

4-3. The breakthrough curve is characterized by two regimes. In the first regime the NOx 

storage is complete while in the second regime NO and NO2 emerge, the concentrations 

of which increase gradually. The initial complete storage is the result of the oxidation of 

NO followed by spillover of NO2 onto sites in the proximity of the Pt crystallites. The 

storage gradually slows down as the BaO sites close to the Pt/BaO interface are converted 

to Ba(NO3)2 as a result of which some NOx begin to breakthrough. This marks the start 

of second regime and at that point the storage process is controlled by the diffusion of 

mobile NOx species to storage sites further removed from the Pt/BaO interface. In this 

way, the current storage model can explain the asymmetric breakthrough profile of NOx 

observed during the storage i.e., complete storage followed by gradual breakthrough. 
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Further, the storage process is augmented by desorption of NO2 which find sites via a 

parallel gas phase route which becomes more important at longer storage times; i.e., 

when diffusion lengths are kinetically insurmountable. As mentioned in the Introduction, 

such a concept of using multiple storage mechanisms with different time scales to explain 

storage trends was initially proposed by Kwak et al., [17] in which they considered the 

diffusion of nitrate from surface to bulk barium phase. 

 

Figure 4-3. Comparison of model-predicted and experimental NO and NO2 effluent 

concentration during storage phase for D8 catalyst (DNOx = 1.510
-17

 

m
2
/s.). 
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Figure 4-4. Comparison of model-predicted and experimental NO and NO2 effluent 

concentration during storage phase for D3 catalyst (DNOx = 1.510
-17

 m
2
/s.).  

Keeping all the kinetic and transport properties same as those used for D8 

(parameters related to Pt dispersion such as Pt size are explicitly considered in the model 

equations), the model equations were solved to predict the NOx breakthrough profile for 

D3 (3% dispersion) catalyst. The effluent profile of NO and NO2 and model predictions 

for the D3 catalyst are shown in Fig. 4-4. Although the model predicts the breakthrough 

time reasonably well, it is not as effective in predicting the NO concentration profile. 

This inability of model is not unexpected because we did not adjust the parameters 

obtained for D8 catalyst.  
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Figure 4-5. Comparison of model-predicted and experimental effluent NOx concentration 

for D3 and D8 catalyst showing the effects of Pt dispersion during the 

storage phase (DNOx = 1.510
-17

 m
2
/s). 

 The effect of Pt dispersion during the storage along with model predictions is 

shown in Fig. 4-5. The model accurately predicts the different breakthrough times for 3% 

and 8% dispersion catalysts. The increase in the NOx breakthrough time with the increase 

in Pt dispersion can be attributed to the larger Pt/BaO interfacial perimeter of the higher 

dispersion catalysts which enhances the rate of NO2 spillover from Pt sites to the 

proximal BaO sites. In addition, for the fixed Pt loading, the effective distance between 

two neighboring Pt particles is shorter for the higher dispersion catalyst, thereby reducing 

the characteristic diffusion length for the stored NOx making the sites away from the Pt 

crystallite more readily available for storage and therefore enhancing the effectiveness of 

storage site utilization. 
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4.5.2 NOx Storage and Regeneration  

 In this section, we present the experimental and simulation results during the lean-

rich cycling for 3% and 8% dispersion catalysts. Our main focus is to predict the cycle-

averaged quantities (conversion and selectivity) and their dependence on cycling time 

(rich time) and Pt dispersion. The cycle-averaged NOx and H2 conversions are as 

follows: 
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where S Rt  , ( )o

NOF t , ( )
xNOF t ,

2
( )o

HF t  and
2
( )HF t

 
represents time for one complete storage 

and regeneration (s), molar feed rate of NO (moles/s), effluent molar flow rate of NOx 

(NO and NO2) (moles/s), molar feed rate of H2 (moles/s), and effluent molar flow rate of 

H2 (moles/s) respectively. Similarly, the cycle-averaged NH3 and N2 selectivity are as 

follows: 
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where, 
2
( )NF t and

3
( )NHF t represents effluent molar flow rate of N2 and NH3 (moles/s), 

respectively. 
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Figure 4-6. Comparison of model versus experiment for D8 catalyst during 60s lean and 

20s rich cycling (DNOx = 1.510
-17

 m
2
/s for lean and DNOx = 1.510

-16
 m

2
/s 

for rich period). 

 

Figure 4-7. Comparison of model versus experiment for D8 catalyst over two 

consecutive cycles in the cyclic steady state regime. (DNOx = 1.510
-17

 

m
2
/s for lean period and DNOx = 1.510

-16
 m

2
/s for rich period). 
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Typical cycling data starting with a completely regenerated D8 catalyst along 

with model predictions are shown in Fig. 4-6. The cycle comprises a 60 s lean period 

(500 ppm NO + 5% O2) followed by a 20 s anaerobic rich period (5000 ppm H2) at 300 

o
C. Since the catalyst starting point is completely regenerated, it takes at least 10 cycles 

before the catalyst reaches a cyclic steady state (Fig. 4-7). The approach to steady state is 

characterized by an initially high NOx uptake during the first few cycles followed by a 

continuously decreasing uptake as a result of incomplete regeneration. As seen in Fig. 4-7 

the model predicts the trends quite well, including the release of NOx (NOx puff) at the 

start of the regeneration phase. The NOx puff occurs by two pathways. The first pathway 

is via reactions R12 and R13 in which H2 reacts with stored NOx, producing surface-

bound NO, which then desorbs. The second pathway is via the reverse reaction of step R8 

in which stored NOx in the form of BaO-NO2 is converted to NO2 on Pt. Some of the 

NO2-Pt formed can desorb as NO2 (reverse of R4) while the remainder is converted to 

NO-Pt (reverse of R3), which desorbs as NO (reverse of R1). This pathway was 

confirmed by conducting the cyclic simulation in which all regeneration rate constants 

were set to zero. The model predicted NO release at the end of storage. This numerical 

experiment shows that the conversion of NO2-Pt to NO-Pt via the reverse of R3 is 

thermodynamically more favorable and hence most of the NOx puff contains NO (Fig. 4-

7). For all the cycling simulations, the diffusivity of NOx during the regeneration had to 

be increased to a value higher than that during storage in to predict the observed trend. 

We will return to this important point later in this section. 

 The effect of rich time on cyclic behavior was studied experimentally by varying 

the rich time (5-30s) for a fixed inlet hydrogen concentration (5000 ppm) and fixed 
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storage time (60s with 500 ppm NO and 5% O2). The results for D8 catalyst are shown in 

Fig. 4-8. For D8 catalyst (Fig. 4-8), as the rich time is increased the system shifts from a 

hydrogen-deficient condition to a hydrogen-rich condition. This is evident by the nearly 

complete conversion of H2 during the short cycles and the monotonically decreasing 

trend of H2 conversion with increasing rich time (Fig. 4-8 (a)). In contrast, the NOx 

conversion shows an increasing dependence on the rich time (Fig. 4-8 (a)). A longer rich 

period allows more time for stored NOx to diffuse to the Pt sites. It is interesting to note 

that the NOx conversion approaches an asymptote at long rich times. This feature shows 

the inability to regenerate sites far removed from the Pt sites. The recent study by Ren 

and Harold [11] described such stored NOx as being kinetically inaccessible. Likewise, 

as the rich time is increased the selectivity of NH3 (N2) increases (decreases) (Fig. 4-

8(b)). The increase in NH3 selectivity with rich time is a result of the more 

stoichiometrically favorable condition for NH3 formation (hydrogen-rich conditions). 

Moreover, as discussed earlier, NH3 reaction with NOx is inhibited in the presence of H2 

[98].  
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Figure 4-8. Experimental results showing the effect of rich time on cycle-averaged (a) 

NOx/H2 conversion and (b) N2/NH3 selectivity for D8 catalyst.  
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Figure 4-9. Experimental results showing the effect of rich time on cycle-averaged (a) 

NOx/H2 conversion and (b) N2/NH3 selectivity for D3 catalyst. 

Similar experiments were carried out for the 3% dispersion catalyst (D3). As 

shown in Fig. 4-9 (a), the main effect of the decreased dispersion is a large reduction in 

the cycle-averaged NOx conversion. This reduction in conversion can be attributed to a 
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reduced Pt/BaO interfacial perimeter as well as larger effective NOx storage radius (Reff). 

As a result, the rate of storage and regeneration is significantly reduced. The selectivity 

trends are also affected with mostly NH3 formed for D3 catalyst (H-excess condition) 

(Fig. 4-9 (b)). 

These new data in Figs. 4-8 and 4-9 are consistent with the earlier study of 

Clayton et al., [31]. To date such cyclic data have not been predicted by any model. We 

used the storage and reduction model to simulate these experiments to improve our 

understanding of NSR and to identify potential operating strategies for improved 

performance. In this first set of simulations the NOx diffusivity is fixed at 1.5×10
-17

 m
2
/s 

for both the storage and reduction phase. The predicted cycle-averaged NOx/H2 

conversions and N2/NH3 selectivities for different rich times with the D8 catalyst are 

shown in Fig. 4-10.  
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Figure 4-10. Experiment and model prediction of the effect of rich time on cycle-

averaged (a) NOx/H2 conversion and (b) N2/NH3 selectivity for D8 catalyst 

(DNOx = 1.510
-17

 m
2
/s for both lean and rich period). 

Clearly, the model drastically under predicts the measured NOx/H2 conversion 

(Fig. 4-10 (a)). The predicted selectivity trends are similarly poor with a nearly 90% NH3 

selectivity predicted over the entire range of rich times (Fig. 4-10 (b)). As discussed 

earlier, experimental measurements in this study and others indicate that NH3 is a favored 

product when the reaction is limited by the supply of NOx [31]. Bhatia et al., [82] 

showed in a simulation of regeneration that the stored NOx diffusivity is a key parameter 

affecting the stored NOx consumption rate. Which leads to the obvious question: Why the 

large discrepancy in the model predictions and experimental observations?  

Again, the NOx diffusivity value of 1.5×10
-17

 m
2
/s used in the calculations shown 

in Fig. 4-10 was the one estimated in the simulation of the NOx storage. This value is less 

than values estimated by Bhatia et al., [82] and Kumar et al., [111] for the same 
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temperature. The under-prediction of the NOx conversion and over-prediction of the NH3 

selectivity clearly suggests that the NOx diffusivity should be increased. A higher NOx 

diffusion rate would certainly increase the conversion. It should also increase N2 

selectivity as this would create a lower H2/NO ratio at the Pt/BaO interface. However, 

were the diffusivity to be increased during storage, this would adversely affect the 

prediction of breakthrough time and NOx slip. Indeed, to check this, we tried various sets 

of storage and regeneration parameters but were unable to predict both lean and rich 

phase data simultaneously using the same diffusivity value (for both storage and 

regeneration). This led us to conclude that different values of the NOx diffusivity during 

storage and reduction must be used to satisfactorily predict the conversions and 

selectivities.  

The need to increase the NOx diffusivity during the regeneration suggests the 

possible involvement of an additional diffusing species during the regeneration. It has 

been reported in the literature that an activated reductant (hydrogen in the current system) 

might diffuse onto the storage phase during the regeneration [20, 38]. Luo and Epling 

[20] proposed that the diffusion of H along an exposed alumina surface occurs. In the 

Model Development section, we pointed out that the alumina support is assumed fully 

covered with BaO. However, were this condition not met, the one would expect H atoms 

to spill over and diffuse by the mechanism advanced by Luo and Epling [20]. If both 

surface-bound H and stored NOx were to diffuse simultaneously but in the opposite 

direction – due to fact that they originate from opposite sides of the interface – then the 

observed NOx diffusivity should be higher during the regeneration compared to during 

the storage. An obvious extension of the current model would be to explicitly consider 
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the spillover and diffusion of activated H during the regeneration. However, this would 

add another level of complexity in the model and the fact that we cannot definitively 

prove this phenomenon, we choose not to pursue it in this study. Another explanation 

may be attributed to a change in the density of the barium phase during nitration. Tuttlies 

et al., [95] developed a shrinking core model in which a growing Ba-based particle during 

the storage blocks the pores through which reacting species diffuse (slow storage) while 

the pores open up during the regeneration as the reductant cleans up the bulky nitrate 

species (rapid regeneration). It seems plausible that each of the three processes; namely, 

stored NOx diffusion, H diffusion, and pore blockage, may occur simultaneously. 

The model predictions using a higher NOx diffusivity during the regeneration       

(
x

-17 2

NOD =1.5×10 m /s  for storage; 
x

-16 2

NOD =1.5×10 m /s  for regeneration) are shown in 

Fig. 4-11. The corresponding model predictions of the cycle averaged conversion and 

selectivity catalyst for D3 are shown in Fig. 4-12. The use of higher value of NOx 

diffusivity leads to much improved prediction of the observed conversion and selectivity 

trends. The model is able to qualitatively capture the conversion and selectivity trends. 

Again, the parameters were not adjusted for the D3 catalyst and hence there are some 

differences when compared to experimental values. Nevertheless, the model successfully 

predicts the trend of lower NOx conversion and higher NH3 selectivity for the lower Pt 

dispersion catalyst (3%). That said the reaction scheme does not capture all of the trends. 

For example, the under prediction of the cycle averaged H2 conversion may indicate that 

some of the H2 is consumed by species not considered in the model; e.g., BaO-O. 
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Figure 4-11. Experiment and model prediction of the effect of rich time on cycle-

averaged (a) NOx/H2 conversion and (b) N2/NH3 selectivity for D8 catalyst 

(DNOx = 1.510
-17

 m
2
/s for lean and DNOx = 1.510

-16
 m

2
/s for rich). 
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Figure 4-12. Experiment and model prediction of the effect of rich time on cycle-

averaged (a) NOx/H2 conversion and (b) N2/NH3 selectivity for D3 catalyst 

(DNOx = 1.510
-17

 m
2
/s for lean and DNOx = 1.510

-16
 m

2
/s for rich). 
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Figure 4-13. Calculated cycle-averaged NOx and H2 conversion for 10s storage and 2-

10s regeneration on D8 catalyst (DNOx = 1.510
-17

 m
2
/s for lean period and 

DNOx = 1.510
-16

 m
2
/s for rich period). 

A rational measure of the NSR catalyst performance is the NOx conversion 

achieved at the intersection of the NOx and H2 conversion in the conversion versus rich 

time plot. Ren and Harold [11] suggested that this crossover point can serve as a useful 

metric to gauge the performance of the LNT in that it addresses the balance between the 

supply and conversion of NOx and reductant. For the operating conditions used in this 

study, the maximum NOx conversion that was experimentally measured for the D8 

catalyst was about 70% at the intersection point. The principal cause for the reduced 

conversion is the much higher breakthrough of NOx during the storage phase. Since the 

rate of storage and regeneration is lower for the low dispersion catalyst, shorter cycles 

may improve the performance. To test this hypothesis, the simulation was run with 

shorter storage (10s) and regeneration (2-10s) time while keeping the same feed 

conditions. The simulation results in Fig. 4-13 show a much improved performance with 
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the NOx conversion, reaching almost 90%. Shorter cycles could also be utilized during 

cycling at the lower temperature i.e., under the condition where the transport of stored 

NOx is limited. This feature could have some practical utility during the cold start and for 

the aged catalysts. 

 The set of simulation results is shown in Fig. 4-14 reveals the capability of the 

current model in capturing several phenomena during LNT operation. The stored NOx 

concentration profiles in the barium phase for D8 catalyst during initial cycle (cycle 1) 

and steady state cycle (cycle 15) are shown. The model captures trends in incomplete 

storage phase utilization both at the crystallite and reactor scales.  The model predicts that 

the storage occurs radially outwards because of the faster interfacial reaction rate 

compared to the corresponding gas-solid reaction. As a result, most of the NOx is stored 

near the Pt/BaO interface. Further, with the assumption that the regeneration occurs at the 

Pt and Pt/BaO interface, the model predicts that barium sites close to platinum are 

regenerated rapidly. During the cycling operation, the stored NOx profile reaches a cyclic 

steady state in which rapid storage and regeneration occurs near the Pt. On the other 

hand, NOx stored further from the Pt must diffuse longer distances, and as a result, is less 

accessible for reduction. Thus, the crystallite scale model explicitly captures the apparent 

multi-site type phenomena discussed in previous publications [71, 85]. In this way, the 

current model is able to describe the varying storage rate with the use of solid state NOx 

diffusion which can be measured experimentally as was done by Kumar et al., [111]. 
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Figure 4-14. Calculated stored NOx profile (Ba(NO3)2 + BaO-NO2) for D8 catalyst for 

cycle 1, cycle 5, and cycle 15. Red (solid) lines represent profile during 

storage (60s) and blue (dotted) lines during regeneration (20s). 

Although not shown here, the model predicts that a reactor containing a high Pt 

dispersion catalyst (dispersion exceeding 20%) utilizes the storage phase effectively at 

the crystallite scale but can have significant axial storage non uniformities. In contrast, a 

reactor containing low dispersion Pt catalyst tends to have a more axially uniform storage 

but poorer local utilization.  
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4.5.3 Effects of washcoat diffusion 

 So far we have only considered the case when λ (=Df/De)=100 i.e., the case of 

typical γ-alumina washcoat with pore diameter of ca. 10 nm. As mentioned in the Model 

Development section, the washcoat diffusivity value can vary over a wide range. It is 

well known that the washcoat diffusion can have significant impact on observed 

conversion and selectivity. To address such issues and assess the effects of washcoat 

diffusivity, we performed calculations with various values of λ (=10, 100 and 1000). A 

value of λ =10 indicates the washcoat diffusion is dominated by bulk diffusion while a 

value of λ =1000 corresponds to a highly constricted washcoat (pore diameter of ca. 

1nm). In these calculations, all parameters except λ are held constant. The simulation 

results for different λ values are shown in Fig. 4-15. Fig. 4-15(a) shows that increasing 

the value of λ leads to an earlier and more gradual breakthrough of NOx. More 

importantly, Fig. 4-15(b) and 4-15(c) shows the impact of λ on cycle-averaged 

conversion and selectivity. As expected, the cycle-averaged NOx and H2 conversions 

decrease with the increase in λ (i.e., larger washcoat diffusional limitations) (Fig. 4-

15(b)). Similarly, N2 (NH3) selectivity increases (decreases) as the value of λ increases 

(Fig. 4-15(c)). This suggests that NH3 formed inside the washcoat further reacts with the 

stored NOx before reaching the fluid phase. In other words, for a strong washcoat 

diffusion limited condition (high λ) the local ratio H2/NO is lower because of the lower 

H2 concentration in the washcoat and, as a result, a higher N2 selectivity is obtained.  
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Figure 4-15. Model predictions showing the effect of washcoat diffusion on (a) NOx 

breakthrough profile, (b) cycle-averaged NOx/H2 conversion and (c) cycle-

averaged N2/NH3 selectivity.  

 Previously, we showed that the both conversion and selectivity are strong 

functions of stored NOx diffusivity with higher NOx/H2 conversion and N2 selectivity 

obtained for higher stored NOx diffusivity. These effects of stored NOx diffusivity are 

opposite to those observed for washcoat diffusivity. We, therefore, conclude that the 

observed selectivity and conversion trends are a result of combined effects of washcoat 

and stored NOx diffusion and there exists a trade-off between these processes. Now, the 

obvious questions are: which of the diffusion processes is more important and can we 

ignore either of the diffusion processes to explain all the trends? The answer is both the 

processes are important based on the simulations results shown in this study. Bhatia et al., 

[82] showed that the regeneration of stored NOx is controlled by a diffusion process with 

an activation energy of ca. 75 kJ/mol. Such a high activation energy in a diffusion-
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controlled regime is only possible for solid state diffusion and cannot be explained by gas 

phase diffusion (or diffusion in washcoat) alone (assuming the diffusivity in washcoat is 

constant and the possibility of pore blockage by NOx stored is ignored). Moreover, the 

time scales of those experiments were ca. 200s which is much larger than the 

characteristic diffusion time in the washcoat (ca. 0.1s for λ =1000 and öc=30 µm). 

Therefore, the stored NOx diffusion process cannot be ignored. With that said, the 

diffusivity in the washcoat cannot be neglected completely because of the significant 

impact shown here. The effect of washcoat diffusion becomes more important when there 

is a significant amount of NOx stored blocking some of the pores in the washcoat (similar 

to the shrinking core model discussed earlier). 

4.6 Conclusions 

 In this study, we have extended the crystallite scale model to predict the trends 

during the storage phase. This extension was combined with the regeneration model to 

perform lean/rich cycling simulation for low dispersion NSR catalysts. The storage model 

is able to predict the asymmetric NOx breakthrough curve based on the process of NOx 

spillover and diffusion in the storage phase. The model is able to accurately predict the 

breakthrough times for different dispersion catalysts. As the Pt/Ba interfacial perimeter is 

increased (or decreased) for higher (or lower) dispersion catalyst, the breakthrough time 

is also increased (or decreased).  

 Cycling simulations reveal the temporal evolution of species effluent 

concentrations during the entire cycling period spanning initial cycles to steady state 

cycles. The model was able to predict cycle-average conversion and selectivity trends for 

both 8% and 3% dispersion catalyst. As the Pt dispersion is decreased, the cycle-averaged 



88 

 

NOx conversion is decreased and the selectivity of NH3 is increased which is well 

predicted by the model. The model predicts higher storage during the initial cycles 

followed by a continuous decrease in storage during the later cycles as a result of 

incomplete regeneration in earlier cycles. Further, the model predicts a spatio-temporal 

variation of stored NOx profile, showing that sites close to Pt are more fully utilized 

during the storage and regeneration process.  

