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Abstract 

Stricter emission standards have driven the research and development of several emission 

aftertreatment technologies like selective catalytic reduction (NH3-SCR) and lean NOX trap (LNT) 

technology. On an NH3-SCR catalyst, NH3 is injected into the exhaust, which then selectively reduces 

NOx to N2. During the LNT process, NOX is stored on an alkali earth oxide during the lean phase, 

forming surface nitrite/nitrate species, which are then reduced to N2 over precious metals during 

periodic “rich” operation. A combined LNT-SCR hybrid system promises to be more cost-effective and 

operates by utilizing NH3 formed during the rich phase operation of LNT to reduce NOx that 

breakthroughs LNT on the SCR catalyst downstream. 

An experimental set-up was built to monitor the transient reactor temperatures and effluent gas 

concentrations. This work systematically investigated the production of NH3 on typical Pt-

Rh/BaO/Al2O3 LNT monolithic catalysts during the reduction of NOx by CO in the presence of excess 

water without any molecular H2 being fed to the system; under both steady-state and cyclic 

operation conditions. The objective was to determine the effect of various operating parameters and 

the involvement of intermediate species on the mechanism leading to NH3 formation and NOx 

reduction. Under steady-state conditions, H2 formed by wgs reaction plays a dominant role in 

reducing NOx to NH3. However, under cyclic operation conditions, hydrolysis of intermediate 

isocyanate species is shown to be the leading route to NH3 formation. 

An extensive study of the NOX storage mechanism and the impact of CO2 were conduced at low 

temperatures (< 300 ˚C). It was determined that the local minima in NOx conversion observed at 200 

˚C, during the reduction of NOx by H2 in the presence of CO2 was a result of the competition posed by 

CO2 for the two kinds of storage sites involved. Also, at 200 ˚C carbonates are relatively more stable 

on the Ba sites located far from Pt and were hard to replace by nitrates due to diffusion limitations. 

SpaciMS was employed to investigate NOx reduction mechanism by C3H6 in LNT systems. Spatial and 

temporal profiles of concentrations and temperatures were developed along the catalyst length. 
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CHAPTER 1 Introduction and Background 

1.1. Introduction 

The continuously growing needs of the population led to the challenge of 

reducing the energy appetite without inhibiting economic growth. With fossil fuels 

serving as the primary energy source for the near future, it is important to increase 

the fuel efficiency without compromising the air quality of the environment. Diesel 

engines have been proven as viable alternatives to spark-ignited gasoline engines as 

they have relatively better fuel economy and increased durability [1-6]. However, 

the emissions from diesel engines need to be reduced in order to take full advantage 

of their efficiency. 

Table 1.1 United States national emissions of Nitrogen Oxides, 1990 – 2011 (million short 
tons)[7]  

 

Source category 1990 2000 2010 2011 

Highway vehicles 9.59 8.39 4.28 3.76 

Other off-highway 3.78 4.17 2.87 2.35 

Transportation total 13.37 12.56 7.16 6.11 

Stationary fuel combustion 10.89 8.82 4.23 4.39 

Industrial processes total 0.80 0.81 1.00 1.00 

 



2 
 

The major components of the tailpipe emissions from automobiles include 

carbon monoxide (CO), hydrocarbons (HC), particulate matter (PM) and nitrogen 

oxides (NOx). NOx in particular has many negative effects on the environment; it can 

form smog, lead to acid rain and also react with HC’s to produce ground level ozone 

that can cause breathing issues. The transportation sector alone accounted for over 

half of the United States nitrogen oxide (NOx) emissions in 2011, with the majority 

coming from highway vehicles (Table 1.1). In order to address the health effects 

ascribed to these pollutants, the United States government has established 

legislation with continuously evolving standards to set limits on these pollutants. 

The current regulations demand greater than 90 % reduction in particulate matter 

and NOx emissions. Table 1.2 presents a list of the exhaust emission Tier 2 

standards for light-duty and medium-duty passenger vehicles and trucks phased-in 

from 2004 to 2010 by the Environmental Protection Agency of the United States.  In 

order to meet these emission standards, after-treatment catalytic converters are a 

viable solution.  

During the 1970’s three way catalysts were developed and installed successfully 

in gasoline engines to reduce emissions, they are precious metal based catalysts and 

oxidize HC’s and CO to CO2 and H2O. On the other hand, the lean-burn operation of 

diesel engines yield higher combustion temperature and excess O2 (~10%) which 

leads to increased NOx levels in the exhaust, and the net oxidizing nature of the 

exhaust makes it difficult for the three way catalytic converters to reduce NOx while 

CO and HC’s can still be effectively minimized (Fig. 1.1). This inefficiency of three 

way catalysts in reducing NOx has led to an extensive research over the past two 
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decades in developing new after-treatment technologies that reduce NOx from lean-

burn engine exhaust. 

Table 1.2 Light-Duty Vehicle, Light-Duty Truck, and Medium-Duty Passenger Vehicle – Tier 
2 Exhaust Emission Standards [8] 

 

     Standards 
NOxa COa PMa NOxb COb PMb 

(g/mi) (g/mi) (g/mi) (g/mi) (g/mi) (g/mi) 

Bin 1 - - - 0 0 0 

Bin 2 - - - 0.02 2.1 0.01 

Bin 3 - - - 0.03 2.1 0.01 

Bin 4 - - - 0.04 2.1 0.01 

Bin 5 0.05 3.4 - 0.07 4.2 0.01 

Bin 6 0.08 3.4 - 0.1 4.2 0.01 

Bin 7 0.11 3.4 - 0.15 4.2 0.02 

Bin 8 0.14 3.4 - 0.2 4.2 0.02 

Bin 9 0.2 3.4 - 0.3 4.2 0.06 

Bin 10 0.4 3.4 / 4.4 - 0.6 4.2 / 6.4 0.08 

Bin 11 0.6 5 - 0.9 7.3 0.12 

 

a Intermediate life (5 years or 50,000 mi) 
b Full useful life 
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Figure 1.1 Fuel consumption and 3-way performance of a gasoline engine as a function of 
air-fuel (A/F) ratio [9] 

1.2. Current NOx Reduction Technologies 

Some of the commercially applied NOx reduction technologies include the 

following: exhaust gas recirculation (EGR), selective catalytic reduction (SCR), and 

cyclic reduction using lean NOx trap (LNT) catalyst. 

1.2.1. Exhaust Gas Recirculation (EGR) 

Exhaust gas recirculation (EGR) reduces NOx emissions by lowering the local 

flame temperature, which plays a major role in NOx formation [10]. It operates by 

displacing some of the air in the engine cylinder with re-circulated exhaust gas, 

which leads to a reduction in trapped air available for combustion. However, the 

fuel injected into the engine cylinder remains constant for a given torque and power 

output, resulting in a lower overall air to fuel ratio. This reduction in the air to fuel 

ratio reduces the local flame temperature and subsequently has a substantial effect 

Introduction                                                                                                                   3 

 

addition, excessive exposure to NOx may affect the human respiratory system 

and may increase the risk of respiratory allergies. 

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

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

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

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

important amendments  

 

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

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

 

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

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

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

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

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

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

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

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

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

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

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

1.2).  
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on the composition of the exhaust. Higher volumes of re-circulated exhaust gas lead 

to lower levels of NOx emissions, but there are undesirable penalties associated 

with this technology. One penalty is the increased overall engine temperatures 

because the cool intake air is displaced by warmer re-circulated exhaust gas. The 

higher temperatures lead to a need for increased cooling system capacity in order to 

minimize the destructive effects on engine durability. The second penalty is the rise 

in particulates. Although, various types of diesel particulate filters (DPFs) have been 

developed to reduce particulate matter, the increased production of soot places a 

heavier burden on the DPF, which requires periodic regeneration to avoid increased 

exhaust backpressure [10, 11]. 

1.2.2. Selective Catalytic Reduction (SCR) Catalysts  

SCR is another widely applied technology to reduce NOx under lean conditions 

and it involves the use of NH3 as the reductant, which is generated on board the 

vehicle via the injection and hydrolysis of urea. Urea upon hydrolysis gives NH3, 

CO(NH2)2 + H2O  2 NH3 + CO2.                                          (1.1) 

The NH3 is stored on the catalyst and reacts with NOx as it is adsorbed from the 

exhaust stream; reaction kinetics depends on various reaction conditions like 

temperature and the feed concentrations of NOx and NH3. As they are popularly 

labeled in the literature, there are three different SCR reactions:  

1) The standard SCR reaction involves a 1:1 ratio of NH3 and NO and is 

represented by  
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4 NH3 + 4 NO + O2  4 N2 + 6 H2O.                                       (1.2) 

2) The “fast” SCR reaction involves 1:1 ratio of NH3 and NOx, where NOx 

comprises of 1:1 ratio of NO and NO2. The reaction is expressed as 

4 NH3 + 2 NO + 2 NO2  4 N2 + 6 H2O.                                   (1.3) 

3) The “NO2-SCR” reaction involves a 1:1 ratio of NO2 and NH3 and is 

represented by the reactions given below: 

2 NH3 + 2 NO2  N2 + N2O + 3 H2O,                                       (1.4) 

4 NH3 + 3 NO2  3.5 N2 + 6 H2O.                                          (1.5) 

Some amount of NH3 is also oxidized back to NO leading to a drop in the overall 

conversion of NOx at higher temperatures (> 300 °C),  

4 NH3 + 5 O2  4 NO + 6 H2O.                                            (1.6) 

There are a variety of catalysts that can be employed in SCR catalysis like V2O5 and 

Zeolite based catalysts [12]. However, different catalysts tend to operate in different 

temperature regimes and it is difficult to find a catalyst, which can span the entire 

operating range of diesel engines, which is fairly broad due to the variation in the 

engine speed and load when on road. In addition the installation of the urea 

injection and control system, and urea storage tank also add to the capital cost [3, 

13, 14]. Another major concern posed by the application of SCR catalysts is the NH3 

slip from the catalyst. However, NH3 slip catalysts were developed to address this 
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concern and are positioned downstream of the SCR catalyst and convert NH3 that 

slips from the SCR catalyst to N2.  

1.2.3. Lean NOx Traps (LNT) 

Lean NOx trap (LNT) is another promising NOx reduction technology developed 

and introduced into the market by Toyota in the mid 1990’s [15, 16]. It is operated 

periodically by cycling between lean and rich conditions, also referred to as 

“storage” and “regeneration” steps. It comprises a multi-functional catalyst with a 

storage component (alkaline earth metal oxides such as Ba, K, Ca etc.) and a 

combination of precious group metal components (Pt, Pd, Rh etc.) on a large surface 

area support like γ-Al2O3.  

During a typical lean rich cycling operation, NOx produced during the operation 

of a lean burn engine is trapped on the storage component of the catalyst in the form 

of nitrites and nitrates, this storage process is enhanced by the catalytic oxidation of 

NO to NO2 on precious group metals (PGM). The typical duration of this stage is 30 

to 90 seconds and the storage capacity of the catalyst is saturated with adsorbed 

NOx species during this period. During the regeneration step i.e., the rich phase 

operation of the catalyst, reductant rich conditions are generated by running the 

engine rich or injecting a reductant (such as fuel) into the exhaust upstream of the 

LNT. Regeneration is accomplished by the release and reduction of stored NOx on 

the highly active PGM sites by the reductant and it lasts for a couple of seconds 

(usually < 10 s). The most common reductants employed in the LNT include CO, H2 

and HC. Different types of LNT designs and operating conditions are under 
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development. A brief review of the literature studies on this two-stage mechanism is 

provided below. 

NOx storage 

During the initial development years of lean NOx traps, single-site sorption 

models have been used to explain the storage and reduction performance trends of 

LNT catalysts [17]. However, it has been widely accepted over the past few years 

that multiple types of sorption sites exist, although they vary in their identity 

description and function by varoius research groups. Epling et al. [18] explained the 

storage trends observed in their experimental studies through the presence of two 

types of Ba sites, which differ based on their proximity to Pt. They argued that Ba 

sites proximal to Pt store NOx through participation of O2 as an oxidant, while the 

remote Ba sites rely on the disproportionation mechanism involving NO2. They also 

studied the effect of H2O and CO2 on the storage performance and observed a 

progressive loss in the NOx storage capacity with increasing temperature on the 

addition of CO2 to the feed [19]. 

Frola and coworkers [20, 21] carried out FTIR and TPD studies of NOx storage in 

the presence and absence of CO2 at 350 ˚C on Pt-Ba/Al2O3 LNT catalyst and 

proposed that two pathways contribute to NOx adsorption: the “nitrite route” 

involving the initial formation of surface nitrite and their subsequent evolution to 

nitrates, and the “nitrate route,” involving NO oxidation to NO2 over Pt and its 

subsequent adsorption on Ba in the form of nitrates [22, 23].  
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Recently, Weiss et al. [24] carried out infrared spectral studies and kinetic 

experiments on BaO/Al2O3 and BaO/Pt/Al2O3 catalyst. They claimed that on 

BaO/Al2O3, nitrates are more stable than nitrites, and the oxidation of nitrites to 

nitrates occurs slowly and requires an oxidant in the form of N2O4 (produced by 

non-activated dimerization of NO2 in the gas phase). In addition, the nitrate 

formation becomes much faster when Pt sites are present in close (but not direct) 

proximity to Ba nitrite sites, as reactions on Pt sites establish equilibrium 

concentrations of N2O4 oxidants that react subsequently with nitrites on BaO 

surfaces. This chemistry is represented by the following set of reactions: 

2 NO2 + Pt  N2O4 + Pt,                                                (1.7) 

BaO + NO  Ba(NO2),                                                 (1.8) 

Ba(NO2) + N2O4  Ba(NO2)(NO3) + NO,                                   (1.9) 

BaO + N2O4  Ba(NO2)(NO3),                                           (1.10) 

Ba(NO2)(NO3) + N2O4  Ba(NO3)2 + NO + NO2.                             (1.11) 

Depending on the exhaust conditions different types of species exist on the 

catalyst surface, including BaO, Ba(OH)2 and BaCO3. Lietti et al. [25] suggested that 

the storage mechanism also depends on the initial state of the Ba sites, and that the 

storage of NOx occurs preferentially in the order of BaO, Ba(OH)2 and BaCO3. In 

summary, NOx storage chemistry on a typical Pt/Ba/Al2O3 catalyst may be 

described by the following set or reactions[25]: 

O2  2 O*,                                                           (1.12) 
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BaO + O* + 2 NO  Ba(NO2)2,                                        (1.13) 

Ba(OH)2 + O* + 2 NO  Ba(NO2)2 + H2O,                             (1.14) 

Ba(NO2)2 + 2 O*  Ba(NO3)2,                                     (1.15) 

NO + ½ O2  NO2,                                                (1.16) 

BaO + 2 NO2 + O*  Ba(NO3)2,                                         (1.17) 

Ba(OH)2 + 2 NO2 + O*  Ba(NO3)2 + H2O,                               (1.18) 

2 NO2  N2O4,                                                        (1.19) 

2BaO + 2 N2O4  Ba(NO2)2 + Ba(NO3)2,                              ( 1.20)        

2 Ba(OH)2 + 2 N2O4  Ba(NO2)2 + Ba(NO3)2 + 2 H2O,                 (1.21) 

BaCO3 + 2 NO + O*  Ba(NO2)2 + CO2,                                 (1.22) 

Ba(NO2)2 + 2 O*  Ba(NO3)2,                                        (1.23) 

2 BaCO3 + 2 N2O4  Ba(NO2)2 + Ba(NO3)2 + 2 CO2.                   (1.24)  

Piacentini et al. [26-29] studied the NOx storage behavior, stability and reactivity 

of Ba-containing phases on Pt-Ba/support catalyst with various Ba loadings (4.5-

28%) and on various supports. At higher Ba loadings (> 17%), they distinguished 

the Ba-containing phases involved in the NOx storage process into three categories 

based on their thermal stability as follows: BaO, which is in intimate contact with 

alumina support; low temperature BaCO3, which is well dispersed and decomposes 

at low temperature (LT-BaCO3); and high temperature BaCO3, which possesses a 
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bulk-like stability (HT-BaCO3). Also, LT-BaCO3 was identified to be the most efficient 

contributor to NOx storage, whereas HT-BaCO3 is less active due to its bulk-like 

behavior and limited accessibility. 

Based on these and other studies it is generally agreed that two types of nitrate 

species exist during the NOx storage process i.e., bulk and surface nitrates; the ratio 

of these two species strongly depends on the nature of the storage component, as 

the amount of bulk nitrate species increases with the basicity of the storage 

component [30, 31].  

Stored NOx reduction 

A large number of studies have investigated the mechanisms, kinetics and 

catalyst performance features of NOx storage [22, 32-36] and reduction [37-40].  A 

review captures more recent developments [41]. The NOx reduction chemistry 

using H2 as the reductant is by now well established; among other features, 

ammonia is a major intermediate during the catalytic regeneration of stored nitrates 

by H2 under isothermal conditions [38, 40, 42]. A H2 front moves down the monolith 

length as nitrates/nitrites are regenerated by a two-step reaction mechanism, 

generating NH3 first, which then reacts further with stored NOx species and 

adsorbed oxygen to make N2. Progress has been made in understanding the 

behavior of other reductants like CO and hydrocarbons [43-45], but more work is 

needed to unravel the complex chemistry characterized by coupled reaction 

chemistry and transport effects. While using CO as a reductant NH3 is formed in 

addition to N2 and N2O without any H other than that in H2O being fed to the catalyst 
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[46]. In such a case two major routes to NH3 formation are possible. The first is by 

the water-gas shift (WGS) reaction of CO and H2O to give CO2 and H2, which then 

reacts with NO to give NH3. A second pathway is through reaction between NO and 

CO forming surface isocyanates (-N=C=O)/cyanates (N≡C-O-) [47], which are 

readily hydrolyzed to form NH3 in the presence of water.  The contribution of both 

the pathways is of significance because each proceeds in the presence of high 

exhaust concentration of H2O (5-15%).  

Unland first reported the formation of isocyanate species during the interaction 

of NO and CO on Pt/Al2O3 through infrared spectra of species adsorbed on the 

catalyst [47]. Solymosi et al. [48-52] studied the formation and stability of 

isocyanates during the reaction of NO and CO on various precious metals (Pt, Pd, 

Rh), both unsupported and supported on various oxides. They showed through 

infrared studies that NCO species are formed on the precious metals through the 

reaction of gas phase CO and adsorbed N formed in the dissociation of adsorbed NO 

and migrate to the support. Moreover, these isocyanates are thermally stable on the 

support under dry conditions. Miners et al. [53] studied the NO+CO reaction on 

Pt(100) using in-situ vibrational spectroscopy (IRAS) and observed isocyanate 

formation over a narrow temperature range of 380-400 K. They proposed that NCO 

formation becomes favorable once the concentration of N atoms on the surface is 

low and, more importantly, when the diffusion of these atoms becomes severely 

hindered by the high coverage of CO. They further suggested that the dissociation of 

NCO species requires vacant sites. Forzatti et al. [54, 55] studied the reduction of 

previously stored NOx by CO on Pt-Ba/Al2O3 both in the presence and absence of 
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water by means of transient response methods. They proposed a two-step reaction 

scheme wherein the stored nitrates are reduced to nitrites and surface 

isocyanate/cyanate species; these species further react with residual nitrites to give 

N2. In the presence of H2O the isocyanates are readily hydrolyzed to ammonia.  They 

will also react with O2 and/or NO, NO2 to give N2, N2O and CO2 [56-60]. Chansai et al. 

[61, 62] studied the reduction of NOx by CO and H2 on Ag/Al2O3 catalyst and showed 

that two types of isocyantes species are formed on the oxide support; an active 

isocyanate species close to the metal crystallite - support interface, and a spectator 

isocyanate species far from the interface, especially during prolonged exposure to 

the reductant CO.  Their study suggests that while a high surface concentration of 

isocyanates may be measured, this does not imply that all of these species are active 

intermediates during the reduction of NOx by CO.  Rather, the isocyanate spectators 

may in fact reduce the overall NOx storage capacity of the catalyst.  

1.2.4. LNT+SCR Hybrid Systems 

Lately, combined LNT+SCR hybrid after-treatment systems are gaining much 

attention. The operating principle of this system is that NH3 formed during the 

regeneration phase of the lean NOx trap system is stored on the SCR catalyst 

positioned downstream and is used to reduce NOx that slips through the LNT. A 

conventional LNT is intended to maximize the conversion of exhaust NOx to N2 

while a LNT coupled with SCR catalyst positioned downstream should produce 

requisite NH3 needed to reduce NOx that breaks through LNT on the SCR catalyst. 

Therefore, NH3 is an undesired byproduct in the conventional LNT but when an SCR 
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catalyst is positioned downstream it plays an important role in reducing NOx 

thereby increasing the overall efficiency of the LNT-SCR hybrid system. The major 

advantage afforded by the LNT-SCR hybrid system is the elimination of the cost and 

complexity associated with the aqueous urea injection system otherwise used for 

the independent operation of SCR systems. In addition, for the same overall volume 

of the catalyst, SCR catalyst replaces a portion of the LNT catalyst thereby reducing 

the precious metal requirement and net LNT catalyst volume and cost while 

preserving the overall NOx reducing efficiency of the system. However, the 

efficiency of the combined system relies on the ability of LNT to generate requisite 

NH3 needed to reduce NOx that slips through the LNT on the SCR catalyst positioned 

downstream. Therefore, it is important to understand the NOx storage/reduction 

and NH3 formation mechanisms with different reductant systems on a typical Lean 

NOx Trap for an optimum design of the combined LNT-SCR system. 

1.3. Research Objectives and Outline 

Numerous studies have been devoted to the storage and reduction processes of 

the lean NOx traps in the past. However, the two stage complex mechanism of NOx 

storage and subsequent reduction is still unclear and needs further investigation. 

This dissertation reports and evaluates findings from in depth experimental studies 

of NOx storage and reduction performance of Pt/BaO/Al2O3 and Pt-Rh/BaO/Al2O3 

monolith catalysts under cycling and steady-state conditions. The objectives of this 

research are as follows:  

1. Conduct a comprehensive study of the steady-state reaction between NO 
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and CO in the absence of O2 on Pt/BaO/Al2O3 catalyst. 

2. Evaluate the impact of H2O on NO reduction mechanism by CO and product 

distribution under steady-state conditions. 

3. Extend the steady-state study to cyclic operating conditions and analyze the 

effect of various reducing systems (CO, CO+H2O, H2, H2+CO and C3H6) on the 

regeneration of stored NOx with focus on NH3 generation. 

4. Investigate the storage mechanism of NOx at low temperatures (< 300 °C). 

5. Evaluate the impact of CO2 on the storage mechanism and the subsequent 

regeneration during a typical lean-rich cycling operation. 

6. Develop spatio temporal profiles of species concentrations and 

temperatures within the monolith channel over a range of reaction 

conditions. 

7. Calculate binding energies and activation barriers corresponding to the 

elementary steps involved in the reduction of NO by CO on a Pt(111) surface 

using DFT analysis.  

8. Extend the DFT study to include the CO “poisoning” impact i.e., the excess 

CO coverage effect on the activation barriers. 

These objectives were accomplished through comprehensive bench-scale LNT 

measurements, in which all of the concentrations of the reactants and products are 

measured. SpaciMS was utilized to generate the inter-channel profiles of species 

concentration and temperature during the transient operation of LNT catalyst. 

The organization of the dissertation is as follows. A comprehensive description 

of the experimental setup used in this work is presented in Chapter 2. Chapter 3 is a 
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steady-state study of NO reduction by CO both in the absence and presence of H2O 

under anaerobic conditions. Various feed concentrations are compared. A brief 

study of NH3 formation mechanism during NO reduction by CO in the presence of 

H2O is also presented in Chapter 3. Chapter 4 is an extension of the study presented 

in Chapter 3 to cyclic operation of the catalyst where the cyclic reduction 

mechanism of NOx is presented for various reducing systems (CO and CO+H2O) with 

the focus on NH3 generation pathways. A brief study of NOx storage mechanism at 

low temperatures is presented in Chapter 5. In addition, the impact of CO2 on the 

storage mechanism is also discussed in this chapter. Chapter 6 presents a spatio-

temporal analysis of NOx reduction on Pt-Rh/BaO/Al2O3 lean NOx trap and 

compares the efficiency of reductant C3H6 under various operating conditions (feed 

concentrations and temperature). Chapter 7 presents DFT simulations results of NO 

reduction by CO on Pt(111) surface. The effect of excess CO coverage of Pt surface 

(2/3 ML) is also presented in Chapter 7. The final Chapter of the dissertation 

summarizes the main conclusions of this work. In addition, recommendations are 

given for future research. 

Please note that each chapter in this dissertation is presented in the manner they 

were published or intended to be published in scientific journals. Each chapter can 

be read separately from the rest of the dissertation. Consequently, this may cause 

some overlaps or repetitions in some of the sections of the chapters. 
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CHAPTER 2 Experimental  

2.1. Catalyst 

The catalyst samples used for these experiments were monolith catalysts 

provided by BASF Catalysts LLC (Iselin, New Jersey). The catalysts provided were 

cylindrical shaped honeycombs of about 20 cm width and 25 cm long. To fit the 

monolith into the quartz tube reactor used in the bench scale reactor setup, each 

catalyst was cut using a cylindrical drill bit to smaller nearly cylindrical shape. The 

diameter of the monolith sample used was ~1.23 cm, while the length was ~3.53cm. 

The samples contained Ba and Pt (also Rh for some studies) on a γ-alumina wash-

coat support adsorbed on a cordierite structure (~62 channels/cm2). The 

compositions of the catalysts are reported in Table 2.1. The cross sectional area of 

the monolith was estimated to be 1.19 cm2 (Cross sectional area,      ) and the 

total volume of the monolith was calculated to be 4.2 cm3 (Volume,       ), 

however, these values varied slightly as the catalyst sample was changed from one 

study to another. 

Table 2.1 Composition of the monolith catalysts used in the study 
 

Catalyst 
PGM(g/cm3 of 

the monolith) 
PGM(wt %) 

BaO (g/cm3 of the 

monolith) 
BaO (wt %) 

Pt/Ba/Al2O3 2.47E-03 1.99 3.05E-02 24.5 

Pt-Rh/Ba/Al2O3 3.17E-03 1.13 6.87E-02 24.5 
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Typically, Pt-Ba/Al2O3 is a widely used commercial Lean NOx trap catalyst in 

which Ba plays a major role in storing NOx during the lean phase. However, during 

the steady state experiments, Ba has no major role to play. The only reason for 

choosing the Pt-Ba/Al2O3 catalyst instead of Pt/Al2O3 is in consideration of the ease 

in extending and relating the results obtained during steady state experiments to 

lean-rich experiments. 

2.2. Catalyst Testing Unit Equipment 

The major components of the Catalyst Testing Unit include the following: 

 Gas supply system including flow control and measurement instruments 

 Reactor system including temperature control and measurement instruments 

 Analysis system for accurate effluent gas description (including pressure 

measurement instrument and venting system for safe effluent disposal) 

 Data acquisition system 

A diagram of this experimental set-up is shown in Figure 2.1. 

2.2.1. Gas supply system 

A bank of gas cylinders (Matheson Tri-Gas) and mass flow controllers (MFC; 

MKS Inc) were utilized to calibrate the analytical instruments (FT-IR and Mass Spec) 

and to mimic the exhaust gas conditions of a diesel engine. The specifications of the 

calibration gases and gases used to simulate exhaust conditions are listed in Table 

2.2 and Table 2.3.  
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Figure 2.1 Diagram of the experimental set-up components 

The mass flow controllers were calibrated for the appropriate flow range that 

would be used in the experiments or calibrations of the analytical equipment. The 

specific gas that was to be used by each MFC was used to calibrate that MFC. Two 

digital flow meters (Bios Definer 220-H for flow rate ranges 5-500 sccm and 300-

30000sccm) were used to calibrate the mass flow controllers in the range of 3-

3000sccm. All feed gases were mixed using an in-line static mixer prior to being sent 

to the reactor system. 

 
Table 2.2 Specifications of pure gases used in the experiments and calibrations 

 

Gas Description Purity 

H2 Reactant Gas 99.995% Purity 
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O2 Reactant Gas 99.98% Purity 

Ar Diluent for Reactive Feed Gas, Purge Gas for Reactor 99.99% Purity 

C3H6 Reactant Gas 99.98% Purity 

CO2 Reactant Gas 99.99% Purity 

Kr Tracer Gas for MS Calibration 99.99% Purity 

In order to feed water to the reactor to simulate vehicular exhaust (normally 1 – 

10%) an Isco pump (Model 100DX syringe pump) was used and a vaporizer was 

constructed. The vaporizer consisted of a Stainless Steel-Low-Flow Angle-Pattern 

Metering valve (adjustable pressure, 1/16 in), 1/16 in tubing (to pressurize the 

line), heating tape, and thermocouple. Water was fed through 1/16 in stainless steel 

tubing to the metering valve. The opening in the metering valve was adjusted to 

ensure a continuous smooth flow of water vapor into the reacting mixture. The exit 

of the metering valve was “teed” into a ¼ in stainless steel tubing i.e. the reactor 

inlet line through a 3 in long 1/16 in tubing. The metering valve was set at a 

pressure of approximately 100 psi and the heating tape was set at 260 C. The high 

pressure (100 psi) and temperature allowed the H2O to instantly vaporize as it 

exited the metering valve and enabled a constant flow rate of H2O to be maintained. 

Downstream of the location at which the H2O line was “teed” in, an in-line static 

mixer was placed in order to mix the H2O with all the feed gases. Prior to the 

experiments, the Isco pump was filled with deionized water (SIEMENS Deionizer), 
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which was boiled to 100 C in order to remove any pre-adsorbed gases. The 

vaporizer setup is shown in Figure 2.2. 

Table 2.3 Specifications of gas mixtures used in the experiments and calibrations 
 

Gas Balance gas Description Specifications 

1% NO Ar Reactant Gas Certified standard 

1% CO Ar Reactant Gas Certified standard 

10% CO Ar Reactant Gas Certified standard 

0.5% H2 Ar Reactant Gas Certified standard 

0.5% CO2 Ar FT-IR Calibration Gas Certified standard 

1% NH3 Ar FT-IR Calibration Gas Certified standard 

0.18% N2O Ar FT-IR Calibration Gas Certified standard 

1% NO2 Ar FT-IR Calibration Gas Certified standard 

0.2% N2 Ar MS Calibration Gas Certified standard 
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Figure 2.2 Vaporizer setup 

2.2.2. Reactor System  

The reactor system consists of a four-port, dual-actuated switching valve 

positioned upstream of the reactor, and a quartz tube flow reactor positioned inside 

a Thermocraft Inc. Split tube furnace (Model: TSP-2-0-27-4C). The length of the tube 

furnace is 27 in and the I.D. is 2 in. The maximum operating temperature of the 

furnace is 1200 C. The furnace has four Zones and is configured with four K-type 

thermocouples, one in each zone and each zone is controlled by a Yokogawa UT 350 

Controller (digital controller). The monolith sample is wrapped in Fiberfrax® 

ceramic paper that had been heat treated at 300 C for approximately 2 hours and 

then placed in the lower portion of the heated section of the quartz tube flow 

reactor.  
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Figure 2.3 Design of the Quartz tube reactor 

The quartz tube reactor used is shown in Fig. 2.3. The reactor temperature is 

monitored with three K-type stainless steel sheathed thermocouples. The 

thermocouples utilized for this study measured the catalyst temperature (Tc), which 

was positioned within an internal monolith channel at the approximate mid-point of 

the monolith (radial and axial) and had an O.D. of 0.02 inches. The gas feed (Tf) and 

outlet (To) temperatures (0.02 inches O.D.) were also monitored about 15 cm before 

the front face of the monolith sample and 0.2 cm beyond the back face, respectively. 
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2.2.3. Analysis System  

Downstream of the reactor, the effluent gases flowed through heated lines (140 

C) to a gas phase analysis system comprising a FT-IR spectrometer (Thermo 

Scientific, Nicolet 6700 Optical Spectrometer) and a Quadrupole Mass Spectrometer 

(Hiden Analytical, HPR20). The FT-IR has a 2 m Gas Cell with a volume of 200 cm3, 

ZnSe
 
windows. The cell can be heated up to 185

 
C and was connected to a pressure 

controller (MKS Type 250), a temperature controller (120V Digi SENSE 

Temperature controller) and a diaphragm pump in order to maintain constant 

temperature and pressure of 150 C and 774 torr respectively in the gas cell. The 

species concentrations measured by the FT-IR included NO, NO2, N2O, NH3, CO, CO2, 

and H2O. The QMS was tied into the effluent line approximately 1.7 m downstream 

of the Reactor exit and was used to measure N2 (in the absence of CO), CO, CO2, O2, 

H2O, and H2. In all the experiments Argon was used as the diluent.  

2.2.4. Data Acquisition  

The data acquisition system consisted of three PCs and a National Instruments 

PXI-1044 module. Analog signals from the thermocouples, pressure gauge, mass 

flow controllers, switching valves were sent to PXI-1044 module (National 

Instruments), which converted the signals from analog to digital. These data were 

recorded on a PC using Labview® Software. Calibrations of the pressure gauge, 

thermocouples and mass flow controllers converted the corresponding voltages to 

pressure, temperature and flow rate, respectively.  
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The FT-IR composition data was collected on different PC using OMNIC®
 

software (Thermo Scientific; version 7). The QMS composition data was collected on 

separate computer using MASSoft Professional Software. All three soft-wares 

(OMNIC, MASSoft Professional and Labview) produced individual text files that 

were converted to Excel spreadsheets for analysis. At the beginning of the 

experiment, all three programs were started at the same time within a few seconds 

difference. The difference in start times was reported and taken into account along 

with the time delay for the gases to be measured in their corresponding analytical 

equipment. For example, the time at which product N2
 
exits the monolith sample 

and the time at which it is measured in the QMS depends on the flow rate and the 

distance from the reactor to the chamber. In order to align the time for the output 

from multiple analyzers, tracer experiments were conducted in order to determine 

the time delays between the switching valve and each measurement device (QMS 

and FT-IR). The time delays between the Labview program and each measurement 

device were used to adjust the data from the different devices, enabling an accurate 

analysis of the experiments to be done. 

2.3. Operating Procedures  

The operating procedures were dependent upon the type of experiment being 

conducted. Some runs require programming the furnace (automated runs) and 

starting the furnace programs at the same time as the analysis files. Most of the 

results reported here are steady-state experiments and these usually took a long 

time to obtain a steady-state, so manual adjustment of the temperature setting was 
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found to be the most convenient approach. The steps for operating the experimental 

setup are outlined below:  

1.  Fill the FT-IR reservoir with liquid nitrogen. The purpose of the liquid N2
 
was 

to cool the detector to enable the max signal strength to be obtained. Once 

the reservoir was filled with liquid Nitrogen, the time for the detector to cool 

and obtain the maximum intensity (peak value) was approximately 20 min.  

2.  Set the FT-IR heater for the gas cell to the appropriate temperature. The 

normal setting was 150 C. A temperature above 100 C was used to ensure 

that the condensation of water does not occur. If the temperature setting was 

changed, it also had to be changed in the OMNIC software. Further, for the 

most accurate measurements with the FT-IR, the setting of the temperature 

should be set at the same temperature at which the FT-IR was calibrated.  

3. Load the reactor with the appropriate catalyst/monolith as required by the 

experiment.  

a. The monoliths were wrapped with Fiberfrax® ceramic paper that had been 

heat treated and then placed in the quartz tube reactor.  

b. Check for leaks at the top and bottom of the reactor where the quartz tubing 

and Swagelok fittings are connected. The most convenient approach was by 

flowing 3000sccm directly through the bypass to the FT-IR and then flowing 

the 3000sccm through the reactor to the FT-IR. If there are no leaks, the 

pressure at the inlet to the FT-IR would be the same for both cases.  

c. Purge reactor to remove all of the N2
 

and H2O prior to running an 

experiment. 
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4. Check that all gas cylinder valves were open for those gases that were to be 

used and that the tank pressures were high enough to supply gas feed for the 

entire run. If any of the tanks emptied before the end of the experiment, the 

remainder of the experiment would have to be repeated. Further, if the 

carrier gas pressure was not high enough and the tank completely emptied, 

the concentration of all of the reactive gases would increase. The gas mixture 

being fed to the reactor would undoubtedly be in the flammability regime if a 

reductant (H2, CO, NH3) and oxidant (O2
 
or NOX) were being fed. To avoid the 

carrier gas tank running out, the tank would be switched to a full tank prior 

to the long experiments if the pressure was low. Eventually, a second carrier 

gas tank and pressure regulator was added to the carrier gas feed line. The 

additional tank allowed for experiments to be continually run without 

shutting down in order to switch an empty tank. In addition, less carrier gas 

was wasted.  