An important finding from this work is that the identity of diffusing species 

during the regeneration may be different since the same value of NOx diffusivity was not 

able to predict the observed NOx/H2 conversion and N2/NH3 selectivity trends. The 

higher value of NOx diffusivity during the regeneration indicates the possible role of 

activated hydrogen spillover onto the barium phase. Thus, the mechanism remains open 

for debate and will require some innovative experiments. 

The model simulations show that shorter cycle time are needed to achieve high 

NOx conversion when the rate of storage and regeneration is slow, which is the case of 

low dispersion catalyst and at low temperatures. In practice, high temperature operation 

encountered during high load vehicle operation or during required LNT de-sulfation leads 

inevitably to the sintering of the Pt crystallites. Similarly, lower temperature operation is 

encountered during cold start of the engine. One operational implication would be to have 

shorter cycles during the cold start and gradually increase the cycle time as the catalyst 

heats up. Another application would be in the combined LNT/SCR technology. The need 

to convert a fraction of the exhaust NOx into NH3 may benefit from short cycling and 

lower Pt dispersion as examined in this study. 
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While the crystallite-scale NOx storage and reduction was successful in predicting 

many of the experimentally measured effects of Pt dispersion, further model upgrades 

may be needed.  Some of the other reaction scheme assumptions like the two types of 

nitrite/nitrate species on the barium phase whereas it has been reported in the literature 

that species like BaO-O, BaO-NO3 might also be present [25]. The assumption of a 

constant NOx diffusivity may also introduce some errors because the diffusivity will 

depend on the identity of these stored species as well as the changes in the barium phase 

morphology. Indeed, the particular morphology of the storage phase may require a two- 

or even-three dimensional treatment of the stored NOx gradients.  These and other 

improvements are prospective directions for future study. 

Finally, in a real exhaust, a significant amount of CO2 and H2O is always present 

which is found to have detrimental effects on NSR operation [11]. The presence of excess 

CO2 and H2O will transform some of the BaO storage phase to Ba(OH)2 and BaCO3 

resulting in multiple storage sites with different reactivities. Furthermore, water inhibits 

NO oxidation kinetics by blocking some active Pt sites while CO2 reduces the cycle-

averaged NOx conversion by forming stable BaCO3 [3, 11]. Similarly, the addition of 

water has shown to increase the cycle-averaged NOx conversion by enhancing the 

regeneration rate [20]. Also, various morphological changes of storage phase have also 

been reported in the literature when the water is present in the system [99]. In addition, 

the presence of O2 during the regeneration will result in significant temperature rise. Such 

non-isothermal operation creates moving temperature and adsorption fronts which will 

have substantial impact on the performance of NSR system. Therefore, an obvious 

extension of the current model is to include the effects of CO2, H2O and temperature rise. 
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CHAPTER 5 Effect of cycle time on NH3 generation on Low Pt 

Dispersion Pt/BaO/Al2O3: Experiments and Crystallite-Scale 

Modeling 

5.1 Introduction 

NOx storage and reduction (NSR) is one of the commercialized technologies for 

the abatement of NOx emissions from light-duty diesel and lean-burn gasoline engines. 

Comprehensive reviews by Epling et al., [12]and Roy and Baiker [3] summarize the 

earlier findings while a more recent survey by Harold [2] focuses on the coupling 

between reaction and transport and the impact of catalyst properties. Briefly, NSR is 

carried out in a multifunctional monolithic catalyst called a lean NOx trap (LNT). The 

washcoat typically contains platinum group metal (PGM) to catalyze NO oxidation 

during the lean mode and NOx (NO and NO2) reduction during the rich mode. Alkali or 

alkaline earth metal oxides such as BaO provide the NOx storage function. These 

ingredients are dispersed on a high surface area support such as alumina (γ-Al2O3). Some 

LNT formulations contain ceria which provides additional sites for NOx storage at low 

temperatures (ca. 200-300 
o
C), provides oxygen storage capacity (OCS) akin to its role in 

the traditional three-way catalyst (TWC), promotes the water-gas shift (WGS) and steam 

reforming (SR) reactions, alleviates PGM sintering, and mitigates sulfur poisoning [11, 

113-115]. Ceria is also found to be crucial in preventing PGM migration in dual-layer 

catalysts [53-55]. NSR is an inherent transient operation in which the feed gases to the 

reactor are periodically switched between fuel-lean (O2 excess) and fuel-rich (O2 

deficient) gases. During the lean phase, lasting up to a few minutes, NO in the feed is 
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oxidized to more reactive NO2 which is then trapped on the storage component. Once the 

NOx starts to break through, the engine is briefly switched to fuel-rich mode which lasts 

for few seconds. Minimizing the duration of rich phase is the key to avoiding excessive 

fuel consumption. During the rich phase, NOx is released from the storage sites followed 

by subsequent reduction on the precious metal sites. 

One of the major drawbacks of the NSR technology is that it requires a high PGM 

loading [3]. Indeed, minimizing the PGM loading remains the key to reducing the overall 

cost of the LNT-based catalytic aftertreatment system. A viable solution to overcome this 

shortcoming is to integrate the NSR with another NOx reduction technology called 

selective catalytic reduction [9, 56, 59]. SCR is carried out using a less expensive zeolite-

based monolithic catalyst. However, the standalone SCR system requires an NH3 feed 

system, typically comprising aqueous urea injection. This adds to the fixed cost and space 

requirements [9]. The working principle of the combined LNT-SCR system is as follows: 

During the rich phase, NOx that is stored on the LNT in the previous lean phase is 

reduced selectively to NH3, which is then stored in the downstream SCR unit. NH3 

trapped by the Brønsted and Lewis acid sites of the metal-exchanged zeolite is then 

utilized to reduce NOx that slips from the LNT during the subsequent lean phase. The 

objective is to generate as much NH3 as possible while minimizing its utilization in the 

LNT. 

It is now well established that the regeneration of LNT by H2 proceeds via NH3 

formation as an intermediate [33, 36, 98, 101]. Clayton et al., [31] showed that the 

selectivity of NH3 strongly depends on Pt dispersion and temperature. In fixed NOx 

storage experiments, they regenerated with H2 a fixed amount of stored NOx on LNT 
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catalysts having different Pt dispersion catalysts (fixed Pt and BaO loading). They 

observed that a maximum NH3 yield was achieved at high and low temperatures for low 

and high Pt dispersion catalyst, respectively [31]. They speculated that NH3 formation is 

favored when the solid-state diffusion of stored NOx is the rate-limiting process [31]. In a 

complementary modeling study, Bhatia et al., [82] corroborated this hypothesis, showing 

that NH3 formation is indeed a favored product under conditions in which the diffusion of 

the stored NOx is slow compared to H2 feed rate. This is a result of a higher local H2:NO 

ratio which creates more favorable environment for NH3 production [96]. Bhatia et al., 

[82] also showed that the diffusion of the stored NOx is the rate limiting step during the 

regeneration of low Pt dispersion catalysts over the entire temperature range studied 

(160
o
C-370

o
C). Recently, Easterling et al., [116] employed spatially resolved capillary 

inlet mass spectrometer (SpaciMS) to study the spatiotemporal features of NH3 formation 

in aged and degreened LNT catalysts. They showed that the NH3 selectivity and yield 

increased monotonically along the length of the aged catalyst while it exhibited a 

maximum for the degreened catalyst. They suggested that the reductant front travelled 

more rapidly along the aged catalyst length compared to the degreened catalyst because 

of smaller amount of stored NOx on the aged catalyst. As a result, excess H2 is present 

throughout the monolith, promoting NH3 formation. These findings clearly suggest that 

low Pt dispersion or aged LNT catalysts give higher NH3 selectivity thus making them 

suitable candidate for the combined LNT/SCR applications. 

The durations of lean and rich phases of a NSR cycle are important operating 

parameters that affect the performance of the LNT. Several studies have appeared in the 

literature investigating the impact of cycle timing on overall NOx conversion and NH3 
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formation [22, 110, 117-120]. Li et al., [120] investigated the effect of lean/rich duration 

at different temperatures. They found that at 300 
o
C the cycle-averaged NOx conversion 

decreased with increasing lean phase duration while the conversion increased with 

increasing rich time duration. In these experiments [120], the feed conditions were fixed 

so different amounts of reactants were fed for different cycling experiments. In another 

set of experiments, they reduced the total cycle time while keeping the ratio of lean to 

rich time fixed. From these experiments, they concluded that NOx conversion depends 

only on the ratio of lean to rich time at 300
o
C and that under these conditions the average 

NOx conversion is only a function of reaction stoichiometry. Further, they suggested that 

at extreme conditions of low and high temperatures, NOx conversion is dictated by 

reaction kinetics and storage capacity or nitrate stability, respectively. Muncrief et al., 

[22] studied the effects of overall cycle timing on cycle-averaged NOx conversion on a 

Pt/BaO/Al2O3 powder catalyst. In their experiments, they fixed the oxidant to reductant 

ratio (or stoichiometry number, SN; defined as the molar feed ratio of oxidants to 

reductants) during both lean and rich phase. They found that the NOx conversion 

achieved a maximum value at an intermediate cycle time. With shorter cycles, they 

observed that mixing of lean and rich feeds upstream of the reactor caused the NOx 

conversion to decrease considerably to a level approaching that of a mixed feed. 

Similarly, in the limit of long cycles, the overall conversion approached the weighted 

average of steady state conversion obtained with the lean and rich feeds. Kabin et al., 

[110] confirmed these findings for a monolithic Pt/BaO/Al2O3 catalyst. Han et al., [119] 

investigated the effect of periodic operation on NOx conversion on Pt/BaO/Al2O3 at 

300
o
C. They examined various lean and rich phase durations with different stoichiometry 
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numbers. They concluded that the cycle time should be such that the rich phase is 

sufficiently concentrated to regenerate the nitrate at the faster rate while short enough to 

avoid poisoning by CO and C3H6 derived ad-molecules. Breen et al., [118] studied the 

effect of rich phase duration and found that for a given quantity of reductant at 400 ˚C, a 

long less intense rich pulse is beneficial in terms of NOx conversion compared to a short 

intense pulse. They provided two explanations for this observation. First, they argued that 

mixing at the interface of the lean and rich feed leads to a large quantity of reductant 

being combusted for the short concentrated rich feed. They verified this argument by 

introducing a short (1.2s) purge (Ar only) between the lean and rich phase and observed 

that the NOx conversion increased noticeably compared to the one with no purge. The 

second explanation of Breen et al., [118] had to do with the balance between the rate of 

NOx release and rate of reduction during the rich phase. During a short regeneration, the 

NOx that is released does not have sufficient time to get reduced. Al-Harbi and Epling 

[117] also studied the effect of the regeneration time by changing the length of 

regeneration phase while keeping the amount of H2 fed constant. Consistent with the 

results reported by Breen et al.,[118], they observed higher NOx conversion for longer 

regeneration with lower H2 concentration. They concluded that protracted regeneration 

allowed more time for stored nitrate/nitrite, possibly those from the sites located far from 

Pt or so called “slow” sites, to decompose to gaseous NOx. This created additional 

storage sites available for the subsequent lean phase. They also assessed the NH3 

formation and concluded that longer regeneration is beneficial to NH3 formation (yield) 

at lower temperatures (<400
o
C) while at higher temperatures (>500

o
C), nitrate stability 

becomes a major issue and shorter regeneration is preferred. 
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The main objective of this work is study the impact of cycle time on the NH3 

yield and selectivity on two low Pt dispersion LNT catalysts (3% and 8%). The reason for 

choosing these low dispersion catalysts is because these catalysts give higher NH3 

selectivity compared to higher dispersion catalysts [31]. This chapter is organized as 

follows. We first report data of two different sets of experiments using 3% and 8% Pt 

dispersion (Pt loading=2.48%) catalysts showing the effect cycle time and Pt dispersion 

on NOx conversion and NH3 yield. In the first experimental set, the lean phase is held 

fixed while the rich phase is varied such that the ratio of moles of NO to H2 fed is 

constant; i.e., longer the rich phase lesser the reductant concentration. In the second set, 

both the lean and rich phase durations are changed simultaneously with fixed lean to rich 

time ratio. We then use the recently developed crystallite-scale LNT model [30] to 

simulate the experiments and help explain the observed trends. The model is also used to 

assess the impact of Pt loading and dispersion. Our focus is to identify the conditions that 

result in favorable NOx conversion and NH3 yield in the LNT for its application in 

combined LNT/SCR system. To our knowledge, this is the first combined experimental 

and modeling study examining effect of cycle timing and LNT properties with particular 

focus on NH3 generation and consumption. 

5.2 Experimental 

5.2.1 Catalyst Samples 

Two model Pt/BaO/Al2O3 monolithic catalysts were used in this study, and were 

provided by BASF Catalysts LLC (Iselin, NJ). Both samples contained 2.48 wt% Pt, 12.7 

wt% BaO and the remainder -Al2O3 (total mass of washcoat basis). The Pt dispersions 

were estimated to be ca. 3% and 8% and are henceforth designated as D3 and D8, 
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respectively. The details on the catalyst preparation are provided elsewhere [31]. A 

summary of the catalyst properties is provided in Table 4-1 (Chapter 4). 

5.2.2 Flow reactor set-up 

The flow reactor setup used in this study is the same as described previously [11, 

31, 98, 100, 101]. A 28-channel, 2 cm long monolith piece, cut from a larger monolith 

brick with 400 cpsi, was wrapped in Fiberfrax® ceramic paper and then placed in a 

quartz tube flow reactor. Two K-type thermocouples were used; one placed just upstream 

of the catalyst and another inside the channel approximately at the centroid of the 

monolith to measure the feed and catalyst temperatures respectively. The effluent from 

the reactor was analyzed by FTIR spectrometer (Thermo-Nicolet Nexus 470) placed 

downstream of the reactor. The species measured were NO, NO2, N2O, NH3 and H2O. A 

four-way, dual-actuated switching valve was used to switch between lean and rich feeds. 

5.2.3 Lean-rich cycling experiments 

Two sets of experiments were performed. In the first set, the lean phase was held 

fixed at 60s and rich phase duration was varied between 3s and 20s. In all cases the moles 

of NO to H2 fed to the reactor per cycle was held constant i.e., 
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H
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In the second set of experiments, the overall cycle time was varied while keeping the 

ratio of lean to rich time fixed. The lean feed contained 500 ppm NO and 5% O2 and the 

rich feed contained 0.5% to 3.33% H2, both in balance Ar. Table 5-1 summarizes the inlet 

gas composition used in the experiments. All experiments were performed at 300
o
C and 

the gas hourly space velocity (GHSV, measured with respect to the total monolith volume 

and standard conditions) was maintained at 60,000 hr
-1

.  
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A preconditioning treatment was applied to all fresh catalysts in order to obtain 

reproducible results over the course of the experiments [11]. It consisted of 5 min lean 

(500 ppm NO + 5% O2) and 3 min rich (5000 ppm H2) cycles lasting about 1 hour at 

450
o
C followed by complete regeneration (ca. 30 mins) in the same rich feed. The 

catalyst was then cooled to the desired temperature (300
o
C) in pure Ar. Between 

experiments the catalyst was fully regenerated at 450 
o
C. This allowed similar initial 

conditions of the catalyst for all cycling experiments.  

Table 5-1 Experimental conditions. 

Set 1 Lean time (s) Rich time (s) H2 in rich (%) 

60/20 60 20 0.5 

60/10 60 10 1.0 

60/5 60 5 2.0 

60/3 60 3 3.3 

Set 2    

90/15 90 15 1.0 

60/10 60 10 1.0 

30/5 30 5 1.0 

Lean Feed : 500 ppm NO and 5% O2.  Balance: Ar    

GHSV  : 60000 hr
-1

 Temperature : 300 
o
C 

The cycle-averaged quantities (NOx conversion and NH3 selectivity) were 

calculated over at least 5 cycles after a cycle-to-cycle steady-state had reached. The 

cycle-averaged NOx conversion was computed as follows:  
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where, S Rt  , ( )o

NOF t  and ( )
xNOF t  represents time for one complete storage and 

regeneration (s), molar feed rate of NO (moles/s) and effluent molar flow rate of NOx 

(NO and NO2) (moles/s) respectively. Similarly, the cycle-averaged NH3 selectivity was 

computed as follows: 
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where, 
3
( )NHF t represents effluent molar flow rate of NH3 (moles/s). The NH3 yield 

3NH
(Y ) is the product of NOx conversion and NH3 selectivity. 

5.3 Model equations and reaction scheme 

A recently-developed crystallite scale model for LNT catalyst was used in this 

study [30]. The details of the model can be found in our earlier works [30, 82] and are 

summarized in Table 5-2. Because of the high concentration of the reductant used in 

some of the experiments, the energy balance equations were also included in this study. A 

few comments on the model and reaction scheme are provided below for completeness 

and clarity. The crystallite-scale treatment is based on the phenomenological picture 

proposed by Kumar et al., [16] who clearly showed via isotopically-labeled TAP 

experiments that there exists stored NOx gradients in the barium phase and that NOx 

diffuses away and towards the Pt crystallites during storage and regeneration, 

respectively. During the lean phase, NO in the feed is first catalytically oxidized to NO2 

and can either desorb or spill over to the neighboring BaO phase. Gaseous NO2 that has 

desorbed can store via a gas-solid reaction. The Pt-assisted storage (spillover pathway) is 

assumed to be much faster than the direct storage (gas-solid pathway) because it has been 
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found that the addition of Pt significantly improves the storage rate as well as the 

accessibility of the storage sites [15]. In the model, the initial NOx storage is mainly 

governed by the rapid spillover of NOx to storage sites in the vicinity of the Pt/BaO 

interface. Once the storage sites around the Pt crystallites are utilized, the solid state 

diffusion of the stored NOx controls the rate of storage and this marks the breakthrough 

of the NOx. Thus, the initial fast storage responsible for the complete NOx trapping 

during the start of the storage phase depends primarily on the Pt/BaO interfacial 

perimeter which allows NOx to spill over to adjacent barium sites. The stored NOx 

diffusivity is an important determinant of the rate at which NOx is stored. The slower 

storage involves the diffusion of stored NOx species to sites further removed from the 

interface. During the regeneration, H2 reacts with stored NOx at the Pt/BaO interface. 

The gradient created by the consumption of nitrite/nitrate at the interface causes NOx 

stored further away from the Pt/BaO interface to diffuse towards it. In this way, the rate 

of regeneration also depends on the stored NOx diffusivity as well as Pt/BaO interfacial 

perimeter. These two key parameters, viz. NOx diffusivity and Pt/BaO interfacial 

perimeter, are directly included in the model by including diffusion and reaction equation 

in the barium phase (Table 5-2). Table 5-3 summarizes the reaction network used in this 

study. This set of reactions represents a subset of a much larger set of elementary 

reactions in a microkinetic scheme. As shown in our earlier study [30], this set is 

sufficient to predict the main experimental trends. The details on the rationale of each 

reaction step and our approach to estimate the relevant kinetic parameters can be found in 

our previous publication [30]. The values of physical properties and other parameters 

used in the simulations are given in Tables 4-2 and 4-3 (Chapter 4). 
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Table 5-2. Model equations. 
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Table 5-3. Reaction Scheme. 

           Reaction          ΔH (kJ/mol) 

R1 NO + Pt    NO-Pt     -106.9 

R2 O2 + Pt     O2-Pt    -80.0 

R3 NO-Pt + O-Pt     NO2-Pt + Pt   56.4 

R4 NO2 + Pt     NO2-Pt    -97.9 

R5 O2-Pt + Pt     2O-Pt    -129.4 

R6 NO2 + BaO     BaO-NO2   -30.0 

R7 2NO2 + BaO-NO2    Ba(NO3)2 + NO  -418.9 

R8 NO2-Pt + BaO    BaO-NO2 + Pt   67.9 

R9 2NO2-Pt + BaO-NO2   Ba(NO3)2 + NO-Pt + Pt -330.0 

R10 H2 + O-Pt     H2O + Pt   -137.1 

R11 2
3

NH3 + O-Pt    1
3

 N2 + H2O + Pt  -106.4 

R12 BaO-NO2 + H2 + Pt    NO-Pt + BaO + H2O   -261.4 

R13 Ba(NO3)2 + 3H2 + 2Pt   2NO-Pt + BaO + 3H2O -318.4 

R14 Ba(NO3)2 + 10
3

NH3 Pt
 BaO + 8

3
 N2 + 5H2O -615.3 

R15 5
2

H2 + NO-Pt    NH3 + H2O + Pt  -271.4 

R16 2
3

NH3 + NO-Pt   5
6

N2 + H2O + Pt  -194.6 

 

The reaction rate expressions and kinetic parameters are taken from our earlier 

work [30] and are provided in Tables (4-4) – (4-6) (Chapter 4). The kinetic parameters 

used in this study were estimated assuming isothermal conditions [30] but as stated 

earlier there is up to 15
o
C increase in temperature during the rich phase. In order to assess 

the impact of temperature on kinetic parameters for those reactions whose activation 

energies are unknown (R7-R16), a sensitivity analysis was performed and it was found 

that the cycled-averaged NOx conversion was largely insensitive to most of the kinetic 

parameters. A few kinetic parameters (R13 and R14) were sensitive for large increase in 

temperature. However, since the maximum temperature rise is less than 20
o
C, the impact 
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is temperature dependence on these parameters is found to be insignificant. The 

insensitivity of the kinetic parameters is not unexpected because we developed our model 

assuming that diffusion of stored NOx to be the rate controlling process [30]. A detailed 

sensitivity analysis can be found in the Appendix A. (Remark: the activation energies of 

NO oxidation reactions (R1-R5) are taken from the work of Bhatia et al., [106] and NO2 

storage on BaO (R6) is adopted from Larson et al., [87]). 

5.4 Results and discussion 

In the first section, we present the experimental results and compare them with 

those available in the literature. In the second section, we present model simulations of 

the experiments with the goal of providing insight about the spatiotemporal behavior 

spanning the crystallite to reactor scale. Finally, we discuss the model-predicted 

dependence of NOx conversion and NH3 yield on Pt loading and dispersion.  