5.  Check that all valves below the MFCs were open for those gases that were to 

be used. Some of the MFCs began to leak due to their age and on/off valves 

were placed below them to prevent the flow of unwanted gases during the 

experiment.  

6.  Check that all MFCs were turned on (check power supply).  

7.  Flow inert Ar to reactor (effluent of reactor goes to the vent) and to the FT-IR 

through the blank line, which then also goes to the vent.  

8.  Turn on the controllers for the heating tape to heat the effluent lines.  

9.   If H2O is to be fed during the experiments then  
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a. Fill the ISCO pump with deionized H2O.  

b. The controllers of the heating tape for the vaporizer and feed lines must be 

turned on.  

c. Once the vaporizer is heated to 260 C and the remaining lines are above 150 

C, then begin to flow the specified liquid water flow rate with the ISCO 

pump, that is needed for the experiment. The vaporizer has a metering valve 

(set at 92 psi), so the water flow rate may be increased to pressurize the line 

more quickly. However, the flow rate must be decreased before 92 psi is 

reached or large amounts of water will be flowing into the reactor inlet gas 

line.  

10. Start Labview software and open the appropriate program to operate the 

MFCs and the switching valves. 

11. Open MASSoft Professional Software to calibrate the QMS. This is done once 

everyday or whenever the signal begins to drift. 

a. Record the pressure and do a SEM calibration.  

b. Calibrate the gases necessary for the specific instrument. (Note that the 

sampling rate is dependent on the number of gases being measured and the 

accuracy setting.) The gases that are to be measured in the experiment must 

be calibrated for a minimum of five concentrations and the calibration 

concentrations should span the concentration range of those gases in the 

experiment. 
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12. Open OMNIC software and select the appropriate experiment set-up. For 

example, gases to monitor (only five during the experiment), experiment 

time, and sampling rate.  

13. Record the FT-IR gas cell inlet pressure from the digital pressure gauge.  

14. Collect background spectra using 64 scans. Save one background per day for 

future reference. Go to Collect Background. When problems occur or are 

noticed, it is good to be able to go back and look at old background spectra to 

determine exactly when the problem occurred. Further, the experiment that 

caused the problem will be able to be determined and then avoided.  

15. Collect a sample spectrum with only Ar flowing to ensure that the baseline is 

flat and stable.  

16. Check that all gases are lined up properly and that the reactor outlet is the 

only line going to the FT-IR.  

18.  Set the inert (Ar) flow rate to the desired total flow rate for the experiment.  

19. Check for leaks in the system by running pressure tests & using snoop at 

tubing junctions. The entire system should be checked at least once a month. 

However, nothing should begin to leak unless changes in the experimental 

setup have been done.  

20. Set the reactor heater to the desired initial temperature and wait for it to 

stabilize before starting the experiment.  

21. Program the furnace for the appropriate experiment.  
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22. Make sure the inlet pressure of the FT-IR is at the pressure at which the 

calibration is conducted. This is done by adjusting the pressure controller 

connected to the gas cell. 

23. Turn H2O flow to the reactor (if needed for the experiment) with the correct 

total flow rate and make sure the water flow rate has stabilized.  

24. Begin running experiments by opening the appropriate Labview file, MASSoft 

Professional file, and configuring the OMNIC Series set-up information as 

necessary. Start all three files and the furnace program (if necessary) 

simultaneously when collecting real-time data.  

2.4. Shut-Down Procedure  

The shut down procedure of the bench scale reactor setup after the successful 

completion of each experiment is outlined below: 

1. At the end of the experiment, stop each program (OMNIC, MASSoft 

Professional, and Labview)  

2. Restart Labview with a manual file to turn off all of the reactive gases and flow 

a low flow rate (<1000sccm) of Ar through the reactor as it cools down. A 

low flow rate of inert (250sccm) is left running over night to continually 

purge the instruments.  

3. Turn the H2O flow rate off with the Isco pump if H2O was being used in the 

experiment.  

4. Turn down the heating tape to lengthen their life and prevent fires over night.  
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2.5. Safety  

Due to the use of toxic gases, multiple detectors were placed throughout the lab. 

Odorless carbon monoxide is very harmful and can be fatal. It is odorless and 

colorless and can only be detected by a CO detector. One CO detector (Air Aware, 

Industrial Scientific) was placed near the reactor set-up. Nitrogen dioxide is also a 

very harmful gas. Exposure to NO2
 
can lead to the formation of nitric acid in your 

lungs. A NO2
 
detector (Air Aware, Industrial Scientific) was also placed near the 

reactor set-up. The NO2
 
detector was placed closer to the floor because NO2

 
has a 

larger molecular weight than N2
 
and will accumulate near the ground.  

In situations, when experiments are run overnight or when one or more of the 

reactant gases run out, the Labview program is designed to shut down all the gases 

except the inert gas, Ar.  
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CHAPTER 3 Elucidating NH3 Formation During NOx 

reduction by CO on Pt-BaO/Al2O3 in Excess Water (Steady-

State studies) 

3.1. Introduction 

The future prospects for diesel engines are promising due to their higher fuel 

economy and durability compared to gasoline engines. However, diesel engines emit 

particulate soot and nitrogen oxides (NOx), which, because of their attendant health 

effects, are subject to increasingly more stringent emission standards worldwide, 

such as recent U.S. 2010 and Euro VI rules. These rules have led to the development 

of new after-treatment technologies for abating soot and NOx. Regarding NOx in 

particular, extensive research has been carried out during the past 10 years to 

develop new NOx reduction technologies, of which NH3-selective catalytic reduction 

(NH3-SCR) and NOx storage and reduction (NSR) are particularly effective.   

The SCR system consists of an exchanged zeolite (e.g., Cu-ZSM-5, Fe-ZSM-5) [63-

66]and involves the injection of a reducing agent (NH3 from urea decomposition) 

into the exhaust gas upstream of the catalyst. The NH3 reacts selectively with NOx to 

N2 in the presence of excess O2. SCR is a highly efficient NOx reduction system and 

has been widely used in many industrial (stationary) applications. However, the 

main disadvantages associated with the vehicle-scale SCR include high capital and 

operating costs associated with the NH3 injection system, generation of ammonia 

emissions, urea decomposition byproducts, etc. These issues need to be addressed 

in order to fully exploit SCR system. 
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The so-called lean NOx trap (LNT) contains multi-functional catalysts to carry 

out NSR. These catalysts typically consist of a storage component (alkaline earth 

metal oxide) and precious metal components (Pt, Rh)[67-70].  NO is oxidized to NO2 

on Pt, and NO2 is stored in the form of nitrates and nitrites on the storage 

component.  Prior to significant NOx breakthrough, the LNT is regenerated through 

the injection of a reductant (CO, H2, hydrocarbons), which effects the conversion of 

the stored NOx to desired product N2 and byproducts N2O and NH3. Although these 

catalysts have seen some commercial applications, the two-stage mechanism of NOx 

storage and its subsequent reduction is still under debate, especially in regards to 

selectivity effects during reduction by a mixture containing multiple reductants (CO, 

H2, hydrocarbons). 

The combined LNT-SCR system is gaining much attention during the past several 

years [71-77]. This system positions a SCR catalyst downstream of a LNT catalyst. 

The operating concept is that the NH3 formed during the rich phase operation of the 

LNT catalyst is trapped on the downstream SCR catalyst and is used to reduce NO 

that breaks through the LNT in a subsequent regeneration.  The primary advantage 

afforded by the combined system is the elimination of the cost and complexity of an 

aqueous urea injection system used for the SCR system.  Also, for the same overall 

volume of the catalyst implemented, SCR replaces a portion of the LNT, which 

reduces cost when compared to an independent system while preserving the overall 

NOx reducing efficiency. Its effectiveness relies on the ability of the LNT to generate 

the requisite NH3 needed for NOx reduction in the SCR unit. Clearly, an optimum 
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design of the combined system requires a better understanding of the mechanistic 

pathways leading to the NH3 formation on the LNT. 

NH3 formation on precious metal catalysts 

Ammonia formation in emission after-treatment catalysis is quite complex due 

to the large number of competing reactions. On a precious metal catalyst such as Pt, 

H2 effectively reduces NO to NH3 when the feed concentrations of NO and H2 satisfy 

the rich stoichiometric requirements (H2/NO > 2.5).  However, NH3 can also form 

when the exhaust feed is devoid of H2.  In such a case, two major routes are possible; 

an isocyanate hydrolysis route and the water gas shift (WGS)/NOx hydrogenation 

route.  

Isocyanate Hydrolysis Pathway 

The intermediate isocyanate (-NCO) ad-species was first identified in the 

pioneering study of Unland [47, 56, 78], who studied the reaction of NO and CO on 

noble metal catalysts. Unland suggested that isocyanate hydrolysis could lead to the 

formation of NH3 during the reaction of NO-CO in the presence of water. In 

subsequent studies, Solymosi et al. [50, 51] carried out comprehensive mechanistic 

investigations on the formation, stability, and reactivity of isocyanate species. One of 

the major findings was that on certain precious metal/support combinations, NO 

and CO can react to produce different products, including N2, N2O, CO2, HNCO, etc. 

They proposed a mechanism of isocyanate formation involving the breaking of the 

N-O bond either by direct dissociation or during the reaction between surface NO 

and CO.  They suggested that the isocyanate species is highly unstable on 
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unsupported Pt and can undergo surface decomposition through the reversible 

reaction [51], 

Pt-NCO(ads)   Pt-N(ads)  + CO(gas).                                             (3.1) 

They further suggested that on supported precious metal catalysts such as Pt/Al2O3, 

the isocyanate species migrate from the Pt onto the support, represented by 

Pt-NCO(ads) + M  M-NCO(ads) + Pt,                                           (3.2) 

where M is the metal component (Al, Si) of the catalyst support. This was suggested 

to be a fast process. The driving force for this migration can be the strong bond 

between the isocyanate species and the electron acceptor Lewis centers on the 

oxidic support [49]. Once isocyanate species are formed, hydrolysis rapidly occurs 

in the presence of water, producing NH3 [49, 56] according to the following set of 

reactions: 

                                       Pt-NCO(ads) + H2O  Pt-OH(ads) + HNCO,                                       (3.3) 

                                 HNCO + H2O  H2NCOOH  NH3 + CO2,                                                (3.4)  

                                         Pt-NCO(ads) + H2O  Pt-NH2(ads) + CO2,                                        (3.5) 

                                          Pt-NH2(ads) + H2O  Pt-OH(ads) + NH3.                                         (3.6) 

The formation and stability of the intermediate isocyanate species depend on the 

nature of the support, and the species are much more stable on silica than alumina 

owing to the high stability of the Si-NCO species [51].   
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Water Gas Shift Pathway 

This pathway involves the water gas shift reaction between CO and H2O. The 

hydrogen so formed is a good reducing agent for NO and reduces NO to NH3 as 

represented by the following set of equations:  

                                                  CO + H2O  CO2 + H2,                                                   (3.7) 

                                              NO + 2.5 H2  NH3 + H2O.                                              (3.8)                                             

The WGS reaction is ubiquitous in many reaction systems. A large number of studies 

have been conducted with most attention on Cu- based catalysts. Mavrikakis et al. 

[79] and Kalamaras et al. [80, 81] conducted WGS studies on Cu and Pt based 

catalysts, respectively, and suggested that the reaction involves the formation of at 

least two forms of formate (–COOH) species residing on the alumina surface, one of 

which was active and leads to the formation of CO2 and H2, and the other considered 

as inactive (spectator) adsorbed reaction intermediate species.  

Both the isocyanate and water gas shift pathways involve formation of NH3 

according to the overall stoichiometry given by 

                                        2 NO + 5 CO + 3 H2O  2 NH3 + 5 CO2.                                (3.9)                                        

Thus, it is challenging to identify the major pathway from feed mixtures containing 

the three species. Certainly in situ surface measurements of isocyanate provide 

insight[50, 52]. However, even that approach has uncertainties about active 

involvement versus spectator roles. For example, while in situ DRIFTS indicate the 

presence of isocyanate (-NCO) species, this alone does not prove that all these 
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species are readily hydrolyzed to NH3.  Chansai et al. [61, 62] pointed out that under 

steady state conditions some of these species can be inactive (spectator) residing on 

the support away from the support-active site interface. 

The objective of the current study is to carry out a systematic bench-scale 

reactor study in which we compare several different NO reductant systems on the 

same Pt/BaO/Al2O3 monolith catalyst, including CO, CO/H2O, and CO/H2.  The 

experiments of the multiple reductant systems provide information on activity and 

selectivity differences and intrinsic kinetics. To this end, we advance likely 

mechanisms and assess the relative contributions of the WGS and isocyanate routes 

for NH3 formation. 

3.2. Experimental  

3.2.1. Catalyst Samples 

The catalyst samples used for these experiments were washcoated monolith 

catalysts provided by BASF (Iselin, New Jersey).  The washcoat contained 1.99% Pt, 

24.5% BaO, and remainder γ-alumina with a mass loading of 2.3 g/in3 monolith.  

The washcoat was supported on a cordierite structure (∼62 channels/cm2). Larger 

cylindrical cores (D = 3.8 cm, L = 7.6 cm) were cut using a dry diamond saw to a 

smaller, nearly cylindrical shape (D = 1.23 cm, L = 3.53 cm). In order to avoid 

bypass, the sample was wrapped in Fiberfrax® ceramic paper that had been 

pretreated and then placed in a quartz tube flow reactor. The sample was not 

exposed to temperatures exceeding 500 oC to avoid sintering and loss in activity.  
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3.2.2. Flow reactor set-up  

The new experimental set-up used in this study is similar to the set-up used in 

previous studies [82] and comprised four major components; a feed system, a 

reactor system, an analytical system, and a data acquisition system. A bank of gas 

cylinders (Matheson Tri-Gas) and mass flow controllers (MKS Inc.) were utilized to 

simulate the feed gas mixtures. A syringe pump (Teledyne Isco model 100DX) was 

used for injecting water into the reactor system. In order to achieve constant feed 

rate of water, a needle valve was used to reduce the pressure while at high 

temperature, causing flash vaporization. Stainless steel tubing of 1/16” diameter 

was used to introduce the water directly into the carrier gas stream by way of a 

bored-through fitting. The reactor system consisted of a quartz tube flow reactor 

positioned inside a ThermocraftTM tube furnace. The reactor temperature was 

monitored with three K-type stainless steel sheathed thermocouples (OD = 0.75 

mm). One thermocouple measured the catalyst temperature (Tc) which was 

positioned within an internal monolith channel at the approximate mid-point of the 

monolith (radial and axial) while the gas feed (Tf) and outlet (To) temperatures were 

monitored by thermocouples, one 1 cm upstream of the catalyst and the other 0.2 

cm downstream of the catalyst, respectively.  

Downstream of the reactor the effluent gases flowed through heated lines (130 

oC) to a gas phase analysis system comprising a quadrupole mass spectrometer 

(Hiden, HPR-20 QIC) and a FT-IR spectrometer (Thermo Scientific, 6700 Nicolet). 

Analog signals from the thermocouples, pressure gauge and mass flow controllers 
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were sent to a National Instruments module to digitize the signals. These data were 

recorded on a PC using Labview® Software while the FT-IR composition data was 

collected on another PC using OMNIC Software. The mass spectrometer data was 

collected on a third PC using Massoft Professional® Software. In order to 

synchronize the outputs from multiple analyzers, tracer studies were carried out to 

determine the time delays between all points in the experimental system. The N2 

concentration was not measured because of overlap with CO at m/e = 28; an overall 

N material balance enabled an estimate of the N2 selectivity. 

3.2.3. Steady-state experiments 

Several integral experiments of four reaction mixtures:  (i) NO+CO; (ii) 

NO+CO+H2O; (iii) NO+H2; (iv) NO+CO+H2 were carried out at constant temperature. 

All data involved steady-state measurements. Prior to each experiment, the catalyst 

was pre-reduced with 1% H2 (in Ar) at a total flow rate of 3000 sccm gas for 40 min 

at a temperature of 300 oC and then cooled down to room temperature in an inert 

flow of Ar. In all the experiments Ar was used as the carrier gas with a total flow rate 

of 3000 sccm (gas hourly space velocity GHSV = 43,000 hr-1 based on total monolith 

volume). Steady-state conversion data was obtained by setting the furnace 

temperature to the prescribed value, and then feeding 500ppm of NO and reductant 

to the reactor until the outlet concentrations of all the effluent gases measured were 

time invariant for at least 30 min. Approximately, 1-4 hours were required to 

achieve steady-state operation, depending on the feed concentrations. Longer 
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transients occurred at transitions between two different regimes as we describe 

below.  

The dependence of the reactant (NO, CO) conversions and product (N2, N2O, 

NH3) selectivities provide insight into the competition between reaction pathways 

leading to different products. The reactant conversion and product selectivity of all 

the species involved are defined as: 

                                     NO conversion =     
     

     
                                           (3.10) 

                                    CO conversion =     
     

     
                                            (3.11)                                

                                    N2O selectivity = 
        

             
                                            (3.12)                                 

NH3 selectivity = 
      

             
                                            (3.13)                            

where Ci,f and Ci.m denote feed and effluent concentrations of species i. N2 is not 

directly measured in the experiments, and the selectivity is calculated based on 

element balance of N (assuming no N-containing products except N2O, N2 and NH3). 

The experiments were repeated 2-3 times, and an experimental error of <3% was 

observed. 

Differential reaction experiments were also carried out to estimate reaction 

orders. The same catalyst sample was used with a total flowrate of 3000 sccm and a 

space velocity of 43,000 hr-1. During these experiments the CO concentration was 

varied over the range of 320-500 ppm while keeping NO concentration constant at 
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500 ppm in Ar. These data were used to determine the order of the NO reduction by 

CO reaction with respect to CO. Similar experiments were performed to determine 

the reaction order with respect to CO during the water gas shift reaction. In all the 

experiments conducted for determining the reaction orders, the CO conversion was 

< 15%. 

3.3.  Results and discussion 

3.3.1. NO + CO in the absence of water 

A constant feed concentration of 500 ppm of NO was admitted to the reactor 

while varying the concentration of CO from 15 – 2000 ppm in step increments. On Pt 

the two main reactions of NO and CO involves N2 and N2O formation according to 

reactions given by:  

                                                         2 NO + CO  N2O + CO2,                                               (3.14) 

                                                         NO + CO  ½ N2 + CO2.                                                (3.15) 

Fig. 3.1a shows the reactant conversions (NO and CO) and Fig. 3.1b shows the 

product selectivities (N2 and N2O) as a function of the feed concentrations of CO. In 

the lower concentration range of CO (15-320 ppm) the NO conversion increased 

nearly linearly with the CO concentration while the CO conversion was essentially 

100%. However, further increasing the feed CO concentration above 320 ppm led to 

a sudden drop (extinction) in the conversions of both NO and CO. As the CO 

concentration was increased further NO and CO conversions asymptotically 

approached zero. Over a finite range of CO concentration the conversion was a 
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multi-valued function. In order to confirm the existence of multiple states we 

switched the manner in which the CO concentration was varied. Upon reaching the 

CO feed concentration at which the sharp drop in the conversion of both NO and CO  

 

 
 

Figure 3.1 Effect of inlet CO concentration on the a) reactant conversion and b) product 
distribution during the reaction of NO (500 ppm) + CO (15-2500 ppm) at 270 ˚C 
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was observed, the CO feed concentration was decreased rather than increased to 

determine if the conversion would follow the same path. Rather than reversing its 

path along the linear path the NO conversion increased only slightly. Subsequent 

incremental reductions in the CO concentration led to incremental increases in the 

conversion. In fact, as seen in Fig. 3.1, an apparent intermediate branch of states 

having a positive slope for NOx conversion was measured. Eventually the 

conversion returned to the high branch at a sufficiently low CO concentration. This 

increase was not nearly as abrupt as when the aforementioned extinction occurred. 

Indeed, the transient approach to steady state was noticeably slower in this regime, 

taking several hours or more. 

To check the generality of these trends, we repeated the experiment at two 

additional temperatures (240, 300 oC) with all other feed conditions the same. 

Multiple steady states were observed over a finite feed CO range at all temperatures 

studied. Fig. 3.2 shows the NOx conversion as a function of the feed concentration of 

CO for the other temperatures. A similar linear regime at low concentration and a 

negative-order regime at high concentrations were observed and at an intermediate 

CO concentration a similar abrupt drop in the conversion was observed. The feed CO 

concentration at which the extinction was observed increased with the reaction 

temperature. The observed shift in conversion with CO feed concentration reveals 

the presence of at least two rate controlling regimes. To the left of the conversion 

maximum, the reaction is limited by the supply of CO; i.e., feed rate limited state. 

That the positive-order conversion branch was essentially independent of 

temperature and the CO conversion was essentially 100% underscores the fact that 
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the reduction of NO was limited by the supply of CO. At a high enough CO 

concentration, an abrupt shift in the conversion occurs as a result of significant self-

inhibition by CO.  

 
 

Figure 3.2 Effect of inlet CO concentration on NO conversion during the reaction of NO (500 
ppm) + CO (15-2500 ppm) at 240 and 300 °C 
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al. [87] observed multiple states during CO oxidation in an integral reactor filled 

with alumina supported platinum catalysts. They interpreted the multiplicities as 

being caused by the interactions of the kinetics of the CO oxidation and intra-pellet 

diffusion resistances. The number of local steady-state solutions is three, from 

which the two extreme solutions are typically stable and the middle one is unstable 

[88]. In that study more than two stable states were observed under integral 

operation, the likely result of incomplete synchronization of the local steady states.  

In order to quantify the extent of the CO inhibition, differential kinetic 

experiments were performed. The feed concentration of CO was systematically 

varied from 320-500 ppm while keeping the concentration of NO constant at 500 

ppm. To ensure differential operation, the NO conversion was maintained below 

15%. Fig. 3.3 shows that the reaction is negative first order with respect to CO for T 

= 270 ˚C.  

 
 

Figure 3.3 Logarithm of rate vs average CO concentration to obtain the reaction order 
during the reduction of NO by CO reaction at 270 ˚C 
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A similar CO inhibition effect on NO reduction reaction has been reported on Pt-

Rh/Al2O3 and Pt-Rh/Al2O3-CeO2 monolith catalysts [89]. The -1 order implies that Pt 

surface is covered by CO, which blocks sites for adsorption of other reactants. 

Consider the mechanistic sequence of adsorption, surface reaction, and desorption 

steps: 

S1:  NO + *  NO*, 

S2:  CO + *  CO*, 

S3:  NO* + *  N* + O*, 

S4:  NO* + N*  N2 + O* + *, 

S5:  NO* + N*  N2O + 2 *, 

S6:  CO* + NO*  CO2 + N* + *, 

S7:  2 N*  N2 + 2 *, 

S8:  CO* + O*  CO2 + 2*. 

Granger et al. [90] reported NO + CO data on Pt catalysts and analyzed a number 

of different mechanisms in terms of their predictive capabilities. The mechanism in 

which NO bond scission (S3) was the rate determining step (RDS) performed best 

compared to others, including one involving bimolecular reaction between NO and 

CO (S6). Another explanation based on other works [49-51] involves an isocyanate 

ad-species (NCO-) that is formed in the higher feed CO concentrations. The sequence 
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of steps involves formation through coupling of NO and CO with reversible 

migration to the support (S): 

S9: N* + CO  NCO*, 

S10: N* + CO*  NCO* + *, 

S11:  NCO* + S  NCO-S + *. 

Thus, the isocyanate species can also result in rate inhibition, potentially in 

addition to the aforementioned CO inhibition. As mentioned earlier, formation and 

detection of the isocyanate does not guarantee its active involvement in the 

formation of ammonia. Its migration to the support creates a potential spectator 

role.  Unambiguous confirmation of its involvement would require isotopic labeling 

with operand spectroscopy, following the work of Burch and coworkers [61, 62].  

3.3.2. NO + CO in the presence of water 

The effect of water on the NO reduction by CO was examined by repeating the 

same experiments but in the presence of water (4% v/v). Obviously, engine exhaust 

contains H2O, so understanding its effect is of practical interest. Water is known to 

enhance the reduction of NO by CO and also leads to the production of the additional 

N-containing product NH3 [91, 92]. Fig. 3.4a shows the reactant conversions (NO and 

CO), and Fig. 3.4b shows the product distribution (N2, N2O and NH3) as a function of 

the inlet concentration of CO at 270 oC. In the feed CO concentration range of 150-

750 ppm, NO conversion increases nearly linearly with the CO concentration up to 
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complete conversion. In this CO limited regime the CO conversion is complete but 

then drops in concert with the NO conversion at higher CO concentrations.   

 

 
 

Figure 3.4 Effect of inlet CO concentration on the a) Reactant conversion and b) Product 
distribution during the reaction of NO (500 ppm) + CO (150-2500 ppm) + H2O (4% v/v) 
at 270 ˚C 
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The decrease in the NO and CO conversions is not as sharp as that observed 

during the reduction of NO by CO in the absence of water (Fig. 3.1). Furthermore, 

the product distribution has two new features.  First, it shows a much sharper 

decrease in the N2O selectivity with an increase in the CO concentration, in favor of 

an increase in the N2 selectivity. The N2 selectivity approaches 100% at a CO 

concentration of 550 ppm.  These trends follow the stoichiometry of N2O and N2 

formation (14, 15).  Second, NH3 emerges as an important product at higher CO 

concentrations. The N2 selectivity decreases in favor of NH3 in the higher CO 

concentration range (1000-2500 ppm). In excess CO the product distribution 

contains a mixture of NH3 (75 – 80%), N2 (15-20%), and N2O (5-10%). 

 
 

Figure 3.5 Effect of inlet CO concentration on CO conversion and corresponding CO2 
formation during the WGS reaction of CO (100-2500 ppm) + H2O (4% v/v) at 270 oC 
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The decrease in the NO and CO conversion in the higher CO concentration range 

of 750-2500 ppm can be ascribed to the aforementioned CO inhibition observed 

during the reduction of NO by CO in the absence of water. As mentioned above, the 

formation of NH3 is attributed to two possible pathways. These are considered in 

more detail next. 

The first pathway involves the reduction of NO by hydrogen produced via a 

water gas shift reaction sequence. The contribution by the water gas shift pathway 

towards NH3 formation was investigated by carrying out the CO + H2O reaction for 

the same reaction conditions. Fig. 3.5 shows the dependence of the CO conversion 

on the CO feed concentration for a feed mixture containing CO and 4% (v/v) H2O at 

270 oC. Complete conversion of CO was achieved below 300 ppm CO. The 

corresponding CO2 production (in effluent concentration) is also shown in Fig. 3.5. 

The reaction order with respect to CO during the water gas shift reaction was found 

to be ~ -0.23. These results clearly show that the catalyst is active for WGS but 

shows some inhibition by CO.  Thus, hydrogen formed by water gas shift chemistry 

is available to react with adsorbed NO. The mechanistic sequence for the WGS 

pathway involves the same set of steps for the NO + CO system (S1-S8):  

S1:  NO + *  NO*, 

S2:  CO + *  CO*, 

S3:  NO* + *  N* + O*, 

S4:  NO* + N*  N2 + O* + *, 
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S5:  NO* + N*  N2O + 2 *, 

S6:  CO* + NO*  CO2 + N* + *, 

S7:  2 N*  N2 + 2 *, 

S8:  CO* + O*  CO2 + 2*. 

The activation of water generates H* and OH*, following the established features 

of the water gas shift reaction [93, 94], which leads to a large number of steps.  Key 

ones are shown below: 

S12:  H2O + *  H2O*, 

S13:  H2O* + *  OH* + H*, 

S14:  CO* + OH*  COOH* + *, 

S15:  COOH*  CO2 + H*, 

S16:  2 H*  H2 + 2*, 

S17:  H* + NO*  HNO* + *, 

S18:  HNO* + *  NH* + O*, 

S19:  HNO* + *  N* + OH*, 

S20:  NH* + H*  NH2* + *, 

S21:  NH2* + H*  NH3* + *, 

S22:  NH3*  NH3 + *. 
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The above mechanism shows that the reduction of NO may be enhanced due to 

the generation of surface H* (steps S17-S19). This follows from the pioneering study 

of Shelef et al. [95] who speculated that the atomic hydrogen derived from the 

water-gas shift reaction could react with the NO before its recombination and 

desorption as molecular hydrogen (H2).   

The second pathway involves the hydrolysis of isocyanates, which occurs by the 

sequential formation of isocyanate, followed by adsorption of water and then 

reaction:  

S9:  CO* + N*  NCO* + *, 

S10: N* + CO  NCO*, 

S11:  NCO* + S  NCO-S + *, 

S12:  H2O + *  H2O*, 

S13:  H2O* + *  OH* + H*, 

S23:  OH* + NCO*  NH* + CO2, 

S20:  NH* + H*  NH2* + *, 

S21:  NH2* + H*  NH3* + *, 

S22:  NH3*  NH3 + *. 

Clearly, the key steps here are the formation of isocyanate (S9, S10), reversible 

migration (spillover) from the support (S11), and reaction with OH (S23). Previous 
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studies [47, 56] report the formation of isocyanate ad-species under conditions 

similar to those carried out here, which suggests that the hydrolysis of the 

isocyanates so formed can lead to the formation of NH3. On the other hand, the WGS 

results (Fig. 3.5) suggest the formation of hydrogen which can reduce NO to NH3.  

Therefore both the routes can lead to the formation of NH3 under the conditions 

considered here.  In order to better understand the extent of the WGS/NO reduction 

by H2 route, we studied the reduction of NO by H2 alone and also in the presence of 

excess CO (CO inhibiting effect), i.e., the behavior of H2 in the CO inhibited regime. 

3.3.3. NO + H2 

As mentioned earlier, H2 is known to be a good reducing agent for NO reduction 

with reduction products being N2O, N2, and NH3 depending on the reaction 

conditions and NO/H2 ratio [96]. In order for the WGS pathway to be viable, H2 

generated by the WGS must be able to react with NO. To investigate this issue, first 

we carried out the same NO reduction experiment but replaced the CO with H2. 

Figure 3.6 shows NO conversion and product distribution as a function of the feed 

concentration of H2 at 270 oC with 500 ppm NO in the feed.  The results show that as 

the feed concentration of H2 increased, NO conversion increased linearly and 

attained complete conversion for a H2 concentration > 500 ppm. The product 

distribution shifted from N2O to N2 to NH3 as the concentration of H2 increased. In 

the higher feed concentration range of H2, i.e., (1250-2500 ppm), NH3 was the major 

NO reduction product with minute amounts of N2 being formed and no N2O 

detected. 
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Figure 3.6 Effect of inlet H2 concentration on the reaction of NO (500 ppm) + H2 (100-2500 
ppm) at 270 ˚C 

The product distribution is in accordance to the stoichiometric concentration 
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 These results are similar to those reported by Clayton et al. [96].  The main 
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3.3.4. Comparison of reductant systems 

It is instructive to compare the NO conversion for the different reaction systems 

described thus far. Fig. 3.7 compares the NO and CO conversions during the 

reduction of NO by CO in the presence and absence of water, and the conversion of 

CO during the WGS reaction.  

 

 
Figure 3.7 Comparison of NO and CO conversion during the reaction of a) NO (500 ppm) + 

CO in the presence of water (4% v/v), b) NO (500 ppm) + CO in the absence of water 
and c) water gas shift reaction of CO+ H2O (4% v/v) at 270 ˚C 

The data show that the CO inhibition of the NO reduction is most prominent for 

the dry feed.  In the presence of H2O, the high conversion regime is sustained over a 

much wider range of CO concentrations.  Specifically, the maximum feed CO 

concentration up to which complete conversion of CO is sustained increased from 
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320 ppm to 750 ppm upon the addition of water. Moreover, the conversions of NO 

and CO decrease much more gradually in the presence of H2O.  These trends clearly 

suggest that consumption of CO serves to mitigate its inhibitive effect.  This occurs 

through the water gas shift pathway, for which CO reacts with H2O to generate 

hydrogen, which then reacts with NO, forming N2O, N2, or NH3.  As mentioned 

earlier, the reaction order with respect to CO is about -0.23 for WGS and -1 for the 

NO + CO reaction. But again, an alternative route involves adsorbed CO reacting with 

NO to form NCO* surface species, which may then react with H2O to form NH3.  

Below we comment on this second route. 

Fig. 3.8a compares the NO conversion during the reduction of NO by H2, by CO, 

and by CO + H2O all as a function of the feed concentration of the reductant (CO or 

H2). The comparison clearly shows that in the lower reductant feed concentration 

range (<320 ppm) the NO conversion is identical for all three reductant systems. 

Under these conditions the NO conversion is limited by the reductant feed rate and 

the reductant identity is irrelevant.  However, as the reductant concentration is 

further increased (150-750 ppm) a dramatic departure in the NO conversion of the 

NO + CO reaction system from the other two systems is observed.  The NO 

conversion drops sharply at 320 ppm CO for the NO + CO reaction system, while the 

NO conversion decreases at 750 ppm CO for the NO + CO + H2O reaction system.  

Clearly, the presence of CO and its attendant inhibitive effect is the cause for the NO 

conversion decrease in both systems. The corresponding product distribution (N2O, 

N2, NH3) is shown in Fig. 3.8b for the NO + CO + H2O and NO + H2 reaction systems.   
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b)  
 

Figure 3.8 (A) Comparison of NO conversion during the reduction of NO by H2, CO, CO + H2O 
at 270 ᵒC. (B) Comparison of Product selectivity of N2O, N2, NH3 during NO reduction by 
H2 and CO + H2O as a function of the feed concentration of the reductant (H2 or CO) 
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concentration the selectivity exhibits a sharp maximum in the N2 selectivity.  At high 

reductant concentration the N2 gives way to NH3.  A noted  difference  is  that  the  

asymptotic  mixture  for  the  NO  +  CO  +  H2O  system contains non-negligible 

amounts of N2O (5-10%) and N2 (15-20%) compared to exclusively NH3 for the NO + 

H2 system at high reductant concentrations.  Another is the lower NO conversion for 

the CO/H2O feed compared to H2 only feed. These data clearly point to the primary 

pathway for the NO reduction being H2 production from the WGS reaction of CO and 

H2O. This rich mixture selectivity is attributed to the inhibiting effect of a high CO 

surface coverage. It was earlier shown that CO inhibits the WGS reaction (-0.23 

order) whereas no such inhibitory effect of H2 occurs in the NO + H2 system. Clearly, 

that the NO conversion is well below 100% for a CO feed concentrations above 750 

ppm indicates that insufficient H2 has been generated for NH3 synthesis.  

Furthermore, it is worth noting that were the 58socyanates pathway to be the 

dominant one, then one would certainly expect NH3 to be the only N-containing 

product, which it is not. 

A comparison of the corresponding CO conversion in the presence of NO only, 

H2O only, and NO and H2O together provides further evidence that the WGS/ NO 

reduction route to NH3 is the dominant one under the conditions examined here.  

Fig. 3.9 compares the following feeds:  

(1) NO (500 ppm) + CO (varied) 

(2) CO (varied) + H2O 4% (v/v) water  

(3) NO (500 ppm) + CO (varied) in water (4% v/v). 
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Figure 3.9 Comparison of CO conversion during the reaction of NO + CO, CO + H2O, NO + CO 
+ H2O at 270 ˚C over the Pt-Ba/Al2O3 catalyst. Inlet feed: 500 ppm NO, 150-2500 ppm 
CO, 4% v/v H2O 

The conditions for each involved a range of CO feed concentrations (15-2500 
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achieved at low feed CO concentrations (15-200 ppm) for each feed system as 
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explained earlier as was the sustained high CO conversion for the CO+H2O+NO 

system. For a fixed CO feed concentration in the intermediate range (500 - 2000 

ppm), there is a significant increase in the CO conversion when NO is added to the 

feed.  The addition of NO consumes additional CO, forming a mixture of N2 and N2O.  