5.4.1 Experimental results  

Two sets of experiments were performed to assess the effects of cycle time on the 

performance of the D3 and D8 catalysts with a particular focus on the NH3 selectivity and 

yield. In the first set of experiments (Set 1), the lean phase was fixed at 60s while the rich 

phase was varied between 3s (3.33% H2) and 20s (0.5% H2). A fixed quantity of H2 was 

fed in all the cases. The effluent concentration profiles of NO, NO2 and NH3 and the 

temporal temperature profiles measured at the centerline of the catalyst during the cyclic 

steady-state for D8 catalyst are shown in Figs. 5-1 and 5-2, respectively. A temperature 

rise of up to 16
o
C was recorded by the thermocouple placed at the mid-point of the 

monolith during the switch from lean to rich feed. The temperature rise is a result of a 

combination of factors including: (i) H2 oxidation by the adsorbed oxygen, (ii) H2 
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oxidation by the oxygen in the lean feed due to mixing between the lean and rich feeds 

during switching [118], and (iii) the reduction of stored NOx especially when high 

concentration of reduction is used. Similarly, in the second set of experiments (Set 2), 

both lean and rich phase durations were varied while keeping the feed conditions and 

ratio of lean to rich times fixed. The cyclic steady-state outlet concentration profiles of 

NO, NO2 and NH3 and the temperature profile inside the monolith can also be found in 

the Appendix B (Figs. B-1 and B-2). The maximum temperature variation was observed 

for the 90/15 cycle because the reductant was allowed longer time (15 seconds) to react 

with the residual oxygen and stored NOx.  
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Figure 5-1 Cyclic steady-state NO, NO2 and NH3 concentration obtained for different 

regeneration time (Set 1) for D8 catalyst at 300
o
C; (a) 60/20, (b) 60/10, (c) 

60/5 and (d) 60/3 cycles. The feed gas composition is given in Table 5-1. 
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Figure 5-2 Cyclic steady-state temperature profile obtained for different regeneration 

time (Set 1) for D8 catalyst at 300
o
C (a) Experiment (b) Model. The feed 

gas composition is given in Table 5-1. 

Figs. 5-3(a) and 5-4(a) summarize the experimental cycle-averaged NOx 

conversion, NH3 selectivity and NH3 yield for experimental Sets 1 and 2 for catalyst D8, 

respectively. For the fixed lean phase, the NOx conversion increases with the rich time 

(Fig. 3 (a)), consistent with results reported in the literature [117, 118].  As stated in the 

Introduction, Breen et al., [118] showed that one of the reasons for lower NOx 

conversion for a shorter but more concentrated regeneration is the loss of reductant due to 

combustion at the interface between the lean and rich feed. Such a mixing effect cannot 

be avoided even with a fast-acting switching valve.  We suspect that such an effect was 

also encountered in the current study. Al-Harbi and Epling [117] argued that this mixing 

effect, if present, should be minimal, suggesting that the improved NOx conversion for 
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longer regeneration was simply a result of the longer time allowed for stored nitrate to 

decompose to gaseous NO, thereby creating more storage sites (possibly from the “slow” 

sites) for the next trapping phase.  

Fig. 5-3 (a) also shows the effect of rich time on NH3 selectivity and yield. As the 

rich time is increased, the NH3 selectivity decreases slightly while the NH3 yield remains 

largely unaffected. This indicates that the absolute amount of NH3 generated is 

independent of the rich time and only depends on the amount of reductant fed. In 

contrast, Al-Harbi and Epling [117] reported data that showed higher NH3 yield at 

temperatures 200
o
C and 300

o
C and a lower yield at 500

o
C for longer rich time. They 

explained this trend on the basis of the local H2:NO ratio: i.e., during the latter times of 

long regeneration, the NOx is still being released but at a slower rate while the reductant 

is still being delivered, creating an environment with a higher H2:NO ratio that favors 

NH3 formation. At higher temperatures, because of nitrate instability more NOx is 

released as the rich time progresses which leads to lower NH3 formation (i.e., lower 

H2:NO ratio). We suspect that the main reason for this discrepancy in terms of NH3 yield 

is the amount of reductant used in the current study. The ratio of the inlet moles of H2 to 

NO in the work of Al-Harbi and Epling [117] was 6.1 (300
o
C) while in our study was 3.3. 

The higher H2 concentration created a more favorable condition for NH3 production and 

hence increased the NH3 selectivity and yield [117]. 
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Figure 5-3 Cycle-averaged NOx conversion, NH3 selectivity and yield obtained for set 1 

for D8 catalyst at 300
o
C (a) experiment (b) model. The experimental 

conditions are given in Table 5-1. 
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Figure 5-4 Cycle-averaged NOx conversion, NH3 selectivity and yield obtained for set 2 

for D8 catalyst at 300
o
C (a) experiment (b) model. The experimental 

conditions are given in Table 5-1. 
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Fig. 5-4 (a) shows the effect of overall cycle time on NOx conversion, NH3 

selectivity and yield. The NOx conversion increases as the cycle time decreases. This is 

because with a shorter cycle excessive breakthrough of NOx during the storage phase is 

minimized. That is, a longer lean phase means more NOx escapes without being trapped. 

Similar trends were also observed by Li et al., [120] in their lower temperature (200 
o
C) 

experiments although they did not observe such differences at higher temperatures (> 300 

o
C). Similarly, a shorter cycle time resulted in a lower NH3 selectivity (Fig. 4(a)). This 

observation can be explained by the fact that during fast cycling, the only sites close to Pt 

are actively participating, and the shorter diffusion lengths enable a higher effective 

NOx/H ratio, reducing NH3 selectivity. We return to this in more detail in the modeling 

section. 

The corresponding cycle-averaged NOx conversion, NH3 selectivity and yield for 

Sets 1 and 2 for the D3 catalyst are shown in Figs. 5-5(a) and 5-6(a), respectively. As 

expected, the NOx conversion for D3 is lower than that observed for the D8 catalyst. 

While the trends for the NOx conversion are similar to those for D8, the NH3 selectivity 

for Set 1 (Fig. 5-5(a)), in which the rich time was varied, is almost independent of rich 

time. These results are not unexpected because under these conditions (300 
o
C) the 

catalyst (D3) operates under strong stored NOx diffusional limitations [82]. Thus, the rate 

at which H2 is supplied to the Pt crystallites is much faster than the supply of the stored 

NOx. As a result, a high concentration of H2 is sustained throughout the catalyst resulting 

in a high selectivity to NH3. On the other hand, the NH3 yield decreases with a decreasing 

rich time largely because of the lower NOx conversion (Fig. 5-5(a)). The NOx 

conversion and selectivity trends for Set 2 for D3 (Fig. 5-6(a)) are also quite similar to 
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those obtained for D8. The yield, however, was essentially constant. Compared to D8, the 

D3 catalyst displayed much lower NOx conversion and NH3 yield while maintaining high 

NH3 selectivity. 

 

Figure 5-5 Cycle-averaged NOx conversion, NH3 selectivity and yield obtained for set 1 

for D3 catalyst at 300
o
C (a) experiment (b) model. The experimental 

conditions are given in Table 5-1. 
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Figure 5-6 Cycle-averaged NOx conversion, NH3 selectivity and yield obtained for set 2 

for D8 catalyst at 300
o
C (a) experiment (b) model. The experimental 

conditions are given in Table 5-1. 
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5.4.2 Modeling results and discussion 

The modeling results for Sets 1 and 2 for the D8 catalyst are shown in Figs. 5-3(b) 

and 5-4(b), respectively. The model predicts an increase in cycle-averaged NOx 

conversion and decrease in the NH3 selectivity with an increase in rich phase duration for 

a fixed amount of H2 fed (Set 1, Fig. 5-3(b)).  These predicted trends are consistent with 

the experiments (Fig. 5-3(a)). The model predicts that the stored NOx diffuses radially 

away from and towards the Pt crystallites during the storage and regeneration phases, 

respectively. As shown in our earlier studies [30, 82], the regeneration of the lower 

dispersion catalyst is largely controlled by the diffusion of the stored NOx toward the 

Pt/BaO interface. Therefore, if the regeneration period has a long enough duration, more 

stored NOx will be able to diffuse to the Pt crystallites and react. As a result, for such a 

diffusion-limited condition, a longer rich time will result in a higher NOx conversion. 

This explanation is similar to the one given by Al-Harbi and Epling [117] who suggested 

that a longer regeneration time allows NOx stored at the “slow” sites to decompose, 

freeing up extra storage sites for the subsequent lean phase.  Our contention is that the 

“slow” sites actually represent NOx that is stored farther from the Pt crystallites. 

The decreasing trend of NH3 selectivity with increasing rich time is also captured 

by the model (Fig. 5-3(b)). As we have pointed out earlier, the selectivity of NH3 is 

mainly governed by the local H2:NO ratio with a higher value giving a higher NH3 

selectivity [96]. Because of the integral nature of the reactor, the NH3 produced upstream 

may be consumed downstream. Its consumption rate again depends on the relative 

concentration of H2 and NO. To show this in more detail, spatiotemporal washcoat 

(averaged) concentration profiles of H2, NO and NH3 during the 20s (0.5% H2) and 5s 
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(2% H2) regenerations (after cyclic steady state has reached) are provided in Figs. 5-7 and 

5-8, respectively. During the few seconds of longer more diluted rich pulse (Fig. 5-7 (a-

c)), the H2 is fully consumed as seen by the zero concentration of H2 at the rear portion of 

the monolith. The model predicts that NH3 generated upstream is consumed downstream 

of the reactor. This is evidenced by the NH3 washcoat profile having a maximum. As the 

regeneration proceeds, the rate of NOx reaching the Pt sites decreases since the non-

proximal stored NOx has to traverse a longer diffusion distance and the concentration of 

unreacted H2 gradually increases. The NH3 front moves downstream and eventually 

diminishes. During the latter regeneration times, the NH3 concentration increases along 

the length of the catalyst due to the presence of excess H2 which inhibits NH3+NOx 

reaction [96]. In contrast, during the short concentrated rich pulse (60/5 case; Fig. 5-8 (a-

c)), because of the higher molar feed rate of H2 as compared to the rate of H2 

consumption, excess H2 is present throughout the entire monolith even in the early times  

As a result, NH3 formed upstream leaves the monolith without being consumed. In such 

cases, the NH3 selectivity is proportional to the NOx conversion i.e., the more NOx that 

is reduced the more NH3 is produced. Thus, the NH3 selectivity trends not only depend 

on rich time duration but also the concentration of the H2 used. These findings are 

consistent with the study of Al-Harbi and Epling [117] who used large excess of H2 (inlet 

H2:NO=6.1) which resulted in high H2:NO throughout the reactor in all their 

experiments. As a result, they observed increasing trend in NH3 selectivity and yield with 

rich phase duration at 300 
o
C. 
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Figure 5-7 Model predicted spatiotemporal concentration profile of (a) NO, (b) H2 and 

(c) NH3 in the washcoat during the rich phase of 60s lean/20s rich. The 

conditions are given in Table 5-1. 
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Figure 5-8 Model predicted spatiotemporal concentration profile of (a) NO, (b) H2 and 

(c) NH3 in the washcoat during the rich phase of 60s lean/ 5s rich cycles. The 

conditions are given in Table 5-1. 
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The model predicts a noticeable decrease in NH3 yield for shorter regeneration 

time contrary to what was observed experimentally (Fig. 5-3(b)). This is because the 

model predicts a lower than observed NOx conversion. The model predicts a stronger 

dependence of NOx conversion on the rich duration while the measured impact was less 

pronounced. For example, the experimental NOx conversion decreased from 75% for the 

20s regeneration to 63% for the 5s regeneration; in comparison, the model predicts a 

reduction from 73% to 41%. This quantitative discrepancy most likely has to do with 

simplifying model assumptions. For instance, we assumed a one-dimensional diffusion 

process in a thin layer of barium oxide and did not consider the presence of bulk BaO 

storage sites [16, 30, 82]. BaO itself is in the form of amorphous particles in the vicinity 

of the Pt crystallites. It is expected that during short regeneration only NOx stored close 

to the Pt crystallites are regenerated, because of the sufficiently short diffusion distance 

and time. The presence of bulk type storage sites would likely to store more NOx close to 

Pt compared to only assuming surface type storage sites. This non-uniformity of the 

storage phase would ultimately lead to higher NOx conversion especially for the shorter 

regeneration times. As a result of lower NOx conversion predicted by the model, the 

predicted temperature rise is also slightly lower (by ca. 5 
o
C) than what was observed 

(Fig. 5-2). However, the uncertainty of the exact location of the thermocouple, feed 

mixing effects and reduction of oxygen stored on sites other than Pt can also lead to some 

discrepancies between the measured and calculated temperature rise. Moreover, the heat 

of reaction computed assuming pure bulk phase BaO and Ba(NO3)2 can further add to the 

measured deviations. 



118 

 

The model predictions of the effect of overall cycle time on the performance of 

D8 catalyst are shown in Fig. 5-4(b). The model predicts a decrease in NOx conversion 

with an increase in cycle time, in line with the experimental measurements. A more 

frequent regeneration of the catalyst should result in a more efficient storage and 

reduction process so the increase in conversion is to be expected.  That is, with more 

frequent switching, the NOx is stored and released from storage sites closer to the Pt/BaO 

interface resulting in faster storage and regeneration process. The effect of cycle time on 

ammonia generation is not as straightforward although one might expect that the higher 

NOx conversion achieved with shorter overall cycle would lead to a lower NH3 

selectivity. The shorter diffusion length associated with the faster regeneration should 

mean a higher NOx/H ratio, resulting in less NH3 production. Indeed, the model predicts 

a decrease in the NH3 selectivity with decreasing cycle time. However, the experiments 

revealed a slight maximum in the selectivity at 60/10 cycle. The maximum is more 

pronounced in the experimentally measured NH3 yield whereas the model-predicted yield 

decreased slightly with cycle time.  The inability of the model to capture the trend of NH3 

yield is because the model fails to capture the NOx conversion and NH3 selectivity 

adequately. The predicted NOx conversion is rather low while NH3 selectivity is high. 

Lower NOx conversion and high NH3 selectivity indicates that model is predicting 

significantly lower amount of NOx diffusing to the Pt sites. The discrepancy is magnified 

for the case of shorter cycles which indicates the model predicts lower amount of NOx 

stored in the sites closer to the Pt because during fast cycling only sites closer to the Pt 

are expected to become accessible. As mentioned earlier, the model only assumes the 

presence uniform storage phase around the Pt crystallites. However, the non-uniformity 



119 

 

of the storage sites or the presence of bulk type storage would likely increase the amount 

of NOx stored close to the Pt sites. With more NOx stored proximal to Pt site, higher 

NOx conversion and lower NH3 selectivity would be expected during the fast cycling. 

We overlooked such details during the model development (as we were more interested 

in getting the trends right) and, as a result there is a deviation in the conversion, 

selectivity and yield values. Nevertheless, on a positive note, the predicted conversion 

and selectivity trends are qualitatively correct.  

The model predictions for Set 1 and 2 for D3 catalyst are shown in Figs. 5-5(b) 

and 5-6(b), respectively. The results are qualitatively similar to D8 catalyst with lower 

NOx conversion and higher NH3 selectivity. As mentioned earlier, the diffusional 

limitations of the stored NOx are more pronounced on this catalyst which is responsible 

for lower NOx conversion and high NH3 selectivity (high H2:NO throughout the 

monolith). Similar to the D8 catalyst, the model fails to predict the NH3 selectivity for 

30s lean and 5s rich cycle (Fig. 5-6(b)). The model predicts much lower conversion and 

high NH3 selectivity. This can be explained by the same reason as stated earlier for D8 

catalyst i.e., the possibility of having bulk type storage sites. 

Based on these findings, we briefly comment on the viability of these catalysts for 

the use in combined LNT/SCR system which is the focus of our ongoing investigation. 

For the purpose of comparison, we say that for the combined LNT/SCR system, the 

amount of NH3 produced (yield) and NOx slipping from the LNT has to be comparable 

i.e., 
x 3NO NH1 X Y  assuming the following overall reactions occurring in LNT and SCR: 

(Remark: This criterion is obviously not true for the real exhaust conditions where 

hydrocarbon SCR plays significant role in NOx conversion[66].) 
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LNT:             NO + 4H
2
    + 0.75O

2
  NH

3
 + 2.5H

2
O, 

SCR:            NO +    NH
3
 + 0.25O

2
 N

2
    + 1.5H

2
O, 

--------------------------------------------------------------------- 

OVERALL:  2NO + 4H
2
    +          O

2
  N

2
    +     4H

2
O. 

Clearly, if the amount of NOx slipping from the LNT is more than the NH3 that is 

generated (i.e., low NOx conversion in LNT) then there will be significant NOx escaping 

the SCR.  On the other hand, if there is a high NOx conversion with high NH3 selectivity 

in LNT (high NH3 yield), then there is an excess NH3 in the SCR compared to NOx 

slipping from the LNT. This will result in NH3 slip which is again not desirable. With 

that said, it can be seen that 3% dispersion catalyst which gave low NOx conversion (Fig. 

5-5) under the condition studied is not a proper choice of LNT catalyst for the use in 

combined system. However, when the Pt dispersion is increased to 8%, the NOx 

conversion and NH3 yield increased. Further, it can be seen that that 60/20 cycles that 

give higher NOx conversion (Fig. 5-3) yield NH3 that exceeds NOx slipping from the 

LNT catalyst (NOx slipped = 25%, NH3 yield = 33%). Therefore, under these conditions, 

some NH3 will always breakthrough in the combined system (assuming brick LNT/SCR 

architecture) because NH3 generated is more than NOx slip. Therefore, it is favorable to 

use a shorter concentrated rich time for this 8% catalyst for which the NH3 yield (34%) 

and NOx slip (37%) are comparable. It should be noted such a conclusion can only be 

drawn for the dual-brick configuration where the performance of LNT is independent of 

SCR. In the case of layered configuration where SCR is coated on top of LNT, the NOx 

conversion is lowered by the addition of SCR layer (especially when the SCR washcoat 

loading is high) because of the diffusional barrier created by the SCR layer. 
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5.4.3 Effect of Pt dispersion and loading: catalyst design 

In this section, we use crystallite-scale model to study the impact of Pt dispersion 

and loading on NOx conversion and NH3 yield. It should be noted that we have 

considered a simplified dependence of Pt dispersion and loading in our model [30]. 

Furthermore, we assume structure insensitive kinetics. This assumption may lead to 

significant quantitative discrepancies when comparing catalysts with large differences in 

Pt crystallite size (or Pt dispersion). The filled symbol with solid line in Fig. 5-9 shows 

the model-predicted fractional NOx slip 1 
xNO( X )  and fractional NH3 yield as a 

function of Pt dispersion for fixed Pt loading of 2.48% at 300
o
C. The available 

experimental data are represented by open symbols with dotted line.  

 

Figure 5-9 Model predicted dependence of NOx slip and NH3 yield as a function of Pt 

dispersion for Pt loading of 2.48% at 300
o
C. The conditions are given in 

Table 5-1. 
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As the Pt dispersion is increased, the interfacial Pt/Ba perimeter and exposed Pt 

surface area are increased which leads to an increase (decrease) in the NOx conversion 

(NOx slip). On the other hand, the NH3 yield first increases with Pt dispersion, reaches a 

maximum and starts to decrease. As discussed earlier, for low Pt dispersion, the NOx 

conversion is quite low and as a result the NH3 yield is also low while for higher Pt 

dispersion, because of the relatively closer proximity of stored NOx and Pt crystallite, the 

rate of NH3 consumption is higher, ultimately reducing the yield. At an intermediate 

dispersion (6%, model), the NH3 yield is equal to NOx slip which satisfies the 

aforementioned criteria required for the combined LNT/SCR application. Hence, this 

shows that for a given Pt loading, there is some Pt dispersion range that gives desirable 

performance of LNT catalyst for the use in the combined system i.e., 
x 3NO NH

1 X Y  . 

We also performed a series of simulations with different Pt loading and 

dispersion. Fig. 5-10 shows the contour plot of the difference between NOx slip and NH3 

yield 
3

1 
xNO NH( X Y ) as a function of Pt loading and dispersion. The thick white line 

corresponds to the combination of Pt loading and dispersion that gives equal NOx slip 

and NH3 yield. Above the line, the NH3 yield is higher than NOx slip and vice versa 

below the line. The values next to the arrows in the plot correspond to NH3 yield (or NOx 

slip) at those points. It seems the model-predicted point of intersection of NOx slip and 

NH3 yield remained essentially unchanged (ca. 0.4) for different Pt loading. These results 

suggest the possibility of lowering Pt loading and increasing the dispersion in LNT 

catalyst to attain the desirable performance. However, while the model predicts very 

similar NOx conversion and yield using low Pt loading and high dispersion (which is 

desirable) versus high loading and low dispersion, it should be reiterated that the model 
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neglects any kinetic effects that can arise due to difference in Pt crystallites. For example, 

NO oxidation reaction, which is one of the key reactions during NSR, is known to be 

dependent on Pt dispersion with highest NO conversion observed at intermediate Pt 

dispersion for similar Pt loading [31]. Nevertheless, these modeling results do provide 

some important guidelines in selecting/designing a suitable LNT catalyst for combined 

LNT/SCR application. 