H2 formed from the WGS reaction also reacts with NO, enabling the water gas shift 

reaction to proceed to a higher conversion.  An additional point to note is the 

convergence of the CO conversions for the WGS system and CO+H2O+NO system at 

high CO concentrations. 

3.3.5. NO reduction by H2 in the presence of CO 

During the reduction of NO by CO in the presence of H2O (Fig. 3.4, 3.8b), NH3 is 

the main N-containing product measured in the CO inhibition regime. In order to 

better understand the involvement of the WGS/NO reduction by H2 route, we 

investigated the reduction of NO by H2 under conditions in which CO covers the 

catalyst surface. For this purpose, steady-state experiments were carried out with a 

feed containing 500 ppm of NO in the presence of excess CO (2500 ppm) at different 

feed concentrations of H2 (0-2500 ppm).  This experiment simulates the H2-

producing effect of the WGS reaction on the NO + CO reaction system with particular 

attention placed on NH3 formation. To this end, a comparison to the NO+CO+H2O 

system helps to identify kinetic effects associated with the WGS chemistry and its 

coupling to the NO reduction. 
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Figure 3.10 Effect of CO (2500 ppm) on the product distribution and the conversion of NO 
and CO during the reaction of NO (500 ppm) + H2 (100-2500 ppm) at 270 ˚C 

Fig. 3.10 shows the reactant conversion (NO, CO) and product selectivity (N2O, 

N2 and NH3) for the NO + H2 + CO experiments. At 270 oC the NO conversion slowly 

increased with the feed concentration of H2 as opposed to the linear increase 

observed in earlier cases (e.g., Fig. 3.8). This is expected since the linear trend is 

indicative of a reducant limited state, which is not the case in the current 

experiments. Moreover, the conversion does not approach completion due to the 

inhibitive effect of CO (2500 ppm) over the entire range of H2 feed concentrations. 

NH3 is the main product with the selectivity approaching 90%. Finally, a nearly 

constant CO conversion of ~ 9 % was observed throughout the range of H2 

concentrations.  
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detected only when the concentration ratio of H2/NO ratio exceeded unity and 

approached 100% selectivity when the ratio exceeded 2.5 (H2 = 1250 ppm), in 

accordance with the NH3 formation stoichiometry (17).  However, in the presence of 

excess CO, NH3 is the main N-containing product over nearly the entire range of H2 

feed concentrations. For example, a feed containing 2500 ppm CO, 100 ppm H2, and 

500 ppm NO results in 20% NO conversion (100 ppm reacted), of which 70% forms 

NH3 (70 ppm).  Moreover N2O, N2, NH3 and CO2 are the only products formed; i.e. no 

H2O is formed. This is consistent with the overall reaction given by 

                                              NO + CO + 1.5 H2  NH3 + CO2.                                              (3.19) 

These results suggest that a high CO surface coverage directs NO reduction towards 

NH3 even under conditions when the concentration of H2 is much less than that of 

NO.  The reason for the promoting effect of CO on NH3 production can be attributed 

to surface coverage effects.  Since it is in surplus, CO scavenges O adatoms produced 

from NO bond scission. 

This suggests the following speculation in previous studies [91, 97], that H2 

assists the dissociation and reduction of NO:   

S12:  H2O + *  H2O*, 

S13:  H2O* + *  OH* + H*, 

S14:  CO* + OH*  COOH* + *, 

S15:  COOH*  CO2 + H*, 

S17:  H* + NO*  HNO* + *, 
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S18:  HNO* + *  NH* + O*, 

S19:  HNO* + *  N* + OH*, 

S20:  NH* + H*  NH2* + *, 

S21:  NH2* + H*  NH3* + *, 

S22:  NH3*  NH3 + *. 

Thus, the role of surface H is to sever the N-O bond to form NH, an ammonia 

precursor, while surface CO scavenges the surface OH and O, forming CO2.  Water is 

not an important product because the excess CO overwhelms the H2 due to its much 

higher concentration.   

 
 

Figure 3.11 Comparison of product selectivity to NH3 during the reduction of NO by H2 in 
the presence and absence of CO (2500 ppm) as a function of the feed concentration of H2 
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We carried out similar experiments with different feed concentrations of CO. Fig. 

3.12 shows the dependence of the product selectivity to NH3 (Fig. 3.12a) and N2 (Fig. 

3.12b), and the corresponding conversions of NO (Fig. 3.12c) and CO (Fig. 3.12d)  

 

 
 
Figure 3.12 A) NH3 selectivity B) N2 selectivity C) NO conversion D) CO conversion during 

the reaction of NO (500 ppm) + CO (ppm) + H2 (100-2500 ppm) at 270 ˚C 
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during the reduction of NO (500 ppm) by H2 in the presence of CO at various fixed 

concentrations (0, 300, 400, 500, 600 and 2500) at 270 oC. It can be seen in Fig. 

3.12a that as the feed concentration of CO increased, the lowest concentration of H2 

at which NH3 was detected decreased. Also, the N2 selectivity peak shifted to the left 

with the increase in the CO concentration (Fig. 3.12b). The data in Figs. 3.12c and 

3.12d show that as the feed concentration of CO increased the conversions of both 

NO and CO decreased over the entire range of H2 feed concentrations, attributed to 

the inhibition by CO. It is revealing to calculate the hydrogen yield to NH3 for the 

different feed conditions.    

 
 

Figure 3.13 Concentration of atomic H in the effluent gas in the form of NH3 during the 
reduction of NO (500 ppm) by H2 (100-2500 ppm) in the presence of CO at various 
concentrations at 270 ˚C 
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Fig. 3.13 plots the dependence of the atomic H in the form of NH3 (in ppm) in the 

reactor effluent versus the H2 feed concentration for several different CO feed 

concentrations. Complete hydrogen selectivity to NH3 would result in a linear 

dependence of the yield on the H2 feed concentration.  The results show that the NO 

+ H2 + CO reaction system is very selective in forming NH3 formation when CO is in 

excess. CO feed concentrations exceeding 500 ppm result in nearly 100% selectivity 

of H2 to NH3 even when the H2 is well below the H2/NO = 2.50 ratio.  Again, this is 

consistent with the mechanism in which the H2 reduces NO to NH3, generating O 

that is scavenged by the excess CO. 

These results support water gas shift route as being the dominant one for 

ammonia formation. Recall that NH3 was observed in the higher CO concentration 

range during the reduction of NO by CO + H2O. That is, H2 formed by the water gas 

shift reaction of CO and H2O selectively reduces NO to NH3 while the CO present on 

the surface effectively competes for the oxygen adatoms left behind to form CO2. 

3.4. Conclusions 

A systematic study of the reduction of NO by CO on Pt/BaO/Al2O3 monolith 

catalyst in the presence and absence of excess water has been carried out to 

elucidate the integral selectivity trends and differential kinetics with particular 

focus on NH3 formation. This reaction system has the complicating feature that NH3 

is generated by two main routes, the water gas shift route and the isocyanate route.  

This study utilized systematic combinations of reductants (CO, CO/H2O, CO/H2) to 
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infer via steady-state reactor experiments if the WGS route can explain the main 

trends.  The following are the main findings of this study: 

 Differential kinetics experiments reveal the existence of CO inhibition for the 

CO+NO, CO+H2O, and CO+NO+H2O systems. The inhibition was more significant 

when H2O was not present.  This suggests an enhancing role of hydrogen formed 

by water gas shift chemistry.   

 The CO inhibition observed during the reduction of NO by CO in the presence of 

excess water gives a high NH3 selectivity. The CO conversion in the inhibition 

regime exceeded that obtained from both the NO+CO and CO + H2O systems due 

to the conversion of CO by NO reduction in addition to WGS reaction.  

 The integral rate and product distribution trends reveal that the WGS route, in 

which H2 generated by the reaction of CO and H2O then reacts with NO, explains 

the steady-state trends of the NO+CO+H2O system. 

 Highly selective (~ 90 %) formation of NH3 is achieved during the reduction of 

NO by H2 in the presence of excess CO irrespective of the H2/NO ratio, further 

supporting the WGS route. 

In this study, we have gained new insight into the effect of various reducing 

systems on the NO reduction reaction and the corresponding product distribution. 

The results suggest that during the reduction of NO by CO in the presence of excess 

water, NH3 is mainly produced by the reduction of NO by surface hydrogen formed 

as an intermediate during the WGS reaction.  
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Contribution by the hydrolysis of isocyanate intermediate appears to be 

secondary under the steady state conditions of this study. Since previous studies 

have shown that –NCO can migrate to the support, it stands to reason during 

transient operation a source/sink role of the support is likely to contribute. In situ 

and/or operando spectroscopy is needed to probe such effects.  
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CHAPTER 4 Cyclic Lean Reduction of NO by CO in Excess 

H2O on Pt-Rh/Ba/Al2O3: Elucidating Mechanistic Features 

and Catalyst Performance 

4.1. Introduction 

Diesel and lean burn gasoline engines are gaining increased attention lately 

owing to their higher fuel efficiency and lower CO2 emissions than stoichiometric 

engines. However, they are a major source of NOx emissions and as a result are 

subject to increasingly stringent emission standards worldwide, notably in Europe 

(emerging Euro VI rules) and the USA. Unfortunately, the Three Way Catalyst (TWC) 

emission aftertreatment technology used for stoichiometric gasoline engines is 

ineffective in reducing NOx in the presence of excess O2.  This scenario has led to an 

extensive research in the development of lean NOx reduction technologies, including 

Selective Catalytic Reduction (SCR) of NOx and NOx Storage Reduction (NSR).   

Ammonia-based SCR is an effective lean NOx reduction technology employing 

Fe- and Cu-exchanged zeolite and vanadia catalysts [98, 99].  Since the fixed cost of 

the aqueous urea feed system is too high for light-duty applications, SCR is primarily 

suited for heavy-duty vehicles and engines [16].  In contrast, NSR, carried out in the 

Lean NOx Trap (LNT) is suitable for light-duty diesel engines.  Typical LNT catalysts 

consist of a high surface area support (γ-Al2O3), precious metals (Pt, Rh) and a 

storage component (alkali/alkaline earth metal oxides like BaO). The LNT is 

operated with lean-rich cycling; NOx is stored on the storage component during the 

longer lean phase and the trapped NOx is then reduced on the precious metals by 
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reductants like CO, H2 and HC’s during the abbreviated rich phase.  The main N-

containing products are N2 (desired) and byproducts NH3 and N2O. Emerging in 

some applications is the combined LNT/SCR technology in which NH3 is generated 

in situ during the LNT regeneration and is consumed through reaction with NOx in 

the downstream SCR.   Whether a stand-alone LNT or one combined with SCR, NH3 

is a critical species whose formation, reaction mechanism and kinetics must be fully 

understood to develop optimal LNT design and operating strategies.  

A large number of studies have investigated the mechanisms, kinetics and 

catalyst performance features of NOx storage [22, 32-36] and reduction [37-40].  A 

review captures more recent developments [41].   The NOx reduction chemistry 

using H2 as the reductant is by now well established; among other features, 

ammonia is a major intermediate during the catalytic regeneration of stored nitrates 

by H2 under isothermal conditions [38, 40, 42]. A H2 front moves down the monolith 

length as nitrates/nitrites are regenerated by a two-step reaction mechanism, 

generating NH3 first, which then reacts further with stored NOx species and 

adsorbed oxygen to make N2. Progress has been made in understanding the 

behavior of other reductants like CO and hydrocarbons [43-45], but more work is 

needed to unravel the complex chemistry characterized by coupled reaction 

chemistry and transport effects. While using CO as a reductant NH3 is formed in 

addition to N2 and N2O without any H other than that in H2O being fed to the catalyst 

[46]. In such a case two major routes to NH3 formation are possible. The first is by 

the water-gas shift (WGS) reaction of CO and H2O to give CO2 and H2, which then 

reacts with NO to give NH3. A second pathway is through reaction between NO and 
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CO forming surface isocyanates (-N=C=O)/cyanates (N≡C-O-) [47], which are 

readily hydrolyzed to form NH3 in the presence of water.  The contribution of both 

the pathways is of significance because each proceeds in the presence of high 

exhaust concentration of H2O (5-15%).  

Table 4.1 Surface measurements of isocyanate formation on precious metal based catalysts 

 

Research 

group 
Catalyst 

Reaction conditions 

at which surface 

isocyanates were 

measured 

Measurement techniques 

employed 

Unland ML 

[47] Pt/Al2O3 T ≥ 300 ˚C, NO+CO Infrared Spectroscopy 

Rasko et al. 

[48-50, 52] 

Pt, Pt/Al2O3 

and Ir/Al2O3 
T (150 ˚C), NO+CO Infrared Spectroscopy 

Solymosi et al. 

[51] 

Pt supported 

on SiO2, MgO, 

Al2O3, and MgO 

T (250, 400 ˚C), 

NO+CO 
Infrared Spectroscopy 

Hecker et al. 

[100] 
Rh/SiO2 T (225 ˚C), NO+CO Infrared Spectroscopy 

Miyadera et al. 

[101, 102] 

Al2O3, 

Ag/Al2O3 

T ≥ 150 ˚C, 

NO+O2+C2H5OH 
Infrared Spectroscopy 

Miners et al. 

[53] 
Pt(100) 

T (107-127 ˚C), 

NO+CO 

in-situ vibrational 

spectroscopy (IRAS) 

Forzatti et al. 

[54] 
Pt-Ba/Al2O3 

T (350 ˚C), lean-rich 

cycling of NO+O2 and 

CO 

FT-IR analysis 

Burch et al. 

[61, 62] 
Ag/Al2O3 

T (245 ˚C), 

NOx+Octane+H2 

short time-on-stream in 

situ spectroscopic 

transient isotope 

experimental techniques  
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Table 4.1 summarizes a few surface IR measurements that have shown 

isocyanate and cyanate species formation during the reduction of NO by CO on 

precious metals both unsupported and supported on various oxides including 

alumina and silica. Unland first reported the formation of isocyanate species during 

the interaction of NO and CO on Pt/Al2O3 through infrared spectra of species 

adsorbed on the catalyst [47]. Solymosi et al. [48-52] studied the formation and 

stability of isocyanates during the reaction of NO and CO on various precious metals 

(Pt, Pd, Rh), both unsupported and supported on various oxides. They showed 

through infrared studies that NCO species are formed on the precious metals 

through the reaction of gas phase CO and adsorbed N formed in the dissociation of 

adsorbed NO, and that these isocyanates are highly unstable on precious metals, 

readily dissociating to adsorbed N and CO. On supported catalysts (Al2O3, SiO2), the 

migration of NCO from the precious metal onto the support is a very fast process.  

Moreover, these isocyanates are thermally stable on the support under dry 

conditions.  

Miners et al. [53] studied the NO+CO reaction on Pt (100) using in-situ 

vibrational spectroscopy (IRAS) and observed isocyanate formation over a narrow 

temperature range of 380-400 K. They proposed that NCO formation becomes 

favorable once the concentration of N atoms on the surface is low and, more 

importantly, when the diffusion of these atoms becomes severely hindered by the 

high coverage of CO. They further suggested that the dissociation of NCO species 

requires vacant sites.  Miyadera et al. [101, 102] studied the formation of NCO and 

its reactivity with NO, O2 and NO+O2 mixtures on Ag/Al2O3 by a pulse reaction 
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technique and an in situ diffuse reflectance infrared Fourier transform (DRIFT) 

spectroscopy. Forzatti et al. [54, 55] studied the reduction of previously stored NOx 

by CO on Pt-Ba/Al2O3 both in the presence and absence of water by means of 

transient response methods. They proposed a two-step reaction scheme wherein 

the stored nitrates are reduced to nitrites and surface isocyanate/cyanate species; 

these species further react with residual nitrites to give N2. In the presence of H2O 

the isocyanates are readily hydrolyzed to ammonia.  They will also react with O2 

and/or NO, NO2 to give N2, N2O and CO2 [56-60].  

Chansai et al. [61, 62] studied the reduction of NOx by CO and H2 on Ag/Al2O3 

catalyst and showed that two types of isocyantes species are formed on the oxide 

support; an active isocyanate species close to the metal crystallite - support 

interface, and a spectator isocyanate species far from the interface, especially during 

prolonged exposure to the reductant CO. Their study suggests that while a high 

surface concentration of isocyanates may be measured, this does not imply that all 

of these species are active intermediates during the reduction of NOx by CO.  Rather, 

the isocyanate spectators may in fact reduce the overall NOx storage capacity of the 

catalyst. Recently a few research groups [54, 55, 103-106] studied the reduction of 

stored NOx by CO over Pt-BaO/Al2O3 and Pt-K/Al2O3 catalysts and suggested that 

cyanate/isocyanate ad-species could act as a precursor to N2 formation as they can 

reduce the stored nitrates/nitrites. They also suggested that rate of isocyanate 

formation is faster than the rate of reaction between the isocyanates and stored 

nitrates/nitrites. These studies involved the pre-storage of NOx up to saturation 

followed by prolonged exposure to reductant (1-10 min). This procedure is not 
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typical of conventional NSR operation and may lead to significant accumulation of 

isocyanates, complicating the interpretation of their reactivity. 

Differential steady-state kinetics experiments presented in the previous chapter 

revealed the existence of CO inhibition for the CO + NO, CO + H2O, and CO + NO + 

H2O systems which was more significant in the absence of H2O. It was shown that 

the NH3 formation in the CO + NO + H2O system was consistent with the coupled NO 

+ CO and water gas shift (CO + H2O  H2 + CO2) chemistries under anaerobic 

conditions. The data showed that CO adsorption/inhibition was more pronounced 

for the NO+CO reaction (reaction order is –1) than for the WGS reaction (reaction 

order is -0.23). The results suggest that during the steady state anaerobic reduction 

of NO by CO in the presence of water, NH3 is mainly produced by the reduction of NO 

by surface hydrogen formed as an intermediate during the WGS reaction and CO 

scavenges for surface O to form CO2. Contribution by the isocyanate hydrolysis 

pathway appeared to be secondary under steady state conditions.  

In this chapter, the study is extended to transient lean storage and reduction of 

NOx. The transient operation simulates typical NSR operation involving the fast 

lean–rich cycling conditions in which the storage lasts for about a minute and the 

regeneration for only a few seconds. The effects of temperature and feed 

composition are studied through a detailed investigation of the transient NOx and 

reductant conversion and product distribution trends.  The roles of H2O and CO2 are 

studied, as they are the major components of actual exhaust. The transient 

experiments show convincing evidence of an isocyanate route involving the 
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support/storage phase (Al2O3/BaO).  The effects of various operating conditions like 

catalyst temperature and feed composition on the yield of NH3 provide further 

insight about the cyclic operation with CO as the reductant. Finally, a 

phenomenological mechanism is presented that builds on the current 

understanding of the cyclic reduction of NOx by CO under dry and wet conditions. 

4.2. Experimental 

4.2.1. Catalyst 

The catalyst samples used for these experiments were monolith catalysts 

provided by BASF (Iselin, New Jersey). Larger cylindrical cores (D = 3.8 cm and L = 

7.6 cm) were cut using a dry diamond saw to a smaller, nearly cylindrical shape (88 

channels; D = 1.3 cm, L = 3.0 cm). The washcoat contained 1.13% PGM (Pt, Rh), 

24.5% BaO, and remainder γ-alumina with an overall mass loading of 4.6 g/in.3 

monolith. The washcoat was supported on a cordierite structure (62 channels/cm2). 

The sample was wrapped in Fiberfrax® ceramic paper that had been pretreated and 

then placed in a quartz tube flow reactor. The catalyst was not exposed to 

temperatures exceeding ca. 500 ˚C to avoid sintering and subsequent loss in activity. 

4.2.2. Flow reactor set-up 

The experimental set-up is explained in detail in chapter 2 and comprised four 

major components: a feed system, a reactor system, an analytical system, and a data 

acquisition system. A bank of gas cylinders (Praxair) and mass flow controllers 

(MKS Inc.) were utilized to simulate the feed gas mixtures. A syringe pump 
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(Teledyne Isco model 100DX) was used for injecting water into the reactor system. 

In order to achieve a constant feed rate of water, a needle valve was used to reduce 

the pressure while at high temperature, causing flash vaporization. Stainless steel 

tubing of 1/16 in. diameter was used to introduce the water vapor directly into the 

carrier gas stream by way of a bored-through fitting. The reactor system consisted 

of a quartz tube flow reactor positioned inside a ThermocraftTM tube furnace. The 

reactor temperature was monitored with three K-type stainless steel sheathed 

thermocouples (OD = 0.75 mm). One thermocouple measured the catalyst 

temperature (Tc), which was positioned within an internal monolith channel at the 

approximate mid-point of the monolith (radial and axial) while the gas feed (Tf) and 

outlet (To) temperatures were monitored by thermocouples positioned 1 cm 

upstream of the catalyst and the other 0.2 cm downstream of the catalyst, 

respectively.  

All the gas lines were heated and maintained at 140 ˚C to prevent water 

condensation and to minimize adsorption of NH3. The total gas flow rate was 3 

L/min, corresponding to a gas hourly space velocity of 42,000 hr−1. The outlet NO, 

NO2, N2O, NH3, H2O, CO and CO2 concentrations were monitored by a FTIR 

spectrometer (Thermo Scientific, 6700 Nicolet). Analog signals from the 

thermocouples, pressure gauge and mass flow controllers were sent to a National 

Instruments module to digitize the signals. These data were recorded on a PC using 

Labview® Software while the FT-IR composition data was collected on another PC 

using OMNIC Software. In order to synchronize the outputs from FTIR analyzer and 

the Labview Software, tracer studies were carried out to determine the time delays 
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and a lag of 6 seconds was accounted for. An overall N material balance enabled an 

estimate of the N2 selectivity. 

4.2.3. Lean and rich cycling experiments 

Several integral experiments of three reduction phase mixtures were carried out 

over the temperature range of 150 – 400 ˚C: (i) CO; (ii) CO + H2O; and (iii) CO + H2O 

+ CO2. Mass flow controllers were used to control the lean and rich phase 

concentrations. For the cycling experiments, the storage step comprised a feed 

containing 500 ppm NO and 4% O2 in Ar (60 s), while the rich pulse contained 

varying concentrations of the reductant in Ar (10 s). For the experiments involving 

H2O and CO2, 5% H2O and 3% CO2 was added during the entire lean-rich cycle. The 

cycle-averaged results were obtained over at least 9 cycles after the system had 

reached a transient steady state. To reach a transient steady state, it took 

approximately 10–30 cycles depending on the conditions but minimally 40 cycles 

were run at each experimental condition. The total NOx stored (mol) per lean step 

was calculated by  

                    
   

 
                                                      (4.1) 

where s denotes storage,    is the storage time (s),    
  (mol/s) is the feed rate of NO 

and      (mol/s) is the sum of the effluent molar flow rates of NO and NO2. The 

cycle-averaged NOx conversion was calculated by  
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where      is the total cycle time (s). The corresponding product selectivities to NH3 

and N2O for the entire cycle are defined by the following equations: 
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                                         (4.4) 

where     
          (mol/s) are the effluent molar flow rates of NH3 and N2O 

respectively. Since the concentration of N2 is not measured the product selectivity to 

N2 is defined as 

      
          

                               (4.5) 

4.3. Results and Discussion 

4.3.1. Cyclic reduction of NOx by CO in the absence of water 

The baseline catalyst performance was examined by conducting NO/O2 + CO 

cycling studies in the absence of H2O over a wide range of feed temperatures and CO 

feed concentrations. Cycle-averaged conversion and selectivity data in the absence 

of H2O will be reviewed first followed by a closer examination of representative 

instantaneous transient data.  The lean phase comprised a mixture of 500 ppm NO 

and 4% O2 with balance Ar for 60 sec. The rich phase contained CO (in Ar) with CO 

feed concentration varied from 0.5% (5000 ppm) to 2.5% (25000 ppm) in 0.5% 

increments.  
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Figure 4.1 Conversion of a) NOx and b) CO and product selectivity to c) N2O and d) N2 as a 

function of reaction temperature during the cyclic reduction of NO by CO at various feed 
concentrations of CO during the rich phase 

Fig. 4.1 shows the temperature dependence of the cycle-averaged conversion of 

NOx (4.1.a) and CO (4.1.b) and the product selectivity to N2O (4.1.c) and N2 (4.1.d) 

for four CO feed concentrations. The NOx conversion increased sharply between 200 
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and 250 ˚C, from level < 10% to a constant level that increased with the CO 

concentration. The CO conversion was nearly complete for temperatures exceeding 

300 ˚C and CO concentrations < 1.5%, indicating reductant-limited conditions. 

Complete NOx conversion was obtained for 2% CO and T > 300 ˚C. The N2O 

selectivity exhibited a local maximum at 200 ˚C and, with N2 being the only other 

product; its selectivity had a local minimum at the same temperature.  The product 

distribution was sensitive to temperature even in the range for which the NOx 

conversion was constant.  For example, the N2 (N2O) selectivity sharply increased 

(decreased) with temperature between 200 and 400 ˚C.  The selectivity was 

essentially independent of the CO feed concentration at higher temperatures, while 

the selectivities were quite sensitive to the CO concentration at low temperatures (T 

< 250 ˚C). 

To examine the CO effect in more detail, a series of cycling experiments was 

carried out by varying the CO feed concentration during the rich pulse while keeping 

the feed temperature and lean phase composition constant.  Fig. 4.2 shows the cycle-

averaged conversions of NOx and CO (4.2.a, b) and product selectivities to N2O and 

N2 (4.2.c, d) as a function of the CO feed concentration for temperatures in the 150-

300 ˚C range. The T < 200 ˚C conversion data show very low NOx conversion (<10%) 

but somewhat higher CO conversions.  For T > 250 ˚C the NOx and CO conversions 

were significantly higher. 
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Figure 4.2 Reactant conversion of a) NOx, b) CO and Product distribution of c) N2O and d) N2 

as a function of the feed concentration of CO during the cyclic reduction of NOx by CO at 
150, 200, 250 and 300 ˚C 

  The decreasing (increasing) dependence of CO (NOx) conversion with CO 

concentration reflects the shift from reductant to NOx limited conditions.  At 300 ˚C 

complete conversion of CO was obtained at the lower feed CO concentrations (≤ 

10000 ppm) whereas nearly complete conversion of NOx was obtained at 20000 

ppm of CO.  The N2O and N2 selectivities moderately decreased and increased with 
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CO concentration, respectively (Figs. 4.2.c, d) with the highest N2 selectivity (~82%) 

achieved at 300 ˚C over the entire CO concentration range. 

The transient dependencies of the measured products CO2 and N2O help to 

explain the trends in the cycle-averaged conversions and selectivities.  Specific 

features of the temporal profiles of N2O and CO2 infer a rather complex reaction 

system. Before analyzing the data in detail it is instructive to present the following 

set of adsorption, desorption, and reaction steps.  (We use the numbering system of 

our steady-state study [46].  Stable reactants and products are shown in bold.)  The 

main reacting species adsorb and desorb on the precious metal sites (*): 

S1:   NO + *  NO*,                               

S2:   CO + *  CO*,       

S2’:  O2 + 2 *  2 O*.       

A series of surface reaction steps occur, generating N2, N2O and CO2: 

S3:   NO* + *  N* + O*,    

S4:   NO* + N*  N2 + O* + *, 

S5:   NO* + N*  N2O + 2 *,         

S6:   CO* + NO*  CO2 + N* + *,      

S7:   2 N*  N2 + 2 *,          

S8:   CO* + O*  CO2 + 2*.         
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The measured temporal trends of N2O and CO2 over a complete lean-rich cycle 

leads to some interesting observations, suggesting a more complex mechanism than 

one represented by steps S1 – S8.  For example, experiments that we describe later 

suggest participation by isocyanate intermediates. Based on the previous studies 

reported in the literature, the isocyanates form on the PGM sites and migrate over to 

the support/storage phase: 

S9:  N* + CO  NCO*, 

S10:  N* + CO*  NCO* + *,    

S10’:  NO* + CO*  NCO* + O*,    

S11:   NCO* + S  NCO-S + *. 

where * denotes the PGM site and S denotes a site on the support or storage 

function.  The above sequence of steps captures the main features of the NO+CO+O2 

on Pt reaction system, including the competitive NO and CO adsorption, CO 

oxidation, NO reduction, and isocyanate formation.  It should be noted that though 

the catalyst employed contains both Pt and Rh, we consider the role of the total 

precious metal content rather than the individual effect of Pt and Rh as it is out of 

the scope of the current study. Moreover, the effect of Rh has been investigated by 

several research groups before, it is expected to increase the WGS activity and also 

provides excellent NO bond scission activity when added to a Pt based catalyst [51-

52]. Rh is considered to be a better NOx reduction catalyst than Pt at lower 

temperatures (<250 ˚C) [50]. 
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Figure 4.3 Evolution of a) N2O and b) CO2 as a function of time during the reduction of NOx 
by CO at 150, 200, 250 and 300 ˚C; each over two consecutive lean-rich cycles  

Fig. 4.3 shows the N2O (4.3.a) and CO2 (4.3.b) temporal profiles over two lean-

rich cycles for a CO feed concentration of 1% (10,000 ppm) and temperature range 

of 150-300 ˚C.  At low temperatures (150-200 ˚C) the cycle-averaged CO conversion 

is much higher than the NOx conversion; CO2 generation is significant (Fig. 4.3.b) 
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while that of N2O is comparatively much smaller (Fig. 4.3.a). Two peaks were 

observed in the CO2 concentration at 150 and 200 ˚C, before and after the switch 

from the rich phase to the lean phase.  In fact, more than half of the generated CO2 

appeared during the lean phase, and most of that CO2 was formed during the first 

few seconds of the lean phase.   

Several features of the data in Fig. 4.3 are consistent with a periodic process 

dominated by strongly bound CO on Pt and Rh.  At low temperature a high fractional 

CO coverage of the precious metal sites inhibits the adsorption and reaction of NO, 

key sequential steps for NO reduction [107].  Under these conditions CO oxidation, 

comprising steps S2, S2’, and S8, is dominant because the high coverage of CO 

inhibits the adsorption of NO (S1).  The resulting low coverage of NO* means that 

the rates of subsequent steps like NO* dissociation (S3) and reactions between NO* 

(S4) and N* (S5) are negligible.   By the end of the rich phase the catalyst surface is 

occupied by CO, which upon the introduction of the lean phase containing excess O2, 

is oxidized to CO2.  Thus, most of the CO conversion observed in this lower 

temperature range is due to the oxidation of adsorbed CO by O2 rather than by the 

reduction of NO.  The difference in the extent of CO+O2 and CO+ NO reactions is due 

in part to the much higher gas phase concentration of O2 (4%) compared to NO (500 

ppm). At higher temperatures (≥ 250 ˚C) the inhibition by CO is diminished due to 

its increased desorption rate.  The resulting lower coverage of CO enables more NO 

to adsorb and react. This is evidenced by the large increase in N2O production at 250 

and 300 ˚C (Fig. 4.3.a).   
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It is well established in the literature that stable isocyanates (-NCO) are formed 

during the reduction of NO by CO on conventional Pt catalysts supported on oxides 

[47, 78].  Isocyanate formation proceeds through NO* dissociation (S3), followed by 

reaction of N* and CO* with reversible migration to the support (S); steps S9-S11. 

Previous studies have shown evidence for isocyanate participation during NOx 

storage and reduction on Pt/Ba catalysts like the Pt-Rh/Al2O3 catalyst used in the 

current study.  The presence of a NOx storage material (BaO) provides additional 

binding sites for the mobile isocyanates based on findings from in situ IR studies 

[103].  Nova et al. [54, 55, 103-106] suggested, based on reaction and surface IR 

measurements, that isocyanates are major intermediates during the reduction of 

NOx by CO on NOx storage catalysts and that the rate of isocyanate formation 

increases with CO concentration.  

Other features of the temporal product data in Fig. 4.3, particularly those 

involving N2O, suggest a more complex mechanism than the one described by steps 

S1-S8, one that involves an intermediate isocyanate species and function of the 

support/storage phase.  Two N2O peaks are noteworthy.  The first N2O peak 

obtained during the rich phase is likely due to the above-mentioned Pt-catalyzed 

reactions; viz. reaction step S5 and associated steps. The role of CO as surface 

oxygen scavenger (steps S6, S8) frees-up sites for spillover of NOx species from the 

storage phase.  It is the second N2O peak observed during the lean phase that is of 

more interest and relevance to isocyanate participation. By the end of the rich phase 

the Pt crystallites has been exposed to an anaerobic, reducing environment.  

Isocyanate species are likely to have formed by reaction of CO with adspecies  
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Figure 4.4 Evolution of N2O as a function of time during the reduction of NO by CO at a) 250 
˚C and b) 300 ˚C over two consecutive lean-rich cycles for different feed concentrations 
of CO during the rich phase 

originating from the storage phase (N* and NO*; steps S9, S10, S10’). These 

isocyanates either accumulate on the Pt crystallites or migrate to the adjacent Al2O3 

support and/or storage material BaO.  Upon the start of the subsequent lean phase 

containing O2, NO, and NO2, reactions are initiated between these species and 
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surface isocyanates, producing N2, N2O, and CO2.  These reactions result in a second 

peak in N2O and CO2. In fact, Fig. 4.3.a also shows that at the higher temperature of 

300 ˚C almost no N2O is formed during the rich phase while a large N2O peak is 

observed during the first few seconds of the lean phase. 

A few research groups showed through catalyst surface infrared studies that the 

isocyanate formation increases with temperature in this range and reported a 

maximum in the NCO formation at ~300 ˚C [55, 57]. Our reactor data are consistent 

with those observations; upon increasing the temperature from 250 ˚C to 300 ˚C, the 

surface -NCO concentration increases which, as described in more detail below, 

favors N2 formation during the rich phase.  This helps to explain the drop in the N2O 

peak during the rich phase compared to that at 250 ˚C.   

 
Figure 4.5 Schematic representation of the proposed cyclic mechanism for the CO + NO 
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Indeed, Fig. 4.4 compares the evolution trends of N2O at 250 and 300 ˚C for 

various CO feed concentrations during the rich phase.  It is seen that upon an 

increase in the CO concentration, the N2O peak increases at both temperatures.  This 

is also attributed to an increase in the surface concentration of isocyanate/cyanate 

species resulting from the increase in CO concentration. 