 

Figure 5-10 Model predicted dependence of the difference between NOx slip and NH3 

yield as a function of Pt dispersion and loading at 300
o
C. Values next to 

arrows represent NH3 yield (NOx slip). 
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5.5 Concluding remarks 

In this work, we presented new experimental data showing the effects of cycle 

time and Pt dispersion on NOx conversion and NH3 selectivity with the focus on NH3 

generation. Lower dispersion catalysts (3% and 8%) were used in this study because of 

their intrinsic property to give higher NH3 selectivity over wide temperature range [31], 

which is essential for their application in combined LNT/SCR system. All the 

experimental trends were explained by using the crystallite scale model [30] of NSR and 

the model predictions were found to be in reasonably good agreement with the 

experiments. Experiments show with model corroboration that longer diluted rich phase 

duration for the fixed lean time and shorter overall cycling are favorable to attain higher 

NOx conversion, consistent with those reported by other researchers [117-120]. For 8% 

dispersion catalyst, the NH3 yield remained essentially constant for different rich 

duration while a slight maximum was observed for intermediate overall cycle time 

(60/10). On the other hand, a decreasing trend in NH3 yield with increase in rich time was 

observed for 3% dispersion catalyst. Under these operating conditions, a very low cycle-

averaged NOx conversion and NH3 yield were obtained for 3% dispersion catalyst while 

reasonable conversion and yield were attained by 8% dispersion catalyst. Furthermore, 

we performed simulations to study the impact of Pt dispersion and loading on NOx 

conversion and NH3 yield. Through the simulation results, we identified that there is a Pt 

dispersion range for a given Pt loading for which NOx slip is equal to NH3 yield. This 

result provides important guideline that is crucial in designing better LNT catalysts for 

the combined LNT/SCR applications.  
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The current study was performed only at one temperature of 300 
o
C in the absence 

of CO2 and H2O. Al-Harbi and Epling [117] studied the effects of regeneration timing in 

the presence of H2O and CO2 for temperatures from 200 
o
C to 500 

o
C and they observed 

similar trends for NOx conversion for up to 400 
o
C. Similarly, we have only used H2 as a 

reductant in this study but the real exhausts contain large amount hydrocarbon and CO 

which adversely affects the regeneration kinetics especially at the lower temperature. In 

fact, Han et al., [119] observed inhibition by CO and C3H6 based admolecules and 

suggested that the rich phase must be fast enough to avoid such poisoning. 
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CHAPTER 6 Modeling and Analysis of Dual-layer NOx 

Storage and Reduction and Selective Catalytic Reduction 

Monolithic Catalyst 

6.1 Introduction 

NOx storage and reduction (NSR) and selective catalytic reduction (SCR) are the 

two major technologies have been developed and commercialized to meet the current 

NOx emission standards [57]. The NSR catalyst, also called a lean NOx trap (LNT), is 

similar to the traditional three-way catalyst (TWC) which is widely used in the traditional 

gasoline engine vehicles. The key modification is the addition of storage component such 

as BaO that is able to store the NOx during the normal operation of the lean-burn engines 

(fuel-lean mode). The NOx that is stored on the catalyst is periodically reduced by 

introducing reductants (injecting extra fuel) for a relatively short period of time. The NSR 

technology is mostly used in passenger-sized (light-duty) vehicles and the catalyst 

usually contains high loading of platinum group metals (PGM), which is one of its major 

drawbacks [3]. On the other hand, the SCR technology is the preferred choice of 

aftertreatment system for heavy-duty or commercial vehicle applications [41]. Compared 

to the NSR technology, the SCR uses less expensive transition metal (Fe or Cu) 

exchanged zeolite catalysts. However, a urea injection system is required which 

continuously generates NH3 to reduce the NOx from the lean exhaust. The additional 

fixed capital cost and space requirements associated with the external ammonia supply 

are some of the drawbacks of the SCR technology [9]. More recently, the concept of 

combined LNT+SCR has been proposed to overcome the shortcomings of the individual 
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components [59]. In the integrated LNT+SCR system, the LNT catalyst is designed to 

generate sufficient NH3 so that it can be stored and utilized in the SCR catalyst for 

additional NOx conversion. This not only eliminates the need to have an external source 

of NH3 which lowers the fixed cost but also provides an opportunity to lower the volume 

of expensive LNT catalyst which ultimately lowers the overall cost of the aftertreatment 

system. 

While there exists a vast experimental studies on the combined LNT+SCR system 

[14, 51-55, 57-63], only a few modeling studies have appeared in open literature [9, 64, 

121, 122]. Chatterjee et al., [9] used individually-tuned NSR and SCR kinetic models to 

simulate the combined system in a sequential brick configuration using a complex feed 

composition. They addressed the effects of rich phase duration on NH3 generation in the 

LNT catalyst and its effect on the performance of the combined system. They found that 

a shorter rich period was more suitable because a longer rich phase duration (at the same 

reductant concentration) resulted in higher NH3 yield, leading to significant NH3 slip. The 

impact of the temperature front on the performance of the combined system was also 

presented. They found that large temperature rise in the LNT due to fuel/reductant 

combustion can be detrimental to the SCR performance because of the reduced NH3 

storage capacity of the SCR at higher temperatures. They also showed that the SCR 

performance can be improved by placing the SCR further downstream of the NSR 

catalyst, thereby minimizing the negative effects of the temperature front in lowering 

SCR‟s NH3 adsorption capacity. However, they did not consider HC-SCR reactions in 

their kinetic model, which have been shown to have significant impact on NOx 

conversion, as stated earlier [57, 66]. Similarly, Koltsakis et al., [121] used the simulation 
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platform, axisuite®, to compare single brick LNT catalyst with combined LNT/SCR 

catalyst in double-brick and double-layer configurations. Their modeling results showed 

that dual-brick configuration was superior to dual-layer because of the diffusional 

resistance posed by a thicker washcoat layer. Likewise, Kota et al., [64] studied the 

effects of the number of sequential LNT/SCR bricks, non-uniform Pt distribution in the 

LNT catalyst and cycle time at temperatures ranging from 237°C to 335°C using existing 

global kinetic models under isothermal (anaerobic regeneration) conditions. In a follow-

up study [122], they extended their model to include the non-isothermal effects arising 

due to the combustion of the reductants during aerobic regeneration. Their non-

isothermal simulation results of two pairs of the LNT-SCR bricks showed that higher 

NOx conversion can be attained by distributing higher Pt loading to the first LNT brick 

as compared to uniform distribution in the both bricks [122]. Further, they identified that 

under non-isothermal conditions there exists an optimal aspect ratio of the catalyst brick 

for a given total volume that gives the highest NOx conversion [122]. 

A major constraint in designing an aftertreatment system for a vehicular 

application is the total size (volume) and weight of the system. As a result, there has been 

a growing interest in integrating various catalytic components into a single device. The 

concept of combining multiple catalytic functionalities offers a huge potential to reduce 

the overall size of the deNOx system and ultimately lower the total cost. Two of the 

examples of the integrated systems include the ammonia slip catalyst (ASC) [123-125] 

and SCR on particulate filter (SCRF
®

) [126]. SCRF
®
 is a dual-layer system that 

combines the functionalities of SCR and DPF (Diesel Particulate Filter). Likewise, the 

dual-layer ASC comprises of SCR washcoat coated on top of Pt/Al2O3 catalyst. Various 
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models with varying complexities have also been developed to carry out design and 

optimization studies of these dual-layered deNOx systems [121, 123-127]. Colombo et 

al., [127] developed simplified layer-surface model to simulate ASC catalyst where they 

showed that concentration gradient is only important in the SCR layer and that the PGM 

layer can be treated as a catalytic surface. Recently, Sukumar et al., [125] further 

simplified dual-layer ASC modeling by using an empirically derived heat and mass 

transfer coefficients between the two interacting layers. Such modeling approach 

significantly reduces the computation time. 

Notwithstanding the aforementioned developments in recent years, there remains 

a need for a more thorough modeling analysis of the dual-layer LNT/SCR system to 

address reactor/catalyst design issues in terms of catalyst configuration and operating 

strategies. Therefore, the objective of this study is to carry out an extensive simulation 

study of the dual-layer LNT/SCR monolithic catalysts using individually-calibrated 

global kinetic models. We provide a detailed analysis of the dual-layer LNT/SCR 

monolithic catalyst to address the impact of washcoat loading of individual components 

and operating conditions. We also present accurate comparison of dual-layer and dual-

brick configurations by performing simulations of both catalyst architectures under 

identical conditions. The effects of temperature and cycle time on the performance of the 

dual-layer catalyst are also presented. To this end, the developed model is able to provide 

important insights in assessing complex spatiotemporal processes occurring in the 

multifunctional layered catalysts, and is useful in providing important experimental 

guidelines to design and identify better catalysts and operating conditions. 
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6.2  Model development 

6.2.1 Reactor model 

A (1+1)-dimensional (1D in fluid phase + 1D in washcoat phase) model of a 

catalytic monolith channel with washcoat diffusion is used in this study [1]. The model 

consists of gaseous species balances in the fluid and washcoat phase, and surface species 

balances on the catalyst surface within the washcoat. The transverse diffusion in the fluid 

phase is accounted for by the use of external mass transfer. The following are the key 

assumptions made in the model development: (i) laminar flow in the monolith channel, 

(ii) convection dominated flow in the fluid phase (high axial Pe number  340), (iii) 

isothermal conditions because of low reactant concentration and anaerobic regeneration, 

and (iv) negligible variation of physical properties with composition. Because of 

isothermal operation, an energy balance was not needed. The governing equations used in 

this study are summarized below: 

The one-dimensional fluid phase species balance consists of accumulation, 

convection and external mass transfer terms: 
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. (6-1) 

Here, xfm,j and xs,j are the mole fraction of species j in the fluid phase and at the 

fluid/washcoat interface, respectively. u ,
1

R and kme,j represent the average fluid 

velocity, hydraulic radius (the ratio of open channel area to channel perimeter) and 

external mass transfer coefficient, respectively. (Remark: the volumetric flow rate or gas 

hourly space velocity (GHSV) is kept fixed at 1000 sccm in all the simulations.) 
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 The species balance in the washcoat consists of accumulation, diffusion and 

reaction (source) terms: 
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Here, εwc, Ctm, xwc,j, and De,j represent washcoat porosity, total gas concentration in the 

interstitial space of the washcoat, mole fraction and effective diffusivity of species j in 

the washcoat, respectively. Similarly, ϑjr and Rr represent stoichiometric coefficient of 

species j for reaction r and specific reaction rate (mole/mole-site/s) of reaction r, 

respectively. Γ corresponds to active site density or site concentration (mol/m
3

wc) i.e., 

CBaO(f), CBaO(s), CPt or CS1 depending on the reaction. The effective diffusivity (De) in the 

LNT washcoat is estimated by assuming a diffusivity ratio, λ (=Df/De), of 100. This λ-

value corresponds to the effective diffusivity (assuming Knudsen regime) in the porous 

catalyst with pore radius of ca. 5 nm which is typical for γ-alumina washcoat (porosity 

(εwc) = 0.4, density (ρwc)=1700 kg/m
3
, surface area (Sg)=100 m

2
/gwc, and tortuosity (τ) = 

1.5 [30]). To be consistent, the thickness of the washcoat was also estimated by using the 

assumed density of the washcoat. Metkar et al., [40] also reported a λ-value of 80-100 for 

a zeolite-based SCR washcoat in their modeling studies. One might argue that the 

effective diffusivity in the SCR washcoat that contains small pore zeolite crystallites to 

be smaller than that in the LNT that comprise of mostly γ-alumina (i.e., λLNT< λSCR). 

However, in the absence of direct experimental estimates of the diffusivities in these 

washcoats, it is not possible to make such distinctions. Therefore, we assume the same 

value of diffusivity ratio (λ) for both the LNT and SCR washcoat in this study. 
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Similarly, the site balance equation can be written as follows: 
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Here, θk represents fractional coverage of surface species k (NH3-S1, Ba(NO3)2(f), 

Ba(NO3)2(s)).  

The above equations are solved along with following initial and boundary 

conditions: 
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Here, 
2

R  and ,s jx correspond to characteristic length scale in washcoat or effective 

washcoat thickness and concentration of species j at the interface of washcoat and fluid 

phase, respectively. The values of parameters used in the simulation are provided in 

Tables 6-1 and 6-2. Note that both the inlet velocity  u and characteristic transverse 

length scale
1

( )R are dependent on washcoat loading (thickness) (Table 6-2). 
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Table 6-1 Constant parameters used in the simulation. 

Parameter Value 

a 1.1mm 

CBaO(f) 75 mol/m
3

wc 

CBaO(s) 250 mol/m
3

wc 

CPt 14.9 mol/m
3

wc 

Cs 4000 mol/m
3

wc 

L 2 cm 

She 3.608 

ɛwc 0.4 

λ 100 

Table 6-2 Temperature dependent parameters used in the simulation. 

Parameter Value / Expression 

u  

2

2

1 T a
4.9 10

273.15 a 2 R





  
          

m/s 

Ctm 
1000

0.082 T
 mol/m

3
 

Df,NO 1.13×10
-9

×T
1.7148

 m
2
/s

 
 

Df,NO2 0.91×10
-9

×T
1.7148

 m
2
/s

 
 

Df,O2 1.13×10
-9

×T
1.7019

 m
2
/s 

Df,H2 5.83×10
-9

×T
1.6725

 m
2
/s 

Df,N2 1.21×10
-9

×T
1.7019

 m
2
/s 

Df,NH3 1.62×10
-9

×T
1.7033

 m
2
/s 

Df,H2O 1.62×10
-9

×T
1.7033

 m
2
/s 

Df,N2O 0.93×10
-9

×T
1.7148

 m
2
/s 

Df,NH4NO3 0.75×10
-9

×T
1.7033

 m
2
/s 
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6.2.2 Reaction mechanism and parameter estimation 

For the purpose of this study, we develop a new global kinetic model for low Pt 

dispersion (8%) LNT catalyst and use a previously-developed kinetic model for Cu-

Chabazite (CHA) SCR catalyst [40]. Cu-CHA is chosen because it has been shown to 

yield high NOx conversion over wide temperature range and feed compositions [40]. 

Likewise, a relatively low Pt dispersion catalyst is considered because these catalysts 

give higher NH3 yield over wider temperature range than higher dispersion catalysts [30, 

31]. The catalyst properties are provided in Table 6-3.  

Table 6-3 Catalyst properties. 

Catalyst Components Composition (% wt of washcoat) 

LNT 

SCR 

Pt/BaO/Al2O3 

Cu-chabazite 

2.48% Pt (dispersion=8%); 13.0% BaO 

2.5% Cu 

6.2.2.1 Kinetic model of LNT catalyst 

Before we provide details of the reaction schemes, it is instructive to summarize 

the previously published experimental data used to tune the kinetic parameters of LNT 

reactions. These are: 

1. NOx storage data (effluent NOx concentration versus time) at 230°C, 300°C and 

370°C [81]; 

2. Steady-state data for NO reduction by H2 for different NO/H2 ratios [96]; 

3. Lean and rich cycling data at 300°C [30, 128]; 

4. Fixed NOx storage experiments data at 230°C, 300°C and 370°C [31]. 

These sets of available experimental data are not sufficiently comprehensive to develop a 

detailed kinetic model. However, our objective is to develop a simplified kinetic model 
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that can capture the main experimental trends so as to gain reasonable insights about the 

system. 

The global kinetic model developed in this study is based on the modeling 

approach adopted by a number of investigators [9, 64, 71, 83-85, 88, 92, 97, 122]. In the 

model, we use two different types of storage site designated as „fast‟ and „slow‟ sites, 

differing in their activity to store and release NOx. Physically, the „fast‟ sites correspond 

to sites that are closer to Pt crystallite and the „slow‟ sites correspond to sites that are 

farther away from the PGM crystallites. Besides the PGM proximity effect, the difference 

in activity of the storage sites may also be due to chemical effect (i.e., sites being 

chemically different; e.g., BaO, Ba(OH)2 etc.) and the nature of the storage sites, i.e., 

surface versus bulk storage sites [30, 88]. However, such distinctions are not considered 

explicitly in this model. While this LNT modeling scheme comprising two different sites 

is semi-empirical compared to detailed kinetic modeling [86-88] and crystallite-scale 

modeling [30], it offers a significantly more efficient computation, especially when 

detailed spatiotemporal features in the washcoat and fluid phase are desired, which is the 

case in this study. 

The details of estimating the model parameters are now discussed. First, the total 

concentration of storage sites („fast‟+ „slow‟) was estimated by calculating the amount of 

NOx stored during a storage experiment at an intermediate temperature of 300°C. 

Similarly, the concentration of „fast‟ sites, which is assumed to store and release NOx at a 

comparatively faster rate than „slow‟ sites, was estimated based on the NOx breakthrough 

profile in the base case cycling experiment (60s lean and 20s rich cycles at 300 °C). Once 

the site concentrations were estimated, the kinetic parameters of the storage rate constants 
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were fitted to predict the effluent NOx (NO and NO2) concentration profile during the 

storage experiments at three different temperatures (230 °C, 300 °C and 370 °C) [81]. For 

simplicity, we have not considered lower temperatures (< 230 °C) in this study because 

of the added complexity associated with the formation of nitrite species [129] and NOx 

storage on alumina sites [101], which are not accounted for in the model. Again, our 

approach was to develop a simplified kinetic model with the fewest number of reactions 

that are able to predict the main trends in the data. The following storage reactions are 

considered: 

R1. NO + 0.5 O2 ⟷ NO2, 

R2. 2NO2 + 0.5 O2 + BaO(f) → Ba(NO3)2(f), 

R3. 3NO2 + BaO(s) → Ba(NO3)2(s) + NO, and 

R4. Ba(NO3)2(f) → BaO(f) + 2NO + 1.5 O2. 

Reaction R1 is the important NO oxidation reaction. The global kinetic rate law for this 

reaction was taken from the work of Bhatia et al., [106]. A correction factor was used to 

adjust the pre-exponential factor of reaction R1 (Af1) to account for the differences in 

catalyst composition and operating conditions. Therefore, only one parameter was fitted 

for this reaction. (Remark: the correction factor is multiplied to both forward and 

backward rate constants of R1 so as to preserve the thermodynamic constraint.) The pre-

exponential factors and activation energies of reactions R2-R4 were fitted.  

 During the fitting process, several parameters were found to insensitive. For 

example, the activation energies of storage reactions R2 and R3 were found to be small 

and rather insensitive in the predicted NOx conversion. The observed negligible 

activation energy for „fast‟ storage (R2) is reasonable on the grounds that these sites are 
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capable of storing NOx at much faster rate even at the lower temperature of 230 °C. We 

also found that storage of NO on „fast‟ site; i.e., reverse of reaction R4 was rather small 

and was not needed to capture the effluent NOx concentration profile at all three 

temperatures considered. This was not unexpected because of the rather high NO 

oxidation activity (NO conversion = ca. 50% [31]) for this catalyst at temperatures above 

230 °C. NO storage on the „slow‟ sites (not in contact with Pt sites) was not included in 

the reaction scheme because of the negligible storage of NO in the absence of Pt [15]. 

Finally, the decomposition reaction R4 was found to be needed to predict the NOx profile 

at 370°C. The rate expressions and estimated kinetic parameters are provided in Tables 4 

and 5, respectively. 

 Comparisons of model-predicted and measured effluent NO and NO2 

concentration profiles during the storage experiment are shown in Fig. 6-1. It can be seen 

that the simplified kinetic model used here is able to adequately predict the effluent NOx 

profile at all three temperatures. The model predicts complete storage at the initial period 

followed by the gradual breakthrough of the NOx which is a typical breakthrough curve 

observed during the storage of NOx. The „fast‟ sites are responsible for complete NOx 

storage at the initial period while the „slow‟ site contributes to the storage at the later 

times. The predictions can be improved by adding complexity to the model such as 

additional storage species, reactions etc. The storage kinetic parameters thus obtained 

were held fixed throughout the rest of the estimation process i.e., during the tuning of 

regeneration kinetic parameters. Again, this approach allows us to fit less number of 

parameters at a time. 
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Figure 6-1 Effluent NOx concentration profile during storage at (a) 230 °C, (b) 300 °C 

and (c) 370 °C. Conditions: 500 ppm NO and 5% O2 in Ar, flow rate = 1000 

sccm (GHSV=60,000 hr
-1

). 
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The following reaction scheme was considered for the regeneration chemistry: 

 R5. Ba(NO3)2(f) + 3 H2 → BaO(f) + 2 NO + 3 H2O,  

 R6. Ba(NO3)2(s) + 3 H2 → BaO(s) + 2 NO + 3 H2O, 

 R7. Ba(NO3)2(f) + 10/3 NH3 → BaO(f) + 8/3 N2 + 5 H2O,  

 R8. Ba(NO3)2(s) + 10/3 NH3 → BaO(s) + 8/3 N2 + 5 H2O,  

 R9. 2 NO + H2 → N2O + H2O,  

 R10. NO + 5/2 H2 → NH3 + H2O, and  

 R11. 3/2 NO + NH3 → 5/4 N2 + 3/2 H2O.  

Reactions R5 and R6 represent the catalytic reduction of stored nitrates on „fast‟ and 

„slow‟ sites to produce NO, respectively. Similarly, reactions R7 and R8 represent the 

catalytic reduction of stored nitrates by NH3, which is produced as an intermediate 

through reaction R10, to produce N2. Finally, reactions R9-R11 correspond to Pt 

catalyzed reduction of NO by H2 to N2O, NH3 and N2.  

 The approach of estimating the regeneration kinetic parameters is as follows.  