With the data now described and sets of various chemical reactions presented in 

the context of steps S1-S13, the overall mechanism on the PGM/Al catalyst is 

explained as follows.  The reader is referred to Fig. 4.5. NOx is stored in the form of  

nitrites  (Ba(NO2)2)  and  nitrates  (Ba(NO3)2) on the storage component during the 

lean phase [32, 36, 58, 104, 108, 109].  Additional reactions occur during this phase 

between gas phase species NO, O2, and NO2 and surface isocyanates formed during 

the previous regeneration phase.  Some of the global reactions may include the 

following: 

Ba(NCO)2 + 3/2 O2 N2 + BaO + 2 CO2,                                 (4.6)  

Ba(NCO)2 + 2 O2  N2O + BaO + 2 CO2,                                 (4.7)         

Ba(NCO)2 + 2 NO + 3/2 O2  2 N2O + BaO + 2 CO2,                    (4.8)          

Ba(NCO)2 + 2 NO + ½ O2  2 N2 + BaO + 2 CO2.                      (4.9) 

The reactions are represented as gas-solid reactions, but it is likely that the NO 

and O2 adsorb and react on the Pt crystallites. Kameoka et al. [101] studied the 

reaction of surface isocyanates with NO, O2 and NO2 on Ag/Al2O3 and Al2O3 catalyst 

and observed that while some N2 formation was observed on just the Al2O3 support 
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in the absence of Ag metal, the reactions appeared to be mostly Ag-catalyzed. Upon 

the switch to the rich phase, CO reduces the stored nitrates to surface intermediates 

like nitrites and isocyanate/cyanate species in addition to N2 and N2O [45, 110]. The 

reduction is thought to proceed catalytically through the reaction of CO* with NOx 

species that spill over from the storage phase to the precious metal crystallites.   It is 

convenient to represent the complex spillover and catalytic process by global 

reactions between CO and barium nitrate: 

Ba(NO3)2 + 4 CO  N2O + BaCO3 + 3 CO2,                               (4.10)                                                         

Ba(NO3)2 + 5 CO  N2 + BaCO3 + 4 CO2,                                (4.11)                                                                               

Ba(NO3)2 + 2 CO  Ba(NO2)2 + 2 CO2,                                  (4.12)                                                                          

Ba(NO3)2 + 8 CO  Ba(NCO)2 + 6 CO2.                                 (4.13)                                                                       

The barium isocyanate species so formed can further react with the other surface 

species like nitrates and nitrites to give N2 and N2O, as represented by the following 

reactions: 

Ba(NCO)2 + Ba(NO3)2  2 N2O + 2 BaCO3,                              (4.14)                                                                 

5 Ba(NCO)2 + 3 Ba(NO3)2  8 N2 + 8 BaCO3 + 2 CO2,                    (4.15)                                                               

Ba(NCO) 2 + 2 Ba(NO2)2  3 N2O + 2 BaCO3 + BaO,                      (4.16)                                                            

Ba(NCO) 2 + Ba(NO2)2  2 N2 + 2 BaCO3.                              (4.17)                                                                               

These global reactions lump together a myriad of surface steps, including 

nitrite/nitrate decomposition, NO/NO2 spillover from the storage material to the Pt 
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crystallites, and Pt-catalyzed reactions.  An inspection of the stoichiometries for 

reactions R9 and R10 indicates that the ratio of surface isocyanates/barium nitrate 

for N2O formation is 1 while for N2 formation is 1.67.  Thus, a higher surface 

concentration of isocyanate favors N2 formation. A similar observation can be made 

for the formation of N2 and N2O from reaction between isocyanates and nitrites; i.e., 

a higher surface isocyanate concentration favors N2 formation over N2O formation 

(stoichiometric ratio of isocyanates/nitrites is 1 for N2 (R12) and 0.5 for N2O (R11)).  

An alternative, non-isocyanate mechanism leading to the evolution of second 

peak in N2O during the lean phase involving the direct catalytic reduction of NOx by 

adsorbed CO can be ruled out with targeted experiments.  We carried out a steady-

state experiment in which a mixture containing CO, NO, and O2 with respective 

concentrations of 10000 ppm, 500 ppm, and 5% was fed over the same Pt-Rh/Al2O3 

catalyst at 250 ˚C. Negligible conversion of NO (<5%) was observed although 

complete conversion of CO was observed. This suggested that conventional Pt-

catalyzed chemistry involving adsorbed NO and CO is negligible under lean 

conditions. This result gives more credence to reactions involving adsorbed 

isocyanates during the lean storage step when N2O and CO2 are evolved. 

A revealing experiment that helps to confirm a role of isocyanates is to set up the 

conditions that synthesize surface NCO species, following procedures similar to the 

aforementioned spectroscopic studies [54, 111], and then to follow with different 

types of reacting species.  This was done by subjecting the catalyst to sustained lean-

rich switching at 250 ˚C involving a lean feed [NO(500 ppm)/O2(5.0%)/Ar] and a 
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rich feed [CO (1.5%)/Ar] until a transient steady state is reached.   Then, at the end 

of the final rich phase, the catalyst was exposed to several different feeds: Pure Ar; 

NO(500ppm) in Ar; O2 (4%) in Ar; and NO(500ppm)+O2(4%) in Ar.   

 
 

Figure 4.6 Evolution of a) CO2 and b) N2O as a function of time upon the switch to the lean 
phase with different oxidizing systems after reaching a transient steady state during the 
reduction of NO by CO(1.5%) at 250 ˚C 
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Fig. 4.6 compares the evolution of CO2 (6.a) and N2O (6.b) immediately upon the 

switch to the different feed gases.  When exposed only to the inert carrier Ar, the 

catalyst released CO2.  A much smaller amount of N2O was released after a 5 second 

delay.  Similar evolution profiles were obtained with the three other feed gases, the 

one difference being the yields of CO2 and N2O were higher.  These data are 

consistent with two reaction pathways. The release of CO2 in an inert atmosphere is 

evidence for the thermal decomposition of BaCO3, 

BaCO3  BaO + CO2.                                               (4.18) 

The delayed evolution of N2O may suggest the decomposition of surface 

isocyanates by a decomposition and spillover process. The addition of O2, NO, or 

NO/O2 leads to a larger but nearly identical amount of CO2 evolved with some 

differences in the evolution of N2O. These data suggest the accumulation of NCO* 

and NCO-S species which decompose and/or react at elevated temperatures. The 

magnitude of CO2 evolved cannot be explained by the accumulation of NCO on the Pt 

crystallites alone and could be a combination of BaCO3 decomposition, NCO reaction 

with lean phase gases and also the oxidation of CO adsorbed on the catalyst surface 

at the end of the rich phase.  Differences in the evolved N2O concentration indicate 

some involvement of NO, NO2 reacting with NCO species.  Nevertheless, it is clear 

that N2O and CO2 generation during the lean phase, which is sustained throughout 

the lean phase if the CO pulse concentration and temperature are sufficiently high 

(Figs. 4.4, 4.6), is evidence for an isocyanate pathway.  
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4.3.2. Cyclic reduction of NOx by CO in the presence of excess H2O 

The cyclic reduction of NOx by CO experiments were repeated in the presence of 

5% water over the entire lean and rich cycle.  Fig. 4.7a reports the cycle-averaged 

NOx conversion as a function of temperature for lean-rich switching using three 

different reductants; H2, CO, and CO + H2O.  These experiments are intended to 

check if H2O has a promotional effect, such as through the aforementioned water gas 

shift reaction or the hydrolysis of isocyanate pathway. The data show that the H2/Ar 

reductant mixture gave the highest NOx conversion over the entire temperature 

range (Fig. 4.7a) and that the generated NH3 is a monotonic decreasing function of 

the temperature (Fig. 4.7c).  These results agree with previous reports [110].  The 

lower bound NOx conversion was obtained when the 1.5% H2 was replaced by 1.5% 

CO.  The light-off temperature of CO oxidation on Pt is about 200 ˚C at these 

concentrations, so it is not surprising that the sharp jump in the CO conversion 

occurs in this range. When 5% H2O was added to the 1.5% CO/Ar feed, a notable 

increase in the cycle average NOx conversion was observed.   

At low temperatures (150-200 ˚C) the addition of water had only a negligible 

effect, indicating that the reactions were slow and likely inhibited by CO.  At these 

conditions the rate of the WGS reaction is quite low and therefore the production of 

H2 is negligible (Fig. 4.7b).  Along the same lines, were isocyanates formed under 

these conditions, one would expect a notable increase in the NH3 through hydrolysis 

and a subsequent increase in NOx reduction, but this is not the case.  Thus, strongly 

bound CO inhibits the formation of NCO by inhibiting NO adsorption. The main 
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effect of water addition at these low temperatures is the reduction in the NO 

oxidation activity of the catalyst during the lean phase as indicated by a decrease in 

the amount of NO2 evolved when compared to same in the absence of water at the 

same temperature (not shown here).  The addition of water has a detrimental effect 

on the oxidation activity of the catalyst and hence the drop in NO2 concentration 

[112]. Most of the CO converted is due to its reaction with O2 as indicated by the CO 

conversion being appreciably higher than the NOx conversion at low temperature.  

This is consistent with the earlier results without water (Fig. 4.2). 

At higher temperatures (> 250 ˚C) a significant promotional effect of water was 

observed. Over the 250 to 400 ˚C range the NOx conversion increased by about 15 

percentage points when H2O was added (Fig. 4.7a). The NOx conversion approached 

that of the H2-only reductant results.  Fig. 4.8 shows the effect of the CO feed 

concentration on the NOx conversion (4.8a), CO conversion (4.8b), and product 

selectivity (4.8c) both in the absence and presence of H2O (5%) in the feed at 250 

and 300 ˚C.  A promotional effect of H2O was observed for CO concentrations > 

15000 ppm (1.5%). Interestingly, the NOx conversion increase was accompanied by 

a slight decrease in CO conversion under these conditions. The product distribution 

trends (Fig. 4.8c) reveal that the addition of H2O leads to NH3 generation for CO 

concentrations   above   1%, with   the   NH3   concentration   increasing   with   CO 

concentration at the expense of the N2 selectivity.  We elaborate on each of these 

findings below. 
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Figure 4.7 Comparison of a) Reactant NOx conversion, b) Reactant CO conversion and c) 
Product selectivity to NH3 during the reduction of NOx by H2 and by CO under dry 
conditions as well as in the presence of H2O 
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Interestingly, the cycle average NH3 selectivity exhibited a local maximum at an 

intermediate temperature (Fig. 4.7c).  At low temperatures (< 250 ˚C) the NOx 

conversion is quite low (Fig. 4.7a) as is the NH3 selectivity (Fig. 4.7c).  For reasons 

discussed earlier, strong adsorption by CO inhibits NOx storage and reduction. 

Moreover, the low WGS activity means that little H is available for NH3 formation.  

Similarly, CO inhibits NCO formation.  For temperatures above 250 ˚C the yield of 

NH3 is higher for the CO + H2O feed than the H2 feed.  This counterintuitive result 

can be explained by differences in the spatial dependence of NH3 production being 

different in the two cases.  Previous spatiotemporal studies with H2 as the reductant 

have shown that NH3 formation occurs in the upstream section of the reactor.  In its 

role as a H carrier, the NH3 travels downstream and reacts with stored NOx. This 

reduces the NH3 selectivity and yield.  In contrast, with CO + H2O as the reductant 

feed, NH3 generation is more spatially protracted because of the additional 

chemistry involved in generating H2 and/or isocyanates during the rich pulse.  As a 

result, NH3 so formed encounters a shorter zone containing stored NOx species.  

This explanation requires experiments that probe the spatial profile of NH3 and are 

currently under investigation in our lab.  

The enhancement in the NOx conversion as a result of the H2O addition is 

attributed to either of two mechanisms.  As described earlier, the first mechanism is 

the formation of the more efficient NOx reductant H2 via the water gas shift reaction.  

The second mechanism is the hydrolysis of the intermediate isocyanate species by 

the excess water, leading to the enhanced regeneration of the storage sites. 
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Figure 4.8 Comparison of conversion of a) NOx at 250 and 300 ˚C and b) CO and c) product 

selectivity to N2, N2O and NH3 at 250 ˚C during the reduction of NOx by CO both in the 
presence and absence of excess water and also during the water gas shift reaction 
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The water gas shift mechanism is highlighted as follows (details as related to the 

steady state were described in [46]).  Surface hydrogen produced by a combination 

of steps involving surface H2O and CO, through either a COOH* intermediate [113], 

leading ultimately to NH3, as follows: 

S12:  H2O + *  H2O*, 

S13:  H2O* + *  OH* + H*, 

S14:  CO* + OH*  COOH* + *, 

S15:  COOH*  CO2 + H*, 

S16:  2 H*  H2 + 2*, 

S17:  H* + NO*  HNO* + *, 

S18:  HNO* + *  NH* + O*, 

S19:  HNO* + *  N* + OH*, 

S20:  NH* + H*  NH2* + *,   

S21:  NH2* + H*  NH3* + *,   

S22:  NH3*  NH3 + *.   

Thus, in addition to the direct reduction of NOx by CO (steps S1 – S11), the WGS 

mechanism involves the generation of H* adatoms that participate in the reduction 

of NO* supplied by the stored NOx species through a spillover process.   

On the other hand, the isocyanate hydrolysis involves the generation of NCO* 

species by reaction of CO* with N* or NO* (steps S9, S10, S10’), which migrate to the 
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support and/or storage phase (step S11) and are hydrolyzed to NH3.  Global 

reactions that occur are as follows:   

Ba(NCO)2 + 3 H2O  2 NH3 + BaO + 2 CO2,                              (4.19)                                                                                        

Ba(NCO)2 + 4 H2O  2 NH3 + Ba(OH)2 + 2 CO2,                         (4.20)                                                                       

3 Ba(NO3)2 + 10 NH3  8 N2 + 3 Ba(OH)2 + 12 H2O,                     (4.21)                                                                  

Ba(NO3)2 + 2 NH3  2 N2O + Ba(OH)2 + 2 H2O.                         (4.22) 

It may also be speculated that the addition of water could eliminate the 

formation of spectator isocyanates observed by Chansai et al. [61, 62] as the 

isocyanates are instantaneously hydrolyzed to NH3, thereby preventing their 

buildup on the catalyst while preserving the NOx storage capacity of the catalyst.  

A comparison of the temporal product evolution trends in the presence and 

absence of water provides compelling evidence for the isocyanate hydrolysis 

mechanism.  Fig. 4.9 compares the temporal evolution of N2O during the reduction 

of NOx by CO both under dry and wet conditions at 250 ˚C. Under otherwise 

identical conditions, most of the N2O is generated during the rich phase in the 

presence of water whilst most of it is generated during the first few seconds of the 

lean phase in the absence of water.  This trend is difficult to explain with coupled 

NOx reduction by water gas shift generated H2.  One would expect that N2O, formed 

by step S5, or by NH3 reacting with O* downstream, would lead to N2O primarily 

appearing during the rich phase.  That has been the reported temporal behavior 

with H2 as the reductant [114].  The N2O peak features can be best explained by the  
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Figure 4.9 Evolution of N2O as a function of time during the reduction of NO by CO with and 
without water (5%) at 250 ˚C over two consecutive lean-rich cycles  

involvement of surface isocyanates. During the dry reduction of NO by CO, the 
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with the remainder migrating to the Al2O3 support and/or the BaO storage function. 

During lean-rich switching, a periodic steady state is established in which active 

isocyanates are formed and consumed, while spectator isocyanates reach a steady 
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to give N2, N2O and CO2, as we have shown earlier in the context of Fig. 4.6.  In 

contrast, in the presence of water the isocyanates are readily hydrolyzed to NH3 
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the first few seconds of the subsequent lean phase because of the dearth of 

isocyanates in the vicinity of the Pt crystallites. 

The slight decrease in CO conversion that accompanies the increase in NOx 

conversion upon the addition of H2O provides further evidence that favors the 

isocyanate regeneration mechanism while diminishes the importance of the water 

gas shift route.  At first glance one would expect the CO conversion to increase if the 

NOx conversion increases. Instead, the NOx (CO) conversion increase (decrease) 

suggests more efficient reductant utilization is achieved with the addition of water.  

Consider the following argument.  CO may reduce NO to N2 or N2O via the overall 

reactions given by: 

NO + CO  0.5 N2 + CO2,                                              (4.23) 

NO + 0.5 CO  0.5 N2O + 0.5 CO2,                                     (4.24) 

or may be oxidized by O2 via  

CO + 0.5 O2  CO2.                                                   (4.25) 

Now, for CO feed concentrations exceeding 3000 ppm, CO is in stoichiometric 

excess:  The lean gas feed containing 500 ppm NO fed for 60 seconds requires a rich 

feed containing 3000 ppm CO fed for 10 seconds to achieve the CO/NO = 1 required 

for NO reduction to N2 (reaction R18).   

That the addition of H2O results in an increase in NOx conversion with a nearly 

constant or decreasing CO conversion means that the selectivity of lean NOx 

reduction is more efficient.  This is contrary to what would be encountered with a 
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WGS mechanism, which requires that CO and H2O be converted to CO2 and H2, and 

that the H2 so generated is used to reduce NO.  The NO and CO conversions in such a 

system should, in effect, be coupled.  Fig. 4.8b reports the CO conversion for the WGS 

reaction carried out periodically. There is a finite, nonzero CO conversion for all CO 

concentrations. Based on the above reasoning, one would expect that the CO 

conversion during NSR in the presence of water should increase by approximately 

the value of the water gas shift conversion when compared to the dry reduction of 

NOx by CO. Instead, the CO conversion decreases. On the other hand, the isocyanate 

generation & hydrolysis pathway utilizes CO more efficiently through the sink-

source function of the support/storage materials.  NCO that is generated during the 

regeneration with CO may migrate to the support.  In the absence of water a fraction 

of the NCO accumulates on the storage function and becomes spectators. In the 

presence of water the NCO species become reacting species due to their mobility 

and reactivity with H2O. This enables CO to be more selectively utilized; i.e., the NCO 

that is formed serves as an intermediate for NH3 and N2 production, rather than a 

spectator in the absence of H2O.  

It should also be noted that the decrease in the CO conversion upon the addition 

of water is more pronounced at 300 ˚C than it is at 250 ˚C.  This is consistent with 

the findings from Nova et al. [111] who reported that the surface NCO formation is 

at a maximum at ~300 ˚C. Thus, the temperature increase from 250 ˚C to 300 ˚C 

should lead to increased generation of isocyanates, which in turn result in increased 

generation of NH3 from the NCO hydrolysis.  The NH3 so formed can then regenerate 
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additional stored NOx.  Thus, the enhanced CO utilization through isocyanate 

formation may be more significant at 300 ˚C. 

 

 
 

Figure 4.10 Comparison of the evolution of a) N2O and b) NH3 during the reduction of NOx 
by CO both in the presence of water (5%) as a function of the time during the rich phase 
at 250 and 300 ˚C  
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Figure 4.11 Schematic representation of the proposed cyclic mechanism for the CO + NO + 
H2O 

The addition of water leads to a decrease in N2O in the same temperature range, 

which suggests another benefit of the isocyanate mechanism. Fig. 4.10 compares the 

evolution of N2O and NH3 during a rich phase (60-70 sec) using CO as the reductant 

in the presence of excess water at 250 and 300 ˚C. The data show that the N2O yield 

decreases sharply as the temperature increases. This may be explained by the 

enhanced formation of NH3 from the hydrolysis of isocyanates, which increases the 

ratio of NH3/NOx during the rich phase.  A higher NH3/NOx stoichiometrically 

favors the formation of N2 rather than N2O as given by the following reactions: 
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3 Ba(NO3)2 + 10 NH3  8 N2 + 3 Ba(OH)2 + 12 H2O,                     ( 4.26)                                                        

3 Ba(NO3)2 + 10 NH3  8 N2 + 3 BaO + 15 H2O,                        ( 4.27)                                                                      

Ba(NO3)2 + 2 NH3  2 N2O + Ba(OH)2 + 2 H2O,                        ( 4.28)                                                                  

Ba(NO3)2 + 2 NH3  2 N2O + BaO + 3 H2O.                            ( 4.29)                                                                  

Thus, the selectivity to N2O drops and also the amount of NH3 detected towards the 

end of the rich phase increases with the rise in temperature. 