There are 7 regeneration reactions and a total of 14 unknown parameters. Rather than 

estimating all parameters at once, we estimated the parameters of reactions R9 – R11, 

i.e., the Pt catalyzed reactions, using the steady-state experimental data of Xu et al., [96] 

for various ratios of NO:H2 on a different Pt/BaO/Al2O3 catalyst (2.2 wt% Pt, 16.3 wt% 

BaO, 21% Pt dispersion). As a simple approximation, the differences in the activity 

between the catalyst used in this study (dPt=8%) and in the study of Xu et al., [96] were 

accounted for by reducing the active Pt site concentrations (i.e., CPt = 40 mol/m
3
 [96] 

versus 14.9 mol/m
3
 for this study). By adopting this approach we simplified significantly 

the task of estimating the remaining regeneration parameters. Comparisons of model-
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predicted and experimental data for the steady state experiments of NO reduction by H2 

are shown in Fig. 6-2.  
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Figure 6-2 Comparison of model-predicted and experimental concentration during steady 

state NO reduction by H2 for different H2/NO feed ratios [96]. Catalyst: 

Pt/BaO/Al2O3 (2.2% Pt, 16.3% BaO, Pt dispersion=21%). 

The remaining regeneration kinetic parameters for reactions R5-R8 were 

estimated using the cycling data at 300 °C [30] and fixed NOx storage data at 230 °C, 

300 °C and 370 °C [31]. The rate constants of these reactions (k5-k8) were first manually 

fitted to predict the cycle-average NOx conversion and NH3 yield at 300°C using the base 

case experimental data of 60s lean and 20s rich cycles. A comparison of model-predicted 

and experimental effluent concentration profiles of NO and NO2 is shown in Fig. 6-3. 

The model is able to capture the transient NOx concentration during the lean/rich cycling. 

The model is further validated to predict the NOx conversion and NH3 yield for different 

rich phase duration (lean=60s, rich=5-30s) as shown in Fig. 6-4.  
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Figure 6-3 Effluent NOx concentration profile during 60s lean and 20s rich cycles at 

300°C Conditions: lean feed: 500 ppm NO+5% O2 for 60s; rich feed: 5000 

ppm H2 for 20s, flow rate=1000 sccm (GHSV=60,000 hr
-1

). 

 

Figure 6-4 Comparison of model-predicted and experimental cycle-averaged fractional 

NOx conversion and NH3 yield for different rich time at 300°C. Conditions: 

lean feed: 500 ppm NO+5% O2 for 60s; rich feed: 5000 ppm H2 for 5-20s. 
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It can be seen that the calibrated model is capable of predicting data for different 

rich phase duration. Finally, the activation energies of reactions R5-R8 were manually 

tuned to capture the trends obtained during the regeneration (1500 ppm H2 for 200s) of 

the fixed amount of stored NOx (1.5x10
-5

 mols) at 230°C, 300°C and 370°C [31]. The 

model-predicted values and experimental data are compared in Fig. 6-5.  

 

Figure 6-5 Comparison of model-predicted and experimental conversions and 

selectivities during the regeneration of fixed amount of NOx stored.  

The calculated NOx conversion agrees well with the experiments (Fig. 6-5). 

While there are some discrepancies on the prediction of the selectivities, the model is 

capable of predicting the main trends reasonably well. Finally, Fig. 6-6 shows the model-

predicted cycle-averaged NOx conversion and NH3 yield for 60s lean and 20s rich cycles 

as a function of temperature. The model is able to capture the maximum in NH3 yield at 
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intermediate temperature consistent to the similar data reported in an earlier study for the 

same catalyst [31]. 

 

Figure 6-6 Model-predicted cycle-averaged fractional NOx conversion and NH3 yield for 

60s lean and 20s rich cycles as function of temperature. Feed: lean: 500 ppm 

NO+5% O2 in balance Ar; rich: 5000 ppm H2 in balance Ar). 

It should be mentioned that we have not made an attempt to accurately predict the 

effluent concentration profile of NH3. In addition to the axial dispersion in the lines 

connecting the reactor and gas analyzers (FTIR and MS), sticky molecules like NH3 can 

adsorb on multiple sites thus making it difficult to accurately capture their transient 

profile. Bhatia et al., [71] introduced additional NH3 adsorption sites in their kinetic 

model in order to predict the transient profile of NH3. A similar approach was also 

adopted by Koci et al., [83]. The NH3 or NH3-like species that are stored on these sites 
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are oxidized during the subsequent lean phase and as a result a second peak of N2 is 

usually observed at the start of lean phase [98]. However, the results reported by Clayton 

et al., [31] show that the amount of NH3 stored on these sites is rather small. For this 

reason, we have neglected this effect in our current study. Moreover, the kinetically 

relevant experimental data were not available to reasonably estimate kinetic parameters 

for these reactions (i.e., NH3 adsorption during rich phase and its subsequent oxidation 

during the lean). Therefore, we have mainly focused on predicting the integral value of 

NH3 concentration (yield and selectivity) rather than actual transient profile. Similarly, 

the model does not address the formation of N2O in greater detail. The model predicts 

rather low selectivity of N2O for the conditions considered here. 

6.2.2.2 Kinetic model of SCR catalyst  

As stated earlier, the SCR kinetic model used in this study is taken from the work 

of Metkar et al., [40]. Here, we only summarize the SCR reaction scheme and refer the 

readers to [40] for more details. The SCR reactions considered in this study are given 

below: 

R12. NH3 + S1  NH3-S1, 

R13. 2NH3-S1 + 1.5O2→ N2 + 3H2O + 2S1, 

R14. NO + ½ O2 NO2, 

R15. 4NH3-S1 + 4NO + O2 → 4N2 + 6H2O + 4S1, 

R16. 2NH3-S1 + NO + NO2 → 2N2 + 3H2O + 2S1, 

R17. 4NH3-S1 +3NO2 → 3.5N2 + 6H2O + 4S1, 

R18. 2NH3-S1 + 2NO2 → N2 + NH4NO3 + H2O + 2S1, and 

R19. NH4NO3 → N2O + 2H2O.  
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The model considers only one type of adsorption sites, designated as S1, and may 

correspond to Brønsted acid sites [40]. Fig. 6-7 shows the comparison of model-predicted 

and experimental steady-steady NOx conversion during the standard and fast SCR 

reaction conditions over the Cu-CHA catalyst. These results have been reproduced by 

using the kinetic model and parameters provided in [40]. 
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Figure 6-7 Comparison of model-predicted and experimental fractional NOx conversion 

during (a) standard SCR and (b) „fast‟ SCR reaction conditions over Cu-

Chabazite SCR catalyst [20]. (GHSV=57,000 hr
-1

). 

6.3 Results and discussion 

 In this section, we first analyze the important features of the dual-layer LNT/SCR 

catalyst to assess the complex spatial interactions occurring within the washcoat (section 

6.3.1). In section 6.3.2, we address the effect of temperature on the functionality of the 

combined system. Similarly, we study the effect of the LNT and SCR washcoat loading 

on the performance of the combined system to determine the minimum loading that gives 

the desired NOx conversion and N2 (or NH3) selectivity at different temperatures under 

different cycling conditions (section 6.3.3). Finally, in section 6.3.4, we compare the 

dual-layer configuration with the dual-brick under identical conditions (i.e., same 
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monolith volume, catalyst loading, temperature, and cycle time) to study the effect of 

catalyst architecture on the NOx conversion and NH3 yield in the combined LNT/SCR 

catalyst. 

6.3.1 Simulation of dual-layer LNT/SCR catalyst 

 In this section, we present the main features of dual-layer LNT/SCR catalyst. A 

schematic of the monolithic channel coated with two layers of washcoat along with 

overall reactions occurring is shown in Fig. 6-8(a-c). In the dual-layer LNT/SCR, the 

SCR washcoat is coated on top of the LNT such that the SCR layer is able to trap the 

NH3 generated in the underlying LNT layer. This architecture mimics that from the 

experimental studies of Liu et al.,[53]. A reverse order of layering is not expected to be as 

good a design, as this would lead to significant NH3 slip. The basic working principle of 

dual-layer catalyst is now explained. During the lean phase of the first cycle, NO+O2 in 

the feed diffuses through the SCR layer to the LNT layer where NO is oxidized to NO2. 

Some of the NO may also get oxidized to NO2 in the SCR layer. The NOx is stored on 

the barium sites in the form of nitrites and nitrates. Direct storage of NO is also possible 

at lower temperatures [88]. During the rich phase, H2 in the feed diffuses through the 

SCR layer to the LNT layer where it reacts with stored NOx to produce NH3. The NH3 

thus formed can either react with stored NOx in the LNT to produce N2 or diffuse to the 

SCR layer where it may be adsorbed on the Brønsted and Lewis acid sites. The remainder 

diffuses to the fluid phase and gets adsorbed downstream of the reactor as depicted in 

Fig. 6-8(c). During the subsequent lean phase (cycle 2 onward) NO+O2 reacts with the 

stored NH3 (NH3-S1) in the SCR layer via the standard SCR reaction. The unreacted 

NO+O2 diffuses to the LNT layer where it is oxidized to NO2. Some of the NO2 that is 
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not stored on the LNT layer may diffuse back to the SCR layer and react with the stored 

NH3 to produce N2 as shown in Fig. 6-8(b). In this way, the lean and rich cycles (Fig. 6-

8(b) and (c)) are repeated continuously. 

 

Figure 6-8 (a) Schematic of a monolithic channel coated with two layers of washcoat, 

key reactions occurring within the washcoat during (b) the lean phase and (c) 

the rich phase after the first cycle. 
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 As a representative simulation, we chose a LNT catalyst with a washcoat 

thickness of 20 μm coated with 10 μm of SCR catalyst. Fig. 6-9 shows the effluent NOx 

concentration profile during 60s lean and 20s rich cycles at 300 °C over the LNT and the 

LNT/SCR dual-layer catalyst.  

 

Figure 6-9 Simulated effluent NOx concentration profile obtained during 60s lean and 

20s rich cycles at 300°C over LNT (20μm washcoat thickness) and dual-layer 

LNT (20 μm) + SCR (10 μm) catalyst.  

The grey area (grey+red area for the 1
st
 cycle) represents the NOx stored (= NOx 

reduced during cyclic steady state) by the LNT catalyst. When a layer of SCR is added on 

top of the LNT catalyst, the NOx conversion is increased, represented by the green area 

in Fig. 6-9. During the first cycle, there is no NH3 stored on the SCR layer, and hence it 

acts an inert layer, creating an undesirable diffusional barrier and leading to an immediate 
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breakthrough of NOx. In fact, this effect, though small, is also observed during 

subsequent cycles with some NOx breaking through at the start of each lean phase.  

 The analysis of concentration profiles of NH3-S1 (NH3 adsorbed on SCR) and 

NOx in the SCR layer provides important insight into the type of SCR reactions 

occurring. Unlike the sequential brick configuration in which the composition of NOx 

(NO/NO2 ratio) entering the SCR brick (during the lean phase) can be easily determined, 

the dual-layer configuration is more complex. Here, the SCR layer first encounters the 

NO+O2 which reacts with adsorbed NH3-S1 via standard SCR reaction, as pointed out 

earlier. Some of the unreacted NO can diffuse through the SCR layer and reach the LNT 

layer where it gets oxidized to NO2, part of which can diffuse back to SCR layer. In this 

way, the coupling between the layers creates a complex spatiotemporal concentration 

profile within the washcoat. Fig. 6-10 shows the cross-section averaged concentration 

profile of NH3-S1 and gaseous NOx in the SCR layer during the storage phase of the 

second cycle at 300°C. The corresponding spatial concentration profiles of NH3-S1 and 

NOx in the SCR washcoat are shown in Fig. 6-11. As the lean phase progresses, the NH3 

stored in the SCR reacts with the incoming NO. Under these operating conditions (300 

°C), the dominant reaction occurring in the SCR is the standard SCR reaction. For 

example, at t=100s (dashed blue line), most of the NH3 stored at the front of the monolith 

(ca. L < 0.3cm from inlet) is already consumed. Beyond this length, where NH3-S1 is still 

present, the concentration of NO2 is small (< ca. 20 ppm NO2 and 200 ppm NO at L = 

0.3cm) thus creating a reacting condition close to that of standard SCR (i.e., NO/NOx > 

0.9). Because of the high activity for the standard SCR reaction over the Cu-CHA 

catalyst at 300 °C, the stored NH3 readily reacts with NO in the presence of O2. NO2, 
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which is formed by the oxidation of NO in the underlying LNT layer, achieves a 

significant concentration in the SCR layer only after the NH3-S1 has been depleted. This 

can be seen in Fig. 6-10 where the NO2 concentration front lags behind the NH3-S1 

consumption front. It is worth mentioning that the impact of NO2 concentration in SCR 

reactions is small for the temperature range considered in this study (230 °C – 370 °C) 

because of the comparable activity of standard and fast SCR reaction in Cu-CHA catalyst 

at these temperatures (Fig. 6-7). As a result, under the conditions considered, the NO 

oxidation activities in both the LNT and SCR layer play a minor role in affecting the 

overall NOx conversion of the combined system. However, this is not likely to be true 

when Fe-ZSM5 is used because the NOx conversion is significantly increased in the 

presence of NO2 [40]. 
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Figure 6-10 Simulated cross-section averaged concentration profile in SCR layer (NH3-

S1-upper, NO-middle and NO2-lower panel) obtained during the lean phase 

of the second cycle at 300°C over dual-layer LNT (20 μm) + SCR (10 μm). 
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Figure 6-11 Simulated concentration profile in SCR layer (NH3-S1-upper, NO-middle 

and NO2-lower panel) during 1
st
 rich and 2

nd
 lean cycle (60s lean+20s rich) 

at 300°C over dual-layer LNT (20 μm) + SCR (10 μm) catalyst.  
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6.3.2 Effect of temperature 

 In this section, we analyze the effect of the operating temperature on the 

performance (cycle-averaged NOx conversion and NH3 yield) of the single layer LNT 

and dual-layer LNT/SCR catalyst. Fig. 6-12 shows the dependence of NOx conversion on 

temperature for the 30 μm LNT and 30 μm LNT+5 μm SCR dual-layer catalysts. For the 

LNT catalyst, the NOx conversion increases while the NH3 yield exhibits a maximum as 

the temperature is increased (Fig. 6-6). At higher temperature, the NH3 yield decreases 

due to its increased rate of consumption. As a result, the impact of the SCR layer is 

diminished as the temperature is increased (Fig. 6-12(a)). 
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Figure 6-12 Simulated cycle-averaged fractional NOx conversions as a function of 

temperature and SCR washcoat loading: (a) effect of temperature on NOx 

conversion, (b) effect of SCR loading on NOx conversion (LNT=30 μm).  

It can be seen that by adding 5 μm of SCR layer to the 30 μm LNT catalyst 

increased the NOx conversion from ca. 40% to 70% at 230°C and from ca. 76% to 90% 

at 300°C, while it remained essentially unchanged at 370°C. As shown in Fig. 6-6, the 

NH3 yield at 370
o
C is low (ca. 11%) compared to that at 300

o
C (33%) and 230

o
C (25%). 

It is noted that an increased rate of NH3 desorption may lead to reduced NH3 storage at 

high temperatures, lessening the SCR functionality [9]. Finally, the trend of maximum 

NOx conversion as a function of SCR loading is observed at all three temperatures as 
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shown in Fig. 6-12(b). A detailed analysis of the impact of washcoat loading is discussed 

in the next section. 

6.3.3. Effect of LNT and SCR washcoat loading   

 In this section, we present simulation results showing the effects of LNT and SCR 

washcoat loading. In the first set of simulations, the loading of the LNT washcoat (

2
R 30 m   ) was fixed and the thickness (loading) of SCR washcoat was varied from 0 

to 20 μm. The results obtained at 230 °C and 300 °C are shown in Figs. 6-13(a) and 6-

13(b), respectively.  
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Figure 6-13 Simulated cycle-averaged fractional NOx conversions and NH3 yields: (a) 

LNT=30 μm and SCR=0-20 μm at 230°C, (b) LNT=30 μm and SCR=0-20 

μm at 300°C, and (c) LNT=20 μm and SCR=0-20 μm at 300°C. 
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It can be seen that NOx conversion first increases with an increase in SCR 

loading, reaches a maximum and then decreases with further increase in the SCR loading. 

This feature of a maximum conversion at an intermediate SCR loading can be explained 

by the emergence of the diffusional resistance in the SCR layer for higher loadings. At 

higher SCR loadings, the NH3 that is generated in the LNT is not able to completely 

utilize the available SCR adsorption sites. As a result, only a portion of the SCR layer 

close to the LNT is used while the remaining simply acts as an inert layer ultimately 

lowering the conversion. It should be pointed out that both NOx conversion and NH3 

yield decreased progressively as the SCR loading is increased because of the diffusive 

barrier created by the added SCR layer. This will also contribute to reduction of overall 

NOx conversion in the dual-layer LNT/SCR catalysts at higher SCR loadings. The trend 

of maximum NOx conversion as a function of the SCR loading has been verified 

experimentally in our laboratory. These results will be presented elsewhere [130]. 

 To further elucidate the impact of washcoat diffusion resistance, we repeated the 

dual-layer simulations with the SCR layer replaced by an inert layer. These simulations 

are used to determine the effect of an additional washcoat layer in the performance of the 

LNT catalyst in the dual-layer system. Intuitively, one would expect a decline in the LNT 

activity (XNOx and YNH3) when an additional layer is applied. The filled symbols in Figs. 

6-13(a) and 6-13(b) represent the NOx conversion and NH3 yield for the LNT catalyst 

with different inert layer thicknesses at 230 °C and 300 °C, respectively. At 230 
o
C (Fig 

6-13(a)), the NOx conversion and NH3 yield remain essentially unchanged when the inert 

layer is added. This suggests that the impact of the inert layer diffusion on the LNT 

performance is negligible at 230 °C. Furthermore, it is also found that the diffusion in the 
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LNT layer (30 µm) itself is not important at this temperature (Fig. 6-14(a)). On the other 

hand, the washcoat diffusion effect is already significant at 230 °C in the SCR catalyst 

(Fig. 6-14(b)). This results in overall decrease in NOx conversion at higher SCR loading 

in the dual-layer catalyst at this temperature (Fig. 6-13(a)). In contrast, at 300 °C (Fig. 6-

13(b)), the NOx conversion decreases as the thickness of the inert layer is increased. At 

this temperature, the diffusional limitations in the washcoat (LNT and inert) becomes 

important because of the overall high reaction rates (Fig. 6-14(a)). Thus, the addition of 

the SCR layer increases the NOx conversion by utilizing the stored NH3 on the one hand, 

but decreases the performance of LNT catalyst by introducing additional diffusional 

barrier on the other. At higher loading of the SCR, reduced NOx conversion and NH3 

yield in the LNT coupled with strong diffusional resistance in the SCR decreases the 

overall NOx conversion of the combined system (Fig. 6-13(b)). 
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Figure 6-14 Impact of washcoat diffusion in SCR and LNT catalysts; (a) Simulated 

cycle-averaged NOx conversion in LNT; (b) Simulated NO conversion 

under standard SCR conditions over Cu-CHA catalyst, with λ of 10 and 100.  

 The impact of LNT washcoat loading was also analyzed by performing 

simulations with a series of 20 μm LNT and 0 to 20 μm SCR catalysts, and comparing 

those results to those obtained for a series of 30 μm LNT + 0 to 20 μm SCR catalysts 

(Fig. 11(b)). Recall that one of the motivations for using a combined LNT and SCR is to 

reduce the LNT loading while increasing the contribution of the SCR in the NOx 

reduction. In other words, the consumption of generated NH3 in LNT should be 

minimized so that more of it can be utilized in the SCR rather than in the LNT. 

Therefore, the comparison between these cases (i.e., LNT with 20 μm versus 30 μm) is 

made by analyzing the fractional increase in NOx conversion when the SCR is added. 



164 

 

The results for the 20 μm LNT and 0 to 20 μm SCR dual-layer catalysts are shown in Fig. 

6-13(c). The fractional increase in NOx conversion for the case of 30 μm LNT is 18% 

(from 76% to 90%, Fig. 6-13(b)). This compares to a 40% (from 60% to 84%, Fig. 6-

13(c)) increase for the 20 µm LNT. Thus, the thinner LNT resulted in a larger fractional 

increase upon the addition of the SCR layer. This is explained by the relative amount of 

NH3 that is consumed in the LNT catalyst. When the loading LNT is increased the 

consumption of NH3 in LNT itself is higher which is undesirable if the goal is to reduce 

the fraction of the LNT catalyst. On the other hand, with a thinner LNT layer, the NH3 

consumption in the LNT is less, so, more NH3 is available for storage and reaction in the 

SCR layer. 

 The model was also used to create a contour plot to show the dependence of NOx 

conversion (Fig. 6-15(a)) and N2 selectivity (Fig. 6-15(b)) as a function of LNT and SCR 

washcoat loading (thickness) at 300 °C for 60/20 cycles (Note: 
3 22 H N ON NS 1-S , S 0  ). 

The solid and dashed-dotted lines in Fig. 6-15(a) represent NOx conversion of 80% and 

85%, respectively, while the dashed line in Figs. 6-15(a) and 6-15(b) represents N2 

selectivity of 95%. It is seen that there are multiple combinations of LNT and SCR 

loadings that achieve the desired NOx conversion and N2 selectivity. For example, the 

region in the contour plot (Fig. 6-15(a)) bounded below by the 
2NS 0.95  (dashed) line 

and above by the 
xNOX 0.80  (solid) line represents the LNT and SCR loadings that 

result in at least 80% NOx conversion and 95% N2 selectivity. Moreover, the intersection 

point of these lines (dashed and solid lines in Fig. 6-15(a)) corresponds to the minimum 

LNT and SCR loadings required to achieve the aforementioned conversion and 

selectivity under these conditions. Further, it can be seen in Fig. 6-15(a) that the overall 
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NOx conversion is a stronger function of the LNT washcoat loading than the SCR 

loading. In other words, the overall NOx conversion in the combined system is largely 

governed by the LNT component. For example, in order to increase the NOx conversion 

from 80% to 85% for a fixed N2 selectivity of 95% (i.e., along the dashed line in Fig. 6-

15(a)), the LNT layer thickness (loading) has to be increased from ca. 16 µm to 19 µm 

while the required SCR layer remains essentially same at ca. 6 µm for both cases. This 

finding is not unexpected because in combined LNT/SCR system the SCR acts only as a 

passive component, and its function depends primarily on the performance of the LNT 

component (NH3 yield). 
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Figure 6-15. Simulated contour plots of cycle-averaged fractional (a) NOx conversion 

and (b) N2 selectivity as a function of LNT and SCR washcoat loading.  

 Simulations for different LNT and SCR washcoat thicknesses were also carried 

out at different temperatures (230 °C, 300 °C and 370 °C) with different overall cycle 

time (60s lean/20s rich, 30/10 and 15/5) to order to identify the minimum LNT washcoat 

loading (thickness) required to achieve the prescribed NOx conversion and N2 selectivity 

for a given cycling condition. The lean and rich phase durations are varied proportionally 

so that the amount of reactants fed to the reactor per cycle is same for all the cases. 

Keeping the fixed ratio of lean to rich time allows comparisons to be made at the same 

level of fuel penalty. The model predicts the general trend of an increase in NOx 

conversion and decrease in NH3 selectivity with a decrease in overall cycle time, 

consistent with the results reported in our earlier work [128]. The result is shown in Fig. 
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6-16. The increase in NOx conversion with the shorter cycling is a consequence of 

reduced NOx slip during the lean phase as a result of frequent regeneration [128].  

 

 



168 

 

 

Figure 6-16. Cycle-averaged NOx conversion, NH3 selectivity and yield obtained for 

different overall cycle time for LNT catalyst at 300°C (a) experiment (b) 

model. Conditions: lean feed = 500 ppm NO+5% O2; rich feed=1% H2. 

Fig. 6-17 shows the model predicted minimum LNT washcoat thickness required 

to achieve 80% NOx conversion and 95% N2 selectivity as a function of temperature for 

different cycle times. The values next to the simulated data points represent the 

corresponding SCR washcoat thicknesses. Expectedly, the minimum loading of LNT 

washcoat decreases with an increase in temperature for all three cycling times considered. 

Similarly, as the overall cycle time is reduced while maintaining the same fuel penalty, 

the required LNT thickness in the dual-layer catalyst is also reduced. Furthermore, the 

impact of cycle time is comparatively more significant at lower temperatures (230 °C). 
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For example, decreasing the overall cycle time from 60/20 to 15/5 (factor of 4) reduces 

the minimum LNT thickness required from ca. 45μm to ca. 20 μm (ca. 56% reduction in 

LNT thickness or loading). 

 

Figure 6-17 Simulated minimum LNT washcoat thickness (loading) required to achieve 

cycle-averaged NOx conversion of 80% with 95% N2 selectivity for 

different overall cycling conditions as a function of temperature. 

6.3.4 Effect of catalyst architecture 

 In this section, we compare the dual-layer configuration with the dual-brick 

configuration in terms of NOx conversion and NH3 yield. For the dual-brick 

configuration, the SCR monolith is placed downstream of the LNT monolith. During the 

rich phase, excess NH3 generated from the LNT is stored in the downstream SCR brick 
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which then reacts with unreacted NOx that slips out of the LNT catalyst during the 

subsequent lean phase. In this study, we have limited our analysis to segregated dual-

brick and dual-layer architecture and have not considered the case in which the washcoat 

contains a mixture of both components. This is because the model does not consider 

factors such as NH3 desorption and/or spillover from the SCR to the LNT component and 

the subsequent oxidation to NOx and N2O. This has been shown to be important in the 

case of mixed washcoated catalyst [53]. 

 In order to make a meaningful comparison between the dual-layer and dual-brick 

configurations, simulations were carried out under identical conditions in terms of 

residence time, total monolith volume, catalyst content i.e., fraction of the LNT or SCR 

washcoat, temperature and cycle time. The comparisons were made for different loadings 

of the SCR washcoat with the fixed LNT loading at three different temperatures. It 

should be noted that the total thickness of the washcoat is increased when additional SCR 

washcoat is added. This would lead to a decrease in flow area of the channel, thereby 

increasing the inlet gas velocity (=volumetric flow rate/flow area) and decreasing the 

residence time (= L/<u>). This effect becomes significant at higher washcoat loading 

(>50 μm). Furthermore, the NOx conversion in the LNT and combined catalyst is 

reduced because of the increased diffusional limitations in the washcoat and lowered gas 

residence time. We will return to this point later in this section when we analyze the 

performance of LNT catalyst in combined system. 

 Fig. 6-18 shows the NOx conversion and N2 selectivity for the dual-layer and 

dual-brick configurations as a function of the SCR (or LNT) washcoat fraction at 230 °C, 

300 °C and 370 °C. At 230 °C (Fig. 6-18(a)), the performance of the dual-layer catalyst is 
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superior to the dual-brick catalyst over the range of SCR fractions studied. It can be seen 

that the N2 selectivity (= 1 - SNH3) is higher for the dual-layer catalyst (up to SCR fraction 

of 0.33) compared to that for the dual-brick. This is indicative of improved utilization of 

the generated NH3 due to the close proximity of the LNT and SCR components. At 

somewhat higher temperature (300 °C, Fig. 6-18(b)), the dual-layer catalyst gives a 

higher NOx conversion than the dual-brick for lower loading of SCR catalyst (SCR 

fraction < 0.25). However, at higher SCR loading, washcoat diffusion becomes 

significant in the dual-layer configuration resulting in lower NOx conversion than the 

dual-brick system. Nonetheless, the highest NOx conversion is still attained by the dual-

layer configuration (SCR fraction = 0.14). Finally, at the highest temperature studied 

(370 °C, Fig. 6-18(c)), comparable NOx conversion and N2 selectivity were attained for 

both the dual-layer and dual-brick catalysts with dual-layer performing slightly better at 

intermediate SCR loading. As mentioned earlier, NH3 yield in the LNT is greatly 

decreased at higher temperature because of its higher rate of consumption in the LNT. 

Thus, the improvement in the NOx conversion by the addition of SCR is small. At higher 

SCR fraction, the NOx conversion is lowered for both the dual-layer and dual-brick 

catalysts. This decrease in NOx conversion is partly because of the diminished 

performance of the LNT catalyst in the combined system, which is discussed below. 
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Figure 6-18 Simulated cycle-averaged fractional NOx conversion and N2 selectivity as a 

function of SCR loading fraction for dual-layer (LNT=30μm) and dual-brick 

configuration at (a) 230°C, (b) 300°C and (c) 370°C.  

 In order to further assess the effect of architecture on the functioning of the 

combined system, we shifted our attention to the LNT component in the dual-layer and 

dual-brick catalysts considered in the above simulations (Fig. 6-18). It is clear that the 

performance of the combined system largely depends on the performance of LNT catalyst 

used. In the simulations of the dual-brick configuration (Fig. 6-18), the length of the LNT 

brick is reduced while the washcoat thickness is increased when the fractional SCR 

loading is increased in order to maintain a constant volume of the total monolith (i.e., 

LNT+SCR). As a result, the residence time in the LNT brick is reduced and the 

diffusional barrier is increased, both leading to reduced NOx conversion. Likewise, in the 

dual-layer catalyst, the NOx conversion and NH3 yield in the LNT is lowered by the extra 



174 

 

diffusional barrier introduced by the SCR layer. It is worth mentioning that, unlike the 

dual-brick system (assuming isothermal condition and negligible axial dispersion), 

individual quantitative analysis of the LNT catalyst (i.e., fraction of NOx conversion 

achieved in the LNT) is not possible for the case of the dual-layer catalyst because of the 

complex interactions between the LNT and SCR layer as depicted in Figs. 6-8 (b) and (c). 

This makes it difficult to accurately compare the performance of the LNT catalysts in the 

dual-layer and dual-brick systems. 

Fig. 6-19 (dashed line) shows the NOx conversion and NH3 yield obtained by the 

LNT catalysts used in the simulations of dual-brick catalysts (Fig. 6-14). For easy 

comparison, the x-axis of the plot in Fig. 6-19 is kept same as in Fig. 6-18. It is seen that 

at higher temperatures (300 °C and 370 °C), the NOx conversion in the LNT is decreased 

when higher loading of the SCR washcoat is used in dual-brick catalysts. At 370 °C, the 

decrease in the NOx conversion along with lower NH3 yield in the LNT leads to a lower 

overall NOx conversion in the combined system (Fig. 6-18(c)). Fig. 6-19 (solid lines) 

also shows the results of the simulations of the dual-layer catalysts with the SCR layer 

replaced by the inert. Interestingly, under these conditions, the NOx conversion and NH3 

yield of the LNT with different inert loadings were found to be close to those obtained for 

the LNT catalysts used in the dual-brick simulations (dashed line, Fig. 6-19). This finding 

suggests that in the absence of the interlayer interaction with the SCR layer, the 

performance of the LNT catalyst in the dual-layer configuration is similar to that of the 

LNT in the dual-brick. This implies that the overall higher activity of the dual-layer 

catalyst compared to the dual-brick is largely a result of the coupling between the two 

layers (mainly the NH3 generation and consumption functionality), and not due to the 



175 

 

differences in the performance of the LNT catalysts as a result of different diffusional 

barriers and residence times in the dual-layer and dual-brick configurations. This 

conclusion can also be inferred by relatively higher (lower) selectivity of N2 (NH3) in the 

dual-layer configuration than the dual-brick clearly suggesting the enhanced utilization of 

the generated NH3 in the SCR component. 
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Figure 6-19 Simulated cycle-averaged fractional (a) NOx conversion and (b) NH3 yield 

comparing LNT catalyst used in dual-layer and dual-brick configurations in 

Fig. 6-18. 

Based on the above discussions, we can infer that for the combination of LNT and 

SCR catalysts used in this study, the dual-layer catalyst outperforms its dual-brick 

counterpart. This is in contradiction to what has been previously reported [121] where it 

was shown that brick configuration is the superior design. The reason is that the amount 

of NH3 generated by the LNT used in that study was small compared to the loading of 

SCR catalyst used. Similar results are also presented here when the higher loading of 

SCR was used, for example, Fig. 6-18(b). Thus, the choice of configuration mainly 

depends on the NH3 generation capability of the LNT catalyst used. For example, if only 
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a small quantity of NH3 is generated in the LNT catalyst, the dual-brick configuration 

would be an appropriate choice. However, in such cases the full potential of the 

combined system is not achieved as most of the NOx conversion is done by the LNT 

component.  

6.4 Conclusions and discussion 

 In this study, we have developed a new global kinetic model for low Pt dispersion 

(8%) Pt/BaO/Al2O3 LNT catalyst and combined it with the previously-developed kinetic 

model for Cu-CHA SCR catalyst [40] to perform simulations of the combined LNT and 

SCR system. Specifically, we have analyzed the impact of LNT and SCR washcoat 

loading in dual-layer catalyst, studied the effect of the operating temperature and 

compared the dual-layer and dual-brick architectures. Through simulations, we have 

showed that for a given set of operating conditions (temperature, cycle time, residence 

time etc.), there are a number of combinations of LNT and SCR washcoat loadings that 

can yield a given NOx conversion and N2 selectivity, and that for a given loading of LNT 

catalyst, there exists a loading of SCR that gives the highest NOx conversion. The 

maximum in NOx conversion as a function of SCR loading is due to the diffusional 

limitation in the washcoat. We have also shown that, for the set of catalysts used in this 

study, washcoat diffusion is insignificant in the LNT layer but is important in the SCR 

layer at 230 °C. At higher temperatures (300 
o
C and 370 

o
C), however, these effects 

became significant in both layers. We also showed that the minimum LNT washcoat 

loading needed to attain a given NOx conversion and N2 selectivity can be reduced by 

decreasing the overall cycle time. Furthermore, the comparison with the dual-brick 

configuration show that, under the conditions and catalysts used, the dual-layer 
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configuration gave higher NOx conversion except for higher loading of SCR at the 

intermediate temperature. The separate analysis of the LNT component clearly suggests 

that the enhanced NOx conversion obtained by the dual-layer configuration compared to 

the dual-brick is largely because of the increased effectiveness of the proximal SCR 

catalyst to store and use the NH3 generated in the LNT. 

 In closing, we briefly comment on some of shortcomings and possible extensions 

of the current model. As stated earlier, we have not considered the possibility of 

desorption and/or spillover of NH3 adsorbed in SCR to nearby LNT sites (Pt site) which 

subsequently gets oxidized to N2O at lower temperatures and to NOx at higher 

temperatures [53]. Such impacts have been shown to be important in dual-layer catalysts 

especially at lower temperature (< 150 °C) [53]. At these temperatures the activity of the 

SCR catalyst is low but the NH3 oxidation activity in the Pt containing LNT catalyst is 

already high enough. Therefore, NH3 stored in SCR can undergo spillover onto the 

neighboring Pt sites and get oxidized. Furthermore, there is also a possibility of Pt 

migration from the LNT to the SCR layer which would lead to undesirable conversion of 

NH3 to NOx and N2O. It has been shown that Pt contamination of SCR catalyst due to the 

volatilization of the precious metal contained in the upstream DOC (Diesel oxidation 

catalyst) is detrimental resulting in reduced NOx conversion and excessive N2O 

formation [131]. Such contaminations can also occur in combined LNT/SCR system. 

Likewise, we only considered ceria-free LNT catalyst in this study. Ceria is found to be a 

crucial component in the dual-layer catalyst because it significantly mitigates the 

migration of the PGM between the LNT and SCR layers [53-55]. Furthermore, it 

provides additional NOx storage sites at lower temperatures but enhances undesirable 
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NH3 oxidation at higher temperatures lowering the NOx conversion [53-55]. Similarly, 

the effects of complex feed composition (HC, CO, CO2 etc.) that have significant impact 

on the NOx conversion in both the LNT and SCR catalysts [9, 53-55] are not accounted 

for in this study. In particular, it has been shown that hydrocarbons present in the rich 

exhaust play significant role in the NOx reduction in the combined LNT/SCR system. 

Results by Xu et al., [57] clearly indicated substantial storage of HC in the Cu-CHA 

catalyst during the rich purge. The stored HC reacted with additional NOx during the 

subsequent lean phase and resulted in higher NOx conversion. Finally, we have assumed 

isothermal (anaerobic regeneration) conditions in this study (ΔTrise < 15 °C [128]). 

Obviously, the combustion of reductants in the presence of excess oxygen in the exhaust 

will give rise to significant temperature rise during the rich phase of the cycle. While 

such temperature rise is beneficial for the LNT catalyst at lower temperatures in terms of 

minimizing the PGM loading [122], it may be detrimental for the SCR catalyst as its NH3 

storage capacity is decreased at higher temperatures [9]. Experiments are also being 

performed in our lab to fully assess the impacts of HC and aerobic regeneration on the 

performance of dual-layer LNT/SCR catalyst [130, 132]. Our ongoing work is also 

focused on incorporating the aforementioned features into the present model so as to 

make a complete and more accurate comparison in terms of catalyst design.  
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CHAPTER 7 Numerical Analysis and Optimization of 

Combined Fe- and Cu- based SCR Catalyst 

7.1 Introduction 

Selective Catalytic Reduction (SCR) with ammonia is one of the proven 

technologies for the reduction of nitrogen oxides (NOx) in lean or oxygen-rich 

environment and is extensively used in both stationary and mobile applications []. The 

SCR used in the aftertreatment system of the diesel engines typically utilizes iron or 

copper exchanged zeolite catalysts in the form of monoliths [39-41, 133, 134]. Other 

catalytic materials such as vanadia-based SCR (V2O5/WO3-TiO2) have also been 

extensively studied for the vehicular applications [135, 136]. The NOx in the diesel 

exhaust generally contain high fraction of NO compared to NO2 [137]. Therefore, one of 

the main reactions occurring in the SCR system is the so-called standard SCR reaction 

(NH3+NO+O2). The performance of the SCR catalyst can be improved by introducing 

NO2 in the feed which is usually achieved by placing an oxidation catalyst upstream of 

the SCR catalyst [41, 137]. In the presence of equimolar NO2 (NO2/NOx=0.5), the fast 

SCR reaction becomes dominant which is found to be much faster than the standard SCR 

reaction [40, 41, 46, 50, 134, 136]. However, there is always an incentive to lower the 

precious metal content in the oxidation catalyst and achieve high NOx conversion in the 

presence of low NO2 concentration [137]. It is well known that Cu-based SCR catalyst, 

especially Cu-Chabazite (CHA), give high NOx conversion under standard SCR reaction 

conditions at lower temperatures (ca. 200 °C) compared to Fe-ZSM5 catalysts [39, 44, 

137]. It is also less sensitive to the NO2 concentration than the Fe-based catalyst. 

However, at higher temperatures (> 400 °C), rate of NH3 oxidation by O2 in Cu-CHA 
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becomes significantly faster than the desirable standard SCR reaction, and hence the NOx 

conversion is lowered [39, 40, 44]. On the other hand, at such high temperatures, Fe-

ZSM5 catalyst gives rather high NOx conversion [40]. 

The differences in activities of the different SCR catalysts at different 

temperatures provide an opportunity to widen the operating temperature range by 

combining these catalysts. Such benefits of integrating different SCR catalysts (Fe-, Cu- 

and V-based catalysts) to achieve higher NOx conversion over wider temperature range 

have already been explored in the literature [40, 137-139]. Kröcher and Elsener [139] 

studied various combinations of V2O5/WO3-TiO2, Fe-ZSM5 and Cu-ZSM5 monolithic 

catalysts in series (with equal monolith volumes) to attain high NOx conversion and N2 

selectivity. They reported that high activities in terms of NOx conversion in the 

temperature range of 200 °C-700 °C when Fe-ZSM5 monolith was placed in front of Cu-

ZSM5. Similarly, Girard et al., [138] carried out a more comprehensive studies of 

combined Fe-Cu SCR catalysts in sequential configurations. Specifically, they 

investigated the effects of Fe:Cu ratio (volume fraction) with different NH3:NO ratios and 

space velocities. For the cases studied (%Fe = 0, 33, 67), they found that at steady-state 

33% Fe-zeolite followed by 67% Cu-zeolite gave the highest overall NOx conversion 

over the temperature range studied (175 °C-600 °C). Recently, Metkar et al., [137] 

synthesized a series of dual-layer Fe-Cu catalysts with different washcoat loading of the 

individual components. They found that coating a thin layer of Fe-ZSM5 on top of Cu-

ZSM5 gave improved NOx conversion under steady-state standard SCR reaction 

conditions. They further contested that dual-layer would be a better design compared to 

dual-brick because of the washcoat diffusion limitations that becomes important at higher 
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temperature. However, clear experimental distinctions were not provided. In another 

study, Metkar et al., [40] developed global kinetic models for Fe-ZSM5 and Cu-CHA 

catalysts. They used the model to qualitatively predict the trends observed in the dual-

layer and dual-brick Fe/Cu catalysts. However, in that study, they did not perform 

detailed analysis of the combined system to identify optimal catalyst configuration i.e., 

dual-layer versus dual-brick.  

The objective of this study is to advance the earlier studies of Metkar et al., [40] 

and carry out detailed analysis of combined Fe/Cu system. The paper is organized as 

follows: First we review some of the experimental and modeling results previously 

published by our group. We then carry out simulations with different washcoat fraction of 

Fe (or Cu) catalyst for both dual-layer and dual-brick to the compare performance of both 

catalyst designs for different catalyst (washcoat) compositions. We also perform analysis 

of washcoat diffusional limitations in Cu- and Fe- catalyst to explicitly identify the 

temperature range over which diffusion in the washcoat becomes important which is 

essential to determine the conditions where one configuration performs better than 

another. Finally, we also carried out sensitivity analysis of key model and operating 

parameters viz. effective washcoat diffusivity and space velocity to assess the impact of 

these parameters on the performance of the combined system. We believe that such an 

analysis and optimization of combined Fe/Cu SCR catalyst system is not available in the 

open literature. 
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7.2 Review of experimental and modeling results 

 Metkar et al., [137] carried out extensive experimental studies on the combined 

Fe/Cu SCR catalyst. They synthesized series of dual-layer Fe/Cu catalysts with varying 

washcoat loading and compared their performance under standard and fast SCR reaction 

conditions. The details of the catalyst synthesis and properties can be found in the earlier 

publications by Metkar et al., [137]. For brevity, we may simply refer these catalysts as 

Fe-SCR and Cu-SCR catalysts. In the same study [137], they also carried out experiments 

where the catalysts were arranged in sequential bricks. They showed that higher NO 

conversion can be sustained over wider temperature range either by coating a thin layer 

of Fe-SCR washcoat over the Cu-SCR catalyst or by placing a smaller brick of Fe-SCR 

monolith upstream of the Cu-SCR brick. In another study [40], they developed global 

kinetic models for commercial Fe-ZSM5 and Cu-CHA catalyst. For the sake of 

completeness, the reaction scheme proposed by Metkar et al., [40] is provided below: 

R1. NH3 + S1  NH3-S1, 

R2. 2NH3-S1 + 1.5O2→ N2 + 3H2O + 2S1, 

R3. NO + ½ O2 NO2, 

R4. 4NH3-S1 + 4NO + O2 → 4N2 + 6H2O + 4S1, 

R5. 2NH3-S1 + NO + NO2 → 2N2 + 3H2O + 2S1, 

R6. 4NH3-S1 +3NO2 → 3.5N2 + 6H2O + 4S1, 

R7. 2NH3-S1 + 2NO2 → N2 + NH4NO3 + H2O + 2S1, 

R8. NH4NO3 → N2O + 2H2O,  

R9.  2N2O → 2N2 + O2, 

R10. 2NH3-S1 + 3N2O → 4N2 + 3H2O + 2S1, and 
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R11.   NH3 + S2  NH3-S2.  

The adsorption site, denoted by S1, may correspond to the Brønsted acid sites [40]. 

Furthermore, in order to explain the NH3 inhibition effects on the standard SCR rates 

observed at the lower temperatures, additional NH3 adsorption sites (S2) were also 

considered [40]. To account for the NH3 inhibition effects, the rate expression of the 

standard SCR reaction (R4) was modified by including an inhibition term in the 

denominator. While such inhibitions were significant on the Fe-ZSM5, they were 

insignificant on the Cu-CHA catalysts [40]. Therefore, only single adsorption site was 

considered when simulating the Cu-CHA catalyst. For more details on the model, 

reaction rate expression and kinetic constants, we refer the readers to the work by Metkar 

et al., [40]. Likewise, the (1+1)-D model of catalytic channel was used to account for the 

diffusion in the washcoat [40]. The reactor model consisted of species balance in the fluid 

and washcoat phase as well as site balance of the adsorbed species on the catalytic 

surface. The details on the reactor model are also provided in [40].  

 The simulated and experimental steady-state NOx conversion as a function of 

temperature is provided in Fig. 7-1 for the standard, fast and NO2 SCR reaction 

conditions. These results have been reported in the earlier publication by Metkar et al., 

[40] and are shown here for completeness. As mentioned earlier, the Cu-SCR catalyst 

gives higher NO conversion at lower temperature while Fe-SCR catalyst is more active at 

higher temperatures under standard SCR conditions. The lower activity of the Cu-SCR 

catalyst at higher temperature is attributed to the enhanced oxidation of NH3 by O2. It can 

be noticed that the model predictions are very good for the case of standard SCR 

condition while the model deviates when the concentration of NO2 is increased (fast and 
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NO2 SCR). The reason is the current kinetic model does not account in detail the 

formation of nitrate species (e.g., NH4NO3(s)) that are formed when high concentration 

of NO2 is present in the feed and at the lower temperatures [42, 45]. Recently, Colombo 

et al., [42] developed a detailed kinetic model focusing mainly on the NO2-related 

chemistries over the Cu-zeolite catalyst. Their model was able to predict most of the 

transient trends observed during the fast and NO2 SCR experiments. However, for the 

current study, we only focus on standard SCR reaction. It can be seen in Fig. 7-1 that the 

NOx conversions obtained by Fe- and Cu-SCR catalysts during fast and NO2-SCR 

conditions are comparable with Fe-SCR performing slightly better over wider 

temperatures. Consequently, the benefit of the combined Fe and Cu-SCR catalyst is not 

very significant under fast and NO2-SCR reaction conditions. 
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Figure 7-1 Experimental and model-predicted steady-state NOx conversion as a function 

of temperature under (a) standard SCR (b) fast SCR and (c) NO2-SCR 

reaction conditions;[40]. 
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7.3 Results and discussion 

 In this section, we will present simulation results for different Fe/Cu-SCR 

catalysts under standard SCR reaction conditions. First, we review the basic working 

principle of the dual-layer and dual-brick Fe/Cu-SCR catalyst. This is followed by 

comparison of the performance of dual-layer and dual-brick Fe/Cu-SCR catalysts for 

different catalyst (washcoat) compositions. Then, we assess the impact of washcoat 

diffusion on Fe-SCR and Cu-SCR catalyst in order to identify the temperature range over 

which diffusion in the washcoat is important. The transport process occurring within the 

washcoat is crucial in determining the optimal design. These simulations provide insight 

about the optimal catalyst loading in the combined catalysts. Finally, simulation results 

with different washcoat diffusivity and residence time will be presented to analyze the 

sensitivity of these parameters on the calculated NOx conversion in the combined system.  

7.3.1 Working principle of the combined Fe/Cu-SCR catalyst – 

implications for catalyst design 

 The working principle of the combined Fe/Cu-SCR catalyst is based on the fact 

that the Cu-SCR and Fe-SCR catalysts give significantly different NOx reduction 

activities at different temperatures under certain operating conditions [137-139]. For 

example, the Cu- SCR catalysts exhibit higher standard SCR activity at lower 

temperatures (<400 °C) while Fe-SCR catalysts give higher activity at higher 

temperatures (>400 °C). The diminished standard SCR activity of Cu-SCR catalyst at 

higher temperatures (>350 °C) is because of the NH3 oxidation side reaction [137]. As a 

result, significant fraction of NH3 fed is oxidized by O2 rather than NO leading to the 

reduced NO conversion in Cu-SCR catalyst at higher temperatures. On the other hand, 
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NH3 oxidation activity is comparatively lower (up to T<550 °C [137, 140]) on Fe-SCR 

catalyst and as a result higher selective reduction of NO by NH3 is achieved at higher 

temperatures. In addition to the kinetics, transport processes viz. external mass transfer 

and internal (diffusion in the washcoat) mass transfer as well as residence time or space 

velocity also play crucial role in the determining the performance of the combined system 

and, more importantly, in comparing the dual-layer and dual-brick design to identify the 

optimal configuration. We will discuss such effects in more detail in the later section. 

 The following catalyst designs for the dual-layer and dual-brick catalysts have 

been suggested in the literature [137, 138]. For the case of dual-brick catalyst, it has been 

shown that by placing a smaller brick of Fe-SCR upstream of Cu-SCR catalyst gives 

higher NO conversion over wider temperature range under standard SCR conditions 

[138]. Likewise, for the case of dual-layer catalyst, Fe-SCR washcoat coated on top Cu-

SCR catalyst gives better performance [137]. The reverse of stacking monoliths in the 

dual-brick configurations and opposite order of washcoating in the dual-layer architecture 

has shown to give comparatively lower overall performance [137]. The working principle 

of the combined Fe/Cu system is briefly discussed below. For more detailed explanation, 

we refer reader to the earlier publications by Metkar et al., [137]. One of the design 

objectives in the combined Fe/Cu catalyst is to minimize the consumption of NH3 via 

oxidation by O2. Since the NH3 oxidation reaction is very active in Cu-SCR even at 

intermediate temperature of ca. 350 °C [137], it is rational to place Cu-SCR catalyst 

downstream of Fe-SCR monolith in the brick configuration and in the underlying layer in 

the layered configuration. At higher temperatures, the reaction rate is confined in the 

front portion of the catalyst/reactor and over a thin layer of washcoat in contact with the 
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fluid phase. Therefore, placing Fe-SCR catalyst upstream of the Cu-SCR in brick system 

and coating Fe- layer on top of Cu washcoat minimizes the possibility of NH3 oxidation 

side reaction in the combined system. Under these conditions, the NOx reduction activity 

will be largely provided by the Fe-SCR catalyst. It should also be mentioned that at 

sufficiently high temperatures (i.e., fast reaction limit) the conversion is largely 

determined by the transverse Peclet number (p) which is the ratio of transverse diffusion 

time in the fluid phase and residence time [141]. In other words, under these conditions, 

the characteristic diffusion time from the bulk fluid to the washcoat surface must be 

smaller than the residence time in order to achieve the highest conversion of the reactant 

for the given catalyst loading (active site concentration). So, in the case of dual-brick 

configuration where a small brick of Fe-SCR catalyst is used, the performance may be 

lowered under high space velocity or low residence time conditions. On the other hand, at 

lower temperatures, Fe- component remains essentially inactive and most of the NOx 

conversion is afforded by Cu-SCR catalyst. Moreover, at lower temperatures, highly 

selective reduction of NO by NH3 in the presence of O2 can be achieved in Cu-SCR 

catalyst leading to reasonably higher performance. However, at the intermediate 

temperatures (ca. 200-350 °C) where the diffusion limitation in the washcoat becomes 

important, the dual-layer catalyst may give lower NO conversion because of the addition 

diffusive barrier by the Fe-SCR washcoat. Such diminishing effect is less severe in the 

case of brick configuration. We will return to this in the subsequent section.  

7.3.2 Simulations of dual-layer and dual-brick Fe/Cu-SCR catalyst 

 In this section, we present the simulation results of the dual-layer and dual-brick 

Fe/Cu-SCR catalyst. For the purpose of comparison, we define the base case conditions 
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with gas hourly space velocity (GHSV) of 57,000 hr
-1

 (at STP), denoted as SV1, and 

diffusivity ratio (λ=Dm/De) of 100. All other parameters used in the study are fixed, 

including the length (= 2 cm), total washcoat thickness (= 50 µm) etc. These parameters 

were taken from the work of Metkar et al., [40]. The conditions of the simulations are 

also provided in the corresponding figures. The base case simulations of the dual-layer 

and dual-brick catalyst for different fractions of Fe- and Cu-SCR catalyst are given in 

Fig. 7-2. These results are consistent with those reported by Metkar et al., [40]. It can be 

seen that the combined Fe/Cu-SCR catalyst give >80% NO conversion over the 

temperature range of ca. 200 - 600 °C. Expectedly, the simulated NO conversion of the 

combined system is bounded between the conversions obtained by the individual Cu- and 

Fe-SCR catalyst over the entire temperature range. 

 



191 

 

 

Figure 7-2 Model-predicted NO conversion as a function of temperature under standard 

SCR conditions (a) dual-layer (b) dual-brick Fe+Cu SCR catalyst; Feed: 500 

ppm NO, 500 ppm NH3, 5% O2, 2% H2O in balance Ar; GHSV = 57,000 hr
-1

. 

The NO conversion over the combined system both dual-layer and dual-brick is 

lower than Cu-only catalyst and Fe-only catalyst below and above the temperature of 400 

°C, respectively. This temperature corresponds to the point of intersection of NO 

conversion plot for Cu- and Fe-only SCR catalyst. While both the configurations give 

reasonable conversion (ca. >80%) over entire temperature range of interest, a closer 

inspection reveals that dual-brick configuration for the same catalyst composition give 

slightly higher NO conversion especially in the temperature range of ca. 200 – 500 °C 

(Fig. 7-2).  
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Figure 7-3 Model-predicted NO conversion as a function of temperature under standard 

SCR conditions over dual-layer and dual-brick Fe+Cu SCR (10% Fe-) 

catalyst. 

Fig. 7-3 compares the simulated NO conversion obtained over the dual-layer and 

dual-brick catalyst with the 10% Fe-SCR catalyst (i.e., 5 µm Fe + 45 µm Cu for dual-

layer and 0.2 cm Fe + 1.8 cm Cu). We have deliberately chosen combined catalysts with 

lower Fe to make the following points. First, at the temperature range of 200 – 400 °C, 

dual-brick gives higher NO conversion than dual-layer. This is attributed to the 

emergence of the diffusional limitation in the Cu-SCR washcoat. To verify this claim, we 

performed simulations with lower value of diffusivity ratio (λ=Dm/De) i.e., we increased 

the diffusivity of the species in the washcoat by an order of magnitude. The result is 

presented in Fig. 7-4.  
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Figure 7-4 Model-predicted steady-state NO conversion under standard SCR reaction 

condition for diffusivity ratios (λ = Dm/De) of 10 and 100. Feed: 500 ppm 

NO, 500 ppm NH3, 5% O2, 2% H2O in balance Ar; GHSV = 57,000 hr
-1

. 
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It can be seen in the figure that washcoat diffusion becomes important in the Cu-

SCR catalyst in the temperature of ca. 200 – 300 °C while it becomes significant in the 

temperature range of ca. 300 – 500 °C in the Fe-SCR catalyst. This result clearly explains 

why dual-layer catalysts give lower NO conversion than dual-brick. The additional 

barrier created by Fe-SCR washcoat hinders the reactant to reach the more active Cu-

SCR catalyst in the temperature range of 200 – 300 
o
C. However, such barrier was found 

to be less significant in the case of dual-brick catalyst. Metkar et al., [137] studied effect 

of washcoat diffusion in the Fe-ZSM5 catalyst and found it to be important in the 

temperature range of 300 – 500 °C which is consistent with the result shown in this study. 

Based on this finding, they claimed that washcoat diffusion in dual-layer if present will 

dominate in this temperature range and hypothesized that dual-layer is better than dual-

brick because of the thicker Fe-SCR washcoat in the dual brick catalyst. However, we 

have shown here that at intermediate temperatures (200 – 300 
o
C), diffusional limitation 

is important in the underlying Cu-SCR washcoat, and as a result dual-layer gives lower 

NO conversion in this temperature range (Fig. 7-4). On the other hand, at higher 

temperatures (> 500 °C), dual-layer gives higher NO conversion than dual-brick for the 

catalyst compositions used (i.e., Fe- content of 10%) (Fig. 7-4). As mentioned earlier, at 

high temperatures, the important parameter that determines the conversion is the 

transverse Peclet number     
1

2

ep u R L D


    and that Fe-SCR catalyst contribute 

largely on the NO conversion. Clearly, for lower loading (or fraction) of Fe-SCR catalyst 

in the combined system, the transverse Peclet number in the Fe-brick is smaller compared 

to that in dual-layer configuration where the Fe-SCR washcoat is coated throughout the 

total monolith length. As a result of increased contact time, higher NO conversion is 
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achieved in the dual-layer catalyst than the dual-brick. It should be mentioned that for 

higher loading of Fe-SCR catalyst (>20% Fe), dual-brick configuration gives higher NO 

conversion over entire temperature range for the conditions (SV1 and λ=100) used (Fig. 

7-2). 

 We also carried out additional simulations of dual-layer and dual-brick catalysts 

with different Fe- or Cu- washcoat fractions to identify an optimal catalyst composition 

and architecture that will overall higher NO conversion for the given operating conditions 

over the temperature range of 200 – 600 °C. In order to make a reasonable comparison of 

the performance of the dual-layer and dual-brick catalysts, it is important to define an 

objective function that account for the performance of the system over the entire 

temperature range of interest. Therefore, we define our objective function (f) as the root 

mean square of the difference between the NO conversion of the combined system and 

the maximum NO conversion. The maximum NO conversion is defined as the maximum 

of the simulated NO conversion attained by Cu-SCR and Fe-SCR catalysts at a given 

temperature. Mathematically, it can be expressed as: 

 

  
2

max ( ) ( )calc

NO NOX T X T

f
N






 , (7-1) 

where, max ( ) max( ( ), ( )).Cu Fe

NO NO NOX T X T X T   

Only ten simulated data points (NO conversions) were used to evaluate the value 

of the function f. These correspond to the temperatures at which the experimental data 

points were available. Fig. 7-5 shows the computed f-values as a function of %Fe-SCR 

loading in the dual-layer and dual-brick catalyst.  
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Figure 7-5 Simulated values of “f” as a function of different fraction of Fe-ZSM5 

catalyst in the combined Cu/Fe system; Feed=500 ppm NO, 500 ppm NH3, 

5% O2, 2% H2O in bal. Ar; GHSV = 57,000 hr
-1

; diffusivity ratio (λ) = 100. 

The values of the objective function, f, computed for both the configurations 

exhibit a minimum as a function of Fe-SCR fraction clearly indicating an optimal 

loading. The computed optimal Fe-SCR content for the dual-layer and dual-brick 

configurations are ca. 10% (Fe-SCR = 5 µm, total = 50 µm) and 20% (Fe-SCR = 0.2 cm, 

total = 2 cm), respectively. However, it can be seen that the f-values obtained for the 

dual-brick is lower than that for the dual-layer over almost the entire range of the catalyst 

compositions under these operating conditions. As mentioned earlier, the explanation is 

that the diffusive barrier in the Cu-SCR washcoat becomes significant at the intermediate 

temperatures and, as a result, lower NO conversion is obtained in the dual-layer catalyst 
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as compared to the dual-brick. The diminished performance of the dual-layer catalyst at 

these intermediate temperatures overshadows the improvements achieved at the higher 

temperature. On the other hand, the diffusional limitations are less severe in the dual-

brick configuration resulting in comparatively higher activity. Based on these results, it 

can be concluded that under the conditions considered (GHSV, diffusivity ratios, 

catalysts etc.), dual-brick gives higher overall NO conversion than the dual-layer catalyst 

over the temperature range considered (200 – 600 °C).  

7.3.3 Effects of effective washcoat diffusivity and space velocity 

 In this section, we present the simulation analysis of the effects of effective 

washcoat diffusivity and space velocity on performance of the dual-layer and dual-brick 

Fe/Cu-SCR catalysts. The effective diffusivity and space velocity are the two key 

parameters that determine the overall performance of the combined system and it is 

important to understand how these parameters impact the comparison of the dual-layer 

and dual-brick configurations. Four different cases were considered where two different 

diffusivity ratios (λ=10 and 100) and two different space velocities (SV0.5 = 0.5×570,000 

hr
-1

 and SV5 = 5×570,000 hr
-1

) were used. The diffusional limitation in the dual-layer 

catalyst resulted in lower overall NO conversion over the temperature of interest (200 – 

600 °C). So, it is interesting to know to what extent washcoat diffusion impact in 

determining the optimal catalyst configurations. Likewise, it is important to analyze the 

impact of residence time or space velocity on the performance of the combined system. 

Assuming no diffusional limitations, we would expect dual-brick catalyst to give lower 

NO conversion for sufficiently high space velocity. In the dual-brick catalyst, the 

individual components are accumulated either at the front (Fe-SCR) or at the back (Cu-
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SCR) leading to lower contact time in the individual bricks. On the other hand, for the 

case of dual-layer catalyst, both catalytic components are spread over the entire length 

and, in the limit of no washcoat diffusion limitations, comparatively higher overall 

performance would be expected. 

 Fig. 7-6 shows the computed steady-state NO conversion as a function of 

temperature for dual-layer (Fig. 7-6(a and c)) and dual-brick (Fig. 7-6(b and d)) for high 

and low GHSV (SV0.5 and SV5) with diffusivity ratio (λ) of 100. The corresponding 

values of the objective function (f) as a function of Fe-SCR volume (washcoat) fraction is 

shown in Fig. 7-7. Expectedly, the NO conversion for both dual-layer and dual-brick 

catalysts are increased when the space velocity (residence time) is decreased (increased) 

as seen in Fig. 7-6 (a and b). For the case dual-layer catalyst, the NH3 oxidation side 

reaction becomes more significant at higher temperatures leading to lower NO 

conversion (Fig. 7-6 (a)). On the other hand, because of the low inlet velocity (or low 

transverse Peclet number), the reaction is almost complete in the Fe-SCR brick in the 

dual-brick configuration. Since the NH3 oxidation reaction is not as significant in the Fe-

SCR catalyst as in the Cu-SCR catalyst, high NO conversion is achieved at the higher 

temperature (Fig. 7-6(b)). This leads to overall superior performance of the dual-brick 

catalyst compared to the dual-layer as evidenced by the values of the objective function f 

shown in Fig. 7-7 (a). At very high space velocity (SV5=5×57,000 hr
-1

), both the 

combined catalysts gives overall activity that is lower than the single Cu-SCR catalyst, 

which can be inferred by the monotonically increasing values of the objective function, f, 

as the percent content of the Fe-SCR catalyst is increased over the entire range of catalyst 

composition. The negative effect of the high space velocity is more pronounced in the 
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dual-layer catalysts. It can be seen in Fig. 7-6(c) that the NO conversion attained by the 

dual-layer catalyst is significantly lowered in the temperature range of 200 – 500 °C. At 

these temperatures, the NO conversion activity is largely provided by the Cu-SCR 

washcoat, which lies in the inner layer, and the reactants have to diffuse through the 

comparatively inactive Fe-SCR layer. Because of the high space velocity or low 

residence time, the reactants are not reaching the active underlying Cu-SCR catalyst and 

therefore, the performance of the dual-layer catalyst is drastically reduced. In contrast, 

the adverse impact of high space velocity is comparatively less severe in dual-brick than 

in dual-layer as shown in Fig. 7-6(d) and Fig. 7-7 (b). 
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Figure 7-6 Model-predicted NO conversion as a function of temperature under standard 

SCR conditions over Fe+Cu SCR catalysts; λ=100, SV0.5 = 0.5×SV1, SV5= 

5×SV1, and SV1 = 57,000 hr
-1

. 
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Figure 7-7 Simulated values of “f” as a function of different fraction of Fe-ZSM5 

catalyst in the combined Cu/Fe system with (a) GHSV = 0.5×57,000 hr
-1

 

(SV0.5) (b) GHSV = 5×57,000 hr
-1

 (SV5). 
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 The simulation results for the dual-layer and dual-brick catalyst using a diffusivity 

ratio, λ, of 10 for two different residence times are shown in Fig. 7-8. It should be 

emphasized that the reason for carrying out these simulations is to assess the impact of 

the washcoat diffusivity when comparing the performance of the dual-layer and dual-

brick catalysts. As expected, the model predicts rather high NO conversion for both dual-

layer and dual-brick catalyst when both low space velocity and low diffusivity ratio (or 

high washcoat diffusivity) is used. A λ-value of 10 corresponds to the washcoat where 

the bulk diffusion is dominant or where the diffusional limitation is minimal. It can be 

observed in Fig. 7-8 (a) that increasing diffusivity of the reactants in the washcoat can be 

detrimental at higher temperature in the dual-layer configuration because of the enhanced 

oxidation of NH3 by O2 which is not desirable. In this way, enhancing the washcoat 

diffusion process not only increases the NO conversion at intermediate temperatures 

(where washcoat diffusion was important when λ = 100 as shown in earlier cases) but 

also promotes the NH3 oxidation side reaction which is detrimental to the overall 

performance of the dual-layer catalyst. Similar to the previous case (λ=100 and SV0.5, 

Fig. 7-6(b)), nearly complete conversion of NO was predicted by the model for the brick 

configuration at higher temperatures. The computed values of function, f, shown in Fig. 

7-9(a) clearly indicate that the dual-brick gives better activity than dual-layer under these 

operating conditions. Finally, the simulations with high space velocity (SV5) and high 

washcoat diffusivity (λ=10) shows that for lower loading of Fe-SCR catalyst similar 

performance in term of NO conversion is achieved for both dual-layer and dual-brick 

configurations. However, at higher Fe- loading the dual-layer gives comparatively higher 

NO conversion at lower to intermediate temperatures (Fig. 8(c and d)). This is due to the 
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lack of enough contact time in Cu-SCR brick in the dual-brick configuration. It can also 

be deduced from Fig. 9 (b) where the values of objective function, f, for the dual-layer 

catalyst are smaller than those for the dual-brick catalyst for the higher Fe-SCR fraction. 
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Figure 7-8. Model-predicted NO conversion as a function of temperature under standard 

SCR conditions over different combined Fe+Cu SCR catalysts - λ=10, SV0.5 

= 0.5×SV1, SV5= 5×SV1, and SV1 = 57,000 hr
-1

. 
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Figure 7-9. Simulated values of “f” as a function of different fraction of Fe-ZSM5 

catalyst in the combined Cu/Fe system with (a) GHSV = 0.5×57,000 hr
-1

 

(SV0.5) (b) GHSV = 5×57,000 hr
-1

 (SV5).  
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7.4 Conclusions and discussion 

 In this study, we carried out simulation studies to study the impact of catalyst 

composition (fraction of washcoat loading) and architecture (layered versus brick) on the 

performance of the combined Fe/Cu-SCR catalyst. Our objective is to gain further 

insights on the workings of the dual-layer and dual-brick catalysts so as to identify an 

optimal loading and configurations. In this study, we have studied the effect of washcoat 

loading of individual SCR components (i.e., Fe- and Cu-SCR) and the effects of 

washcoat diffusivity and space velocity on the performance of the dual-layer and dual-

brick catalysts. The sensitivity analysis of washcoat diffusivity and space velocity 

provided essential information in identifying conditions where one configuration gives 

better overall performance than another. 

 The main contribution of this work is that we have clearly identified that under 

most practical operating conditions dual-brick configurations perform better than the 

dual-layer counterpart. This finding is in contraction to what was previously hypothesized 

[137]. In earlier experimental studies, it was not clear of which configuration was better 

largely due to the uncertainties in preparing the dual-layer catalysts. The results provided 

by Metkar et al., [137] show very similar performance of the dual-layer and dual-brick 

catalysts. In this work, we have clearly showed that the diffusional limitations in the dual-

layer catalyst at the intermediate temperature leads to overall lower NO conversion 

compared to dual-brick catalyst. At intermediate temperature (200 – 400 °C), Cu-SCR 

catalyst is more active than Fe-SCR. Also, in the same temperature range, the diffusional 

limitations in the Cu-SCR catalyst become significant because of higher activity. 

Therefore, the Fe-SCR layer coated on top of the Cu-SCR layer creates an additional 
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diffusional barrier lowering the activity of the Cu-SCR catalyst. Because the activity of 

the combined system is largely contributed by Cu-SCR catalyst at these intermediate 

temperature, the overall NO conversion of the combined system is lowered. For the case 

of dual-brick configuration, such adverse effects are not very significant and thus the 

dual-brick catalysts give higher overall NO conversion. For the base case simulation i.e., 

λ=100 and SV = 57,000 hr
-1

 (all other parameters were fixed throughout the study), the 

optimal loading of the catalyst or percent content of Fe-SCR catalyst was found to be 5% 

(= 5 µm) and 20% (= 0.2 cm) for the dual-layer and dual-brick catalysts, respectively. 

However, the optimal configuration was found to be the brick configurations as it gave 

better performance for the entire range of catalyst composition.  

 Finally, the simulations of dual-layer and dual-brick catalyst with different 

washcoat diffusivities and space velocities showed that dual-layer perform better than 

dual-brick only in the case of high space velocity (5×57,000 hr
-1

) and minimal washcoat 

diffusional limitations. Under these conditions, the residence time in the individual 

catalyst bricks in the dual-brick system is rather small compared to that in the dual-layer 

where both catalytic components are distributed throughout the catalyst length. However, 

the activities of the combined system under these conditions (high space velocity) are 

lower than Cu-only SCR catalyst. It should be noted that the space velocity used in these 

simulations are rather high and it is very unlikely that the real system would operate 

under such conditions. Therefore, it can be concluded that the dual-brick configuration is 

the superior design than dual-layer for most practical operating conditions. 
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CHAPTER 8 Conclusions and Recommendations for Future 

Work 

8.1 Conclusions 

The main objective of the current work was to develop a mathematical model for 

the combined LNT+SCR monolithic catalyst to gain fundamental understanding of the 

catalyst and the reactor, and utilize the findings to provide important guidelines in terms 

of catalyst design and operating strategies. In this chapter, we summarize the main 

contributions and conclusions of the current work. Some recommendations for the future 

directions of the research are also provided based on the findings of this dissertation. The 

main contributions of this work are: (i) development of improvised crystallite scale model 

of NSR to explain cycling experimental data obtained for different Pt dispersion catalysts 

and different cycle times, (ii) development of new global kinetic model for an aged LNT 

catalyst that is used in the simulation of combined system, (iii) development of 

mathematical model of dual-layer LNT+SCR monolithic catalyst to carry to out detailed 

analysis of complex spatiotemporal processes occurring within the catalyst and provide 

novel guidelines to design dual-layer LNT+SCR catalysts, and (iv) detailed numerical 

studies of the combined Fe+Cu SCR monolithic catalyst to determine the optimal catalyst 

loading and superior catalyst design. The main findings of the dissertation are 

summarized below. 

In this work, we developed a crystallite scale model for NOx storage and 

reduction to simulate the transient behavior observed during the lean-rich cycling 

experiments. We also reported new data on different Pt dispersion catalysts that provided 

new insights about the cyclic NSR operation. The model is shown to predict the main 
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features of NOx storage, such as the increase in NOx breakthrough time with increased Pt 

dispersion for fixed Pt loading. The increase in NOx storage with Pt dispersion is a result 

of (i) an increase in exposed Pt area which leads to a higher intrinsic NO oxidation 

activity, and (ii) an increase in the interfacial perimeter between Pt and BaO which 

promotes the rate of NOx spillover. The model is used to simulate the complete lean-rich 

cycles in order to elucidate the effects of Pt dispersion on various cycle-averaged 

variables such as NOx/H2 conversion and N2/NH3 selectivity. The simulations show that a 

higher stored NOx diffusivity during the regeneration is needed to satisfactorily predict 

experimental conversion and selectivity trends. This finding suggests the possible 

involvement of enhanced diffusion, likely of the reductant, during the regeneration. With 

this modification the model effectively predicts the dependence of cycle-averaged 

conversion and selectivity on Pt dispersion and rich phase duration. The model is used to 

study various storage and regeneration timing protocols, such as the use of shorter cycle 

times to achieve a high cycle-averaged NOx conversion and NH3 selectivity for low 

dispersion catalysts. The model also predicts incomplete storage phase utilization both at 

the crystallite and reactor scales.  For example, a reactor containing high Pt dispersion 

catalyst tends to utilize the storage phase effectively at the crystallite scale but can have 

significant axial storage non-uniformities, whereas a reactor containing low dispersion Pt 

catalyst tends to have a more axially uniform storage but poorer local utilization. To our 

knowledge, this is first systematic modeling study of the NSR catalyst that explicitly 

accounts for the crystallite scale gradients of the stored NOx in the storage phase and that 

is able to predict the cycling behavior for different Pt dispersion catalysts . The model 

provides useful prediction on the dependence of Pt loading and dispersion on the 
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performance of the LNT catalyst which provides valuable information to design low cost 

catalysts. 

 The effect of lean and rich phase duration on the cycle-averaged NOx conversion 

and NH3 yield was also studied over the low Pt dispersion or aged LNT catalysts. It is 

shown through both experiments and modeling that for a fixed ratio of the moles of 

NO:H2 fed per cycle, a longer diluted rich feed for fixed lean time and a shorter overall 

cycle is beneficial in terms of NOx conversion for both 3% and 8% Pt dispersion 

catalysts. Model predicts that more stored NOx is allowed to diffuse back to the Pt sites 

during a longer diluted regeneration while excessive NOx slip is prevented in a shorter 

overall cycle due to frequent regeneration, both of which leads to higher NOx conversion. 

The NH3 selectivity which depends on local NO:H2 ratio decreased with increase 

(decrease) in rich time (total cycle time) for 8% catalyst. Similar NH3 selectivity trend as 

a function of overall cycle time was also observed for 3% catalyst. The findings are 

helpful in assessing the viability of these catalysts (3% and 8%) to be used in conjunction 

with the SCR catalyst. Finally, the model is also used to gain additional insights on the 

impact of Pt loading and dispersion. Through the simulation results, we identified that 

there is a Pt dispersion range for a given Pt loading for which NOx slip is equal to NH3 

yield. This result provides important guideline that is crucial in designing better LNT 

catalysts for the combined LNT/SCR applications. 

A simulation study of dual-layer NOx storage/reduction (NSR) and selective 

catalytic reduction (SCR) monolithic catalyst was carried out using (1+1)-D model of 

catalytic monolith with individually calibrated global kinetic models. The model is used 

to elucidate the complex spatiotemporal processes occurring within the washcoat and 
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along the length of the reactor. Specifically, the simulations are used to address the 

following: (i) general features of dual-layer NSR+SCR configuration, (ii) effects of 

temperature, (iii) effects of washcoat loading of individual component, and (iv) impact of 

catalyst architecture. In the dual-layer configuration, NH3 generated in the underlying 

NSR layer is stored in the outer SCR layer (exposed to the fluid phase) during the rich 

phase which then reacts with the NOx during the subsequent lean phase. The simulation 

results show that multiple combinations of catalyst (washcoat) loading can attain a given 

NOx conversion and N2 selectivity, and that there exists a loading of SCR washcoat for a 

given NSR catalyst for which the NOx conversion is maximum. At higher loading of 

SCR washcoat, the amount of NH3 generated in the NSR is not sufficient to fully utilize 

the SCR catalyst. As a result, only a fraction of the SCR layer closer to the NSR layer is 

utilized while the rest acts as an inert layer, creating an undesired diffusional barrier 

which ultimately lowers the NOx conversion. Simulations of the dual-brick monolith are 

also performed to analyze the architectural effects on performance of the combined 

system. Under identical conditions (same residence time, monolith volume, fraction of 

individual catalyst and operating conditions), the simulations show that dual-layer 

configuration outperforms the dual-brick in terms of NOx conversion and NH3 slip, 

largely because the NH3 generated in the LNT layer is better utilized in the SCR layer. 

Finally, at higher temperatures the functionality of the SCR component is greatly reduced 

because of the higher rate of NH3 consumption in the NSR layer lowering the NH3 yield. 

Under these conditions, comparable performances are obtained for both the 

configurations. 
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Finally, we carried out detailed numerical simulations of combined Fe- and Cu-

SCR catalysts using the existing kinetic models. The model was used to compare the 

performance of dual-layer and dual-brick Fe/Cu-SCR monolithic catalysts, determine the 

optimal loading of individual catalyst components in the both catalyst configurations and 

identify superior catalyst design/architecture (i.e., dual-brick versus dual-layer). The 

impact of space velocity and the sensitivity of the effective washcoat diffusivity were 

also studied that provided further insights on the performance differences of dual-layer 

and dual-brick catalysts. In this study, we have conclusively shown that dual-brick 

catalysts give higher NO conversion over wider operating conditions than the dual-layer 

catalysts. It was shown that the diffusion limitation is more pronounced in the dual-layer 

catalyst than in the dual-brick at the intermediate temperature range (200 – 400 
o
C) which 

resulted in comparatively lower overall NO conversion in the dual-layer configuration. 

The optimal loading of the catalyst or percent content of Fe-SCR catalyst was also 

determined for the dual-layer and dual-brick catalyst for different operating conditions. 

For example, for the base case simulations (λ = 100, L = 2cm, total washcoat thickness = 

50 µm, GHSV = 57,000 hr
-1

), the optimal loading of Fe-SCR catalyst (% Fe) was found 

to be 5% (= 5 µm) and 20% (= 0.2 cm) for the dual-layer and dual-brick catalysts, 

respectively. The optimal dual-brick catalyst, however, gave slightly better performance 

than the dual-layer counterpart. However, it is worth noting that the absolute difference in 

the NO conversion between dual-layer and dual-brick is not very significant. Therefore, 

for all practical purposes, we can say that both dual-brick and dual-layer give comparable 

performances. 

 



214 

 

8.2 Recommendations for future work 

 Based on the findings of the current study, a few recommendations are provided 

for the future modeling and experimental studies in the area of aftertreatment system, and 

are discussed below. 

 The crystallite scale model used in this study (Chapter 4 and 5) was developed for 

simple Pt/BaO/Al2O3 model LNT catalyst. It is possible to extend the model to complex 

catalyst formulations that contain ceria. Similar to NOx storage and diffusion in the 

barium phase, oxygen can also store and migrate into the lattices of the ceria. Such 

models of oxygen storage in Pt/Ceria catalyst has been reported in the literature [142]. 

While the inclusion of such details will complicate the model and increase the 

computation time, the detailed model would be useful to understand the fundamental 

aspects of the catalyst. Likewise, in this study, we have only considered the diffusion of 

stored NOx in the barium and neglected the diffusion of reductant such as hydrogen 

during the regeneration. Some authors claim that the spillover and diffusion of activated 

reductant is likely mechanism during the regeneration of stored NOx [20]. We believe 

that both the diffusion of stored NOx and activated reductant are possible during the NSR 

operation. Therefore, the current model can be completely by including the diffusion of 

reductant in the solid phase. Along the same line, new experimental should be designed 

to estimate the diffusivity of such species (reductants, oxygen). Kumar et al., [111] used 

TAP reactor to estimate the diffusivity of stored NOx which was used in this study.  

 In the crystallite scale model used in this study, we assumed that barium phase is 

uniformly spread over the entire alumina surface and ignored the presence of bulk storage 

phase. The assumption of uniform distribution of barium phase should be relaxed to 
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include the heterogeneity effects. The addition of surface and bulk type storage sites may 

be able to quantitatively the short cycling experimental data provided in Chapter 5. In this 

study, we focused mainly on predicting the trends and adhered to simpler model. In 

future, the model can be tuned with more experimental data to make quantitative 

predictions.  

 The release of NOx or so-called NOx puff observed during the start of the rich 

can contribute significantly to lower the NOx conversion during the NSR operation [34]. 

It would be interesting to study the impact of Pt dispersion on the extent of the NOx 

release during lean-rich cycles. In this study, we proposed that NOx diffuse radially 

towards the Pt sites and undergo reverse spillover during regeneration. Therefore, it is 

reasonable to assume that NOx puff will also depend on Pt dispersion. Experiments were 

performed in this study for different Pt dispersion catalysts and different cycle times, but 

clear dependence of NOx puff on Pt dispersion was not observed. This is likely because 

the amount of NOx stored was different in these experiments. Moreover, different 

concentrations of reductants were also used. So, future experiments should focus on 

understanding the dependence of NOx puff on Pt dispersion, reductant concentration and 

amount of stored NOx. This can be done was performing experiments on different Pt 

dispersion catalyst using same reductant concentration and temperature but different 

overall cycle time so that same amount of NOx is stored and reduced in each case. That 

way we are isolating the effect of the amount of the stored NOx, concentration of 

reductant and temperature from the effect of Pt dispersion. 

 In the second part of the work (Chapter 6), we developed a simplified global 

kinetic model for an aged LNT catalyst using simple feed conditions i.e., in the absence 
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of CO, CO2, H2O, and hydrocarbons. The composition of the diesel exhaust contains 

significant concentrations of these species. Therefore, an obvious extension would be to 

include the effects of these species in the kinetic model. In the presence of CO2 and H2O, 

the chemical state of storage phase (BaO) is transformed to a mixture of barium 

carbonate, barium hydroxide and barium oxide, each with different affinity to store and 

release NOx. Moreover, it has been shown that the addition of water decreases the NO 

oxidation activity of the LNT catalyst while the cycle-averaged NOx conversion 

remained essentially unchanged [11]. The reduction of NO oxidation activity in LNT 

catalyst may be detrimental to combined LNT+SCR system because the presence of NO2 

significantly increases the NOx reduction activity in the SCR catalyst. This is especially 

true when Fe-based SCR catalyst is used. On the other hand, the presence of CO2 

decreases the NOx conversion but increases the selectivity of NH3 which is beneficial for 

the combined system [53]. Similarly, reductants such as CO and hydrocarbons have huge 

impact on the performance of the LNT catalyst. Compared to hydrogen, CO and 

hydrocarbons give significantly lower NOx conversion in LNT catalysts at lower 

temperatures [3, 55]. Furthermore, it has been shown that substantial amount of 

hydrocarbon is stored in the SCR catalyst during the rich purge which provides a non-

NH3 pathway to NOx reduction in the SCR catalyst in combined LNT+SCR system [57, 

66]. Therefore, the future kinetic models for SCR catalyst must include the impact of 

hydrocarbon on NOx conversion. The presence of hydrocarbon in the SCR reactions 

leads to the formation of complex olefinic and carbonaceous species which should be 

pursued in detail in order to develop a robust kinetic model [132]. Likewise, the 

isocyanate pathway to NH3 formation must be included in the kinetic model of LNT 
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catalyst in the presence of CO and excess H2O [143, 144]. Likewise, we have developed 

our kinetic model using ceria-free LNT catalyst. However, ceria is an important 

component in the dual-layer catalyst as it significantly mitigates the migration of the 

PGM between the LNT and SCR layers [53]. Furthermore, it provides additional NOx 

storage sites at lower temperatures but enhances NH3 oxidation at higher temperatures, 

which is undesirable, lowering the NOx conversion [53-55]. Finally, in the simulations of 

combined LNT+SCR catalyst, we have neglected thermal effect because of low 

concentration of reactants and anaerobic regeneration conditions. However, the 

combustion reductant, mainly hydrocarbons, in the presence of excess oxygen in the 

exhaust will give rise to significant temperature rise during the regeneration phase. 

Depending on the operating conditions, the temperature rise can be uniform or non-

uniform along the reactor length [122]. In this study (Chapter 6), we compared the 

performance of dual-layer and dual-brick under isothermal conditions. In the future, both 

experimental and modeling studies should be carried out to fully understand the effect of 

temperature front on the performance of dual-layer, dual-brick and dual-zoned 

LNT+SCR catalysts in order to make accurate comparison of different catalyst design.  
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Appendix A: Sensitivity Analysis of Kinetic Parameters (Chapter 5) 

As mentioned in Chapter 5, the original kinetic constants were estimated at 300
o
C 

assuming isothermal conditions [30]. However, a temperature rise of up to 15
o
C was 

recorded by the thermocouple placed around the midpoint of the catalyst. In order to 

assess the impact of temperature, a sensitivity analysis of kinetic parameters for which 

the activation energies were not available was performed. In all these simulations, 

isothermal model was solved because we wanted to study the impact of individual 

parameters keeping all the other parameters including NOx diffusivity constant. The 

results were compared to base case 60/20 cycles. In the first set of simulations, the kinetic 

parameters were increased by a factor of 10. It should be noted that such a large increase 

in rate constants is not expected in our case. Also, we have increased the rate constants 

individually, but as the temperature is increased all rate constants will increase 

exponentially with respect to the respective activation energies. The predicted NOx 

conversion and NH3 selectivity for the first set of simulations are shown in Figure A-1. It 

can be seen that the cycle-averaged NOx conversion is only sensitive to slow gas-solid 

reaction R6. The activation energy for this reaction was taken from the work of Larson et 

al. [87]. Similarly, the NH3 selectivity is found to be sensitive to reactions R6, R13, R14 

and R16. Reiterating our comments made in Chapter 5, the selectivity mainly depends on 

the ratio of the regeneration kinetic parameters. When all the regeneration kinetic 

parameters were increased simultaneously, their impact on the selectivity was very small.   
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Figure A-1 Sensitivity of kinetic parameters (k  10) on (a) NOx conversion (b) NH3 

selectivity.  

(a) 

(b) 
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In the second set of simulations, the rate constants were individually increased by 

a factor of 2 (i.e. E=100kJ/mol ΔT=20K). It is found that only reactions R13 and R14 

were sensitive towards NH3 selectivity. This shows that relative rates of these reactions 

and their relative activation energies determine the predicted selectivity. Therefore, we 

performed additional set of simulations where different activation energy values were 

used for R13 and R14. Since maximum temperature rise in this study was found to be 

around 15
o
C, we choose the ΔT=20K for these simulations. The result is shown in Fig SI-

B. It can be seen that for reasonable value of activations energies, the impact is very low. 

Therefore, based on these analyses, we have fixed rate constant values of reactions R7-

R16 in our simulations.  

 

Figure A-2 Sensitivity of rate constants of R13 and R14 for different values of 

activations energies NH3 selectivity. 
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Appendix B: Additional Figures and Tables (Chapter 5) 

B.1 Figures 
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Figure B-1 Cyclic steady-state NO, NO2 and NH3 concentration obtained for different 

cycle time (Set 2) for D8 catalyst at 300
o
C. (a) 90/15 (b) 60/10 and (c) 30/5 

cycles. The feed gas composition is given in Table 5-1. 
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Figure B-2 Cyclic steady state temperature profile obtained for different cycle time (Set 

2) for D8 catalyst at 300
o
C. (a) Experiment (b) Model. The feed gas 

composition is given in Table 5-1.  

 

B.2 Tables 

Table B-1 Comparison of experiment and model predicted average temperature during 

lean and rich phase. 

 
Tavg (Lean) 

o
C Tavg (Rich) 

o
C 

 
Experiment Model* Experiment Model* 

90/15 306 303 311 307 

60/10 307 304 308 306 

30/5 307 304 309 305 

     
60/20 306 305 306 307 

60/5 308 303 310 305 

* Fluid phase temperature at the channel midpoint. 
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