The mechanism of NOx reduction by CO in the presence of water is shown in the 

schematic of Fig. 4.11. In the presence of water the isocyanates are readily 

hydrolyzed to NH3 and hence no surface species are carried over from the rich 

phase after switching to the lean phase. The NH3 also reduces the stored NOx giving 

a deeper regeneration and enhances the NOx reduction. These experimental results 

suggest that the surface NCO species are important reaction intermediates at 

moderate to higher temperatures (>200 ˚C) during the cyclic reduction of NOx by 

CO.   

4.4. Conclusions 

A systematic study of the cyclic reduction of NO by CO on Pt-Rh/BaO/Al2O3 LNT 

monolith catalyst in the presence and absence of excess water has been carried out 

to elucidate the integral selectivity trends with particular focus on the NH3 

formation mechanism. We have gained new insight into the role of intermediate 

isocyanate species during the cyclic reduction of NOx by CO. On precious metal 
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based catalyst, NH3 is generated by two major routes, the water gas shift (WGS) 

route, in which NH3 is generated by the catalytic reduction of NO by H2 produced 

from the WGS reaction, and the isocyanate hydrolysis route, in which NH3 is 

generated by the hydrolysis of surface isocyanates that are formed by the catalytic 

reaction of NO and CO.  Under the transient aerobic conditions created by the lean-

rich cycling the generation, storage, supply, and reaction of isocyanates emerges as 

an important route guiding the NOx reduction.  The temporal evolution trends of 

products over the entire lean-rich cycle strongly suggest the involvement of 

intermediate surface isocyanates as, 

 Isocyanates (-NCO) are formed during the reaction of NO and CO on PGM and 

spill over to the neighboring Ba and Al sites, the isocyanates so formed 

further reduce the other stored NOx to N2 and N2O depending on the surface 

concentration of isocyanates and nitrates/nitrites through precious metal 

catalyzed reactions. However, in the absence of water the catalyst is not 

completely regenerated during the rich phase and the catalyst surface still 

has surface isocyanates at the end of the rich phase. Also, spectator 

isocyanates can be expected to be formed far from the PGM-support interface 

which poison the NOx storage capacity of the catalyst. The active isocyanates 

close to PGM-support interface react with NO and/or O2 upon the switch to 

the lean phase and form N2, N2O and CO2. Therefore, NOx is reduced both 

during the rich phase and also during the first few seconds of the successive 

lean phase. Higher surface concentration of isocyanates favors N2 formation 

over N2O. 
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 On the addition of water to the NO-CO transient reduction system, 

isocyanates are readily hydrolyzed to NH3 and CO2 during the rich phase and 

the NH3 further reduce the stored NOx. Water also eliminates the buildup of 

spectator isocyanates on the catalyst surface and leads to an efficient 

utilization of the reductant CO while preserving the storage capacity of the 

catalyst. As a result the catalyst is deeply regenerated during the rich phase 

giving an enhancement in NOx conversion with no net product evolution 

observed during the subsequent lean phase. 

In summary, this study provides new data and insight about the cyclic storage 

and reduction of NOx with CO as the reductant. The data reported here support 

the recent literature that isocyanates are important intermediate species and 

that the role of water enhances the utilization of the CO. 
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CHAPTER 5 Effect of CO2 on NOx Storage and Reduction by 

H2 on Lean NOx Traps at Low Temperatures (< 300 ˚C) 

5.1. Introduction 

The need for better fuel economy and lower CO2 emissions has led to a sweeping 

growth in applications of lean burn engines in the automotive industry. As opposed 

to gasoline-burning engines that run at a stoichiometric ratio of air/fuel, the lean 

burn engines run at higher than stoichiometric air/fuel ratio (> 14.7, mass ratio). 

This results in the production of NOx contained in lean exhaust and in the case of 

diesel vehicles, particulate matter emissions. In order to meet the increasingly 

stringent emissions standards across the world these emissions need to be reduced. 

The three-way catalytic converters used to reduce NOx, CO and HC from the gasoline 

engines are not effective in meeting the NOx emission standards for lean burn 

engines due to the lean nature (O2 rich) of the exhaust. Extensive research has been 

done over the past two decades in developing new technologies that can deal with 

the lean burn engine exhaust of which selective catalytic reduction using NH3 (NH3-

SCR) and NOx storage and reduction (NSR) are most effective.  

Lean NOx trap (LNT)/NOx storage and reduction (NSR) operates in cyclic 

manner alternating between a long lean phase (few minutes) and a short rich phase 

(couple of seconds). A typical LNT catalyst consists of two major components 

supported on a high surface area oxide support like γ-Al2O3, which are: i) precious 

metal component (Pt, Rh, Pd etc.) on which NO is oxidized to NO2 during the lean 

phase and stored NOx is reduced to N2 by a reductant (CO, H2 and HC) during the 
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rich phase, ii) storage component (alkali and alkaline earth metal oxides) on which 

NOx is stored in the form of nitrites and nitrates during the lean phase. Extensive 

research has been done over the past decade in understanding the complex two-

stage mechanism of NOx storage and its subsequent reduction. This research 

includes an investigation of the effects of the two primary combustion product 

components, H2O and CO2, on the performance of a typical lean NOx trap catalyst. 

Since H2O and CO2 are present in all engine exhaust streams, understanding their 

effects helps to build a mechanistic understanding of the reaction system and of 

interpreting data from experiments in which H2O and CO2 are absent. A few of these 

studies are summarized below.  

Weiss et al. [24] carried out infrared spectral studies and kinetic experiments on 

BaO/Al2O3 and BaO/Pt/Al2O3 catalyst. They claimed that on BaO/Al2O3, nitrates are 

more stable than nitrites, and the oxidation of nitrites to nitrates occurs slowly and 

requires an oxidant in the form of N2O4 (produced by non-activated dimerization of 

NO2 in the gas phase). In addition, the nitrate formation becomes much faster when 

Pt sites are present in close (but not direct) proximity to Ba nitrite sites, as reactions 

on Pt sites establish equilibrium concentrations of N2O4 oxidants that react 

subsequently with nitrites on BaO surfaces. This chemistry is represented by the 

following set of reactions: 

2 NO2 + *  N2O4 + *,                                                 (5.1) 

BaO + NO  Ba(NO2),                                                 (5.2) 

Ba(NO2) + N2O4  Ba(NO2)(NO3) + NO,                                  (5.3) 
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BaO + N2O4  Ba(NO2)(NO3),                                            (5.4) 

Ba(NO2)(NO3) + N2O4  Ba(NO3)2 + NO + NO2.                                (5.5) 

Depending on the exhaust conditions different types of species exist on the 

catalyst surface, including BaO, Ba(OH)2 and BaCO3. Lietti et al. [25] suggested that 

the storage mechanism also depends on the initial state of the Ba sites, and that the 

storage of NOx occurs preferentially in the order of BaO, Ba(OH)2 and BaCO3. NOx 

storage chemistry on a typical Pt/Ba/Al2O3 catalyst may be described by the 

following set or reactions[25]: 

2 * + O2  2 O*,                                                      (5.6) 

BaO + O* + 2 NO  Ba(NO2)2,                                          (5.7) 

Ba(NO2)2 + 2 O*  Ba(NO3)2,                                          (5.8) 

NO + ½ O2  NO2,                                                      (5.9) 

BaO + 2 NO2 + O*  Ba(NO3)2,                                       (5.10) 

BaO + H2O  Ba(OH)2,                                              (5.11)        

Ba(OH)2 + O* + 2 NO  Ba(NO2)2 + H2O,                             (5.12) 

Ba(OH)2 + 2 NO2 + O*  Ba(NO3)2 + H2O,                            (5.13) 

2 NO2 + *  * + N2O4,                                               (5.14) 

2BaO + 2 N2O4  Ba(NO2)2 + Ba(NO3)2,                             (5.15) 
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2 Ba(OH)2 + 2 N2O4  Ba(NO2)2 + Ba(NO3)2 + 2 H2O,                  (5.16) 

BaO + CO2  BaCO3,                                                (5.17) 

BaCO3 + 2 NO + O*  Ba(NO2)2 + CO2,                                 (5.18) 

2 BaCO3 + 2 N2O4  Ba(NO2)2 + Ba(NO3)2 + 2 CO2,                     (5.19) 

where * denotes precious metal sites. Reaction defined by eq. (5.6) through (5.10) 

represent the storage on BaO while (5.10 – 5.16) and (5.17 – 5.19) represent the 

storage on Ba(OH)2 and BaCO3 respectively. 

During the initial development years of lean NOx traps, single-site sorption 

models have been used to explain the storage and reduction performance trends of 

LNT catalysts [17]. However, it has been widely accepted over the past few years 

that multiple types of sorption sites exist, although they vary in their identity 

description and function by varoius research groups. Epling et al. [18] explained the 

storage trends observed in their experimental studies through the presence of two 

types of Ba sites, which differ based on their proximity to Pt. They argued that Ba 

sites proximal to Pt store NOx through participation of O2 as an oxidant, while the 

remote Ba sites rely on the disproportionation mechanism involving NO2. They also 

studied the effect of H2O and CO2 on the storage performance and observed a 

progressive loss in the NOx storage capacity with increasing temperature on the 

addition of CO2 to the feed [19]. Moreover, the presence of water induces 

morphological changes in the Ba phases. In the presence of water surface nitrates 

convert to bulk nitrates and water facilitates the formation of large Ba(NO3)2 
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particles, the conversion of surface to bulk nitrates is completely reversible [115, 

116]. 

Frola and coworkers [20, 21] carried out FTIR and TPD studies of NOx storage in 

the presence and absence of CO2 at 350 ˚C on Pt-Ba/Al2O3 LNT catalyst and 

proposed that two pathways contribute to NOx adsorption: the “nitrite route” 

involving the initial formation of surface nitrite and their subsequent evolution to 

nitrates, and the “nitrate route,” involving NO oxidation to NO2 over Pt and its 

subsequent adsorption on Ba in the form of nitrates [22, 23]. They suggested that 

the presence of CO2 inhibits to some extent the “nitrite route,” whereas the “nitrate 

route” proceeds as it does in the absence of CO2. 

Chaugule et al. [117, 118] investigated NOx storage process and role of CO2 on 

NOx sorption process on LNT’s with 20, 8 and 4 wt.% Ba at 300 ˚C. They suggested 

that NOx storage for the time up to which less than 1% of NOx fed escapes the trap 

i.e., “fast” NOx storage was governed by competition between the kinetics of oxidant 

(O*) delivery to the Ba sites for formation of nitrates and carbonates/carboxylates 

on BaO and their stability in presence of CO2. They further suggested that formation 

of bulk nitrates during NOx exposure increases with Ba wt% loadings of the catalyst; 

surface nitrates are the dominant species on catalysts with Ba loadings < 10%. In 

the presence of CO2 carbonates are the dominant C containing species on catalyst 

with high Ba wt% loadings and carboxylates form for low Ba loadings.  

Piacentini et al. [26-29] studied the NOx storage behavior, stability and reactivity 

of Ba-containing phases on Pt-Ba/support catalyst with various Ba loadings (4.5-

28%) and on various supports. At higher Ba loadings (> 17%), they distinguished 
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the Ba-containing phases involved in the NOx storage process into three categories 

based on their thermal stability as follows: BaO, which is in intimate contact with 

alumina support; low temperature BaCO3, which is well dispersed and decomposes 

at low temperature (LT-BaCO3); and high temperature BaCO3, which possesses a 

bulk-like stability (HT-BaCO3).  Also, LT-BaCO3 was identified to be the most 

efficient contributor to NOx storage, whereas HT-BaCO3 is less active due to its bulk-

like behavior and limited accessibility. 

Based on these and other studies it is generally agreed that two types of nitrate 

species exist during the NOx storage process i.e., bulk and surface nitrates; the ratio 

of these two species strongly depends on the nature of the storage component, as 

the amount of bulk nitrate species increases with the basicity of the storage 

component [30, 31]. Though it is evident from various LNT studies that CO2 has a 

negative impact on NOx storage as it competes for storage component sites on the 

catalyst surface, the mechanism of interference of carbonates/carboxylates with 

nitrite/nitrates is still debated.  

Recently, few studies [119-121] have reported that during the cyclic reduction of 

NOx by H2 in the presence of CO2 on a typical Pt/BaO/Al2O3 lean NOx trap catalyst, a 

local minimum in NOx conversion occurs around 200 ˚C, i.e., the conversion of NOx 

at 200 ˚C was observed to be lower than when compared to both 150 and 250 ˚C 

(Fig. 5.1). However, in the absence of CO2 in the feed, no such drop in the conversion 

of NOx was observed and the conversion monotonically increases with temperature 

and reaches 100 % eventually, depending on the reaction conditions. They 

suggested that the minimum in NOx conversion at 200 ˚C could be a result of the 
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poisoning of active catalyst sites by CO formed from reverse water gas shift reaction 

in the presence of CO2 and H2. We carried out the cyclic reduction of NOx by H2 in 

the presence of CO2 on Pt-Rh/Ba/Al2O3 catalyst with catalytic component loadings 

comparable to those studies and observed a similar drop in NOx conversion at 200 

˚C. However, the catalyst showed negligible activity towards reverse water gas shift 

reaction at T < 250 ˚C, which implies that the involvement of CO leading to a drop in 

NOx conversion is unlikely. The experimental results presented in this study suggest 

that the local minimum in NOx conversion is a result of the competition offered by 

carbonates to NOx storage leading to a local minimum in the net amount of NOx 

stored by the catalyst at 200 ˚C. The mechanism of the change in the impact of 

carbonates interference with NOx storage on different types of Ba sites 

(distinguished based on their proximity to PGM sites) with feed temperature is 

presented. Therefore, this study focuses on elucidating the storage mechanism at 

low temperatures (< 300 ˚C) and the effect of CO2 on the storage mechanism that 

typically leads to a minimum in the reduction of NOx at 200 ˚C.  

5.2. Experimental 

5.2.1. Catalyst 

Monolith catalysts provided by BASF (Iselin, New Jersey) were used in this 

study. Larger cylindrical core (D = 3.8 cm and L = 7.6 cm) was cut using a dry 

diamond saw to a smaller, nearly cylindrical shape (88 channels; D = 1.3 cm, L = 3.0 

cm). The washcoat contained 1.13% PGM (Pt, Rh), 24.5% BaO, and remainder γ-

alumina with an overall mass loading of 4.6 g/in3 of monolith. The washcoat was 
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supported on a cordierite structure (~ 62 channels/cm2). The sample was wrapped 

in Fiberfrax® ceramic paper that had been pretreated and then placed in a quartz 

tube flow reactor. The ceramic paper prevents any gas bypass around the catalyst 

during the experiments. The catalyst was not exposed to temperatures exceeding ca. 

550 ˚C to avoid sintering. 

5.2.2. Flow reactor setup 

The experimental set-up used in this study is similar to the one used in previous 

studies [46] and comprised four major components: a feed system, a reactor system, 

an analytical system, and a data acquisition system. A bank of gas cylinders (Praxair) 

and mass flow controllers (MKS Inc.) were utilized to simulate the feed gas 

mixtures. The reactor system consisted of a quartz tube flow reactor positioned 

inside a ThermocraftTM tube furnace. The reactor temperature was monitored with 

three K-type stainless steel sheathed thermocouples (OD = 0.75 mm). One 

thermocouple measured the catalyst temperature (Tc), which was positioned within 

an internal monolith channel at the approximate mid-point of the monolith (radial 

and axial) while the gas feed (Tf) and outlet (To) temperatures were monitored by 

thermocouples positioned 1 cm upstream of the catalyst and the other 0.2 cm 

downstream of the catalyst, respectively.  

All the gas lines were heated and maintained at 140 ˚C to prevent water 

condensation and to minimize adsorption of NH3. The total gas flow rate was 3 

L/min, corresponding to a gas hourly space velocity of 42,000 hr−1. The outlet NO, 

NO2, N2O, NH3, H2O, CO and CO2 concentrations were monitored by a FTIR 
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spectrometer (Thermo Scientific, 6700 Nicolet). Analog signals from the 

thermocouples, pressure gauge and mass flow controllers were sent to a National 

Instruments module to digitize the signals. These data were recorded on a PC using 

Labview® Software while the FT-IR composition data was collected on another PC 

using OMNIC Software. In order to synchronize the outputs from FTIR analyzer and 

the Labview Software, tracer studies were carried out to determine the time delays 

and a lag of 6 seconds was accounted for. An overall N material balance enabled an 

estimate of the N2 selectivity during the lean-rich cycling experiments. 

5.2.3. Storage and TPD experiments  

In order to analyze the impact of temperature and CO2 on the storage 

mechanism and the distribution of surface species, storage followed by temperature 

programmed desorption experiments were carried out at 150, 200 and 250 ˚C with 

two feed mixtures i) 500 ppm of NO + 4% of O2 in Ar and ii) 500 ppm of NO2 in Ar, 

both in the presence and absence of 500 ppm of CO2. The catalyst was exposed to 

the above mentioned feed mixtures for 45 minutes and then the feed mixture was 

switched to inert Ar followed by a temperature ramp from the storage temperature 

to 500 ˚C at the ramp rate of 10 ˚C/min. Though the actual concentration of CO2 in 

the real exhaust is much higher (~ 4 to 5 %), 500 ppm of CO2 is used in this study so 

that small variations in CO2 concentrations due to adsorption or desorption can be 

measured accurately. The amount of NOx and CO2 stored was calculated based on 

the difference between the inlet feed and exit concentrations of the respective 

component, 
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                      (5.20)    

where ti is the time at which the feed was added to the catalyst, tf is the time (s) at 

which the feed was withdrawn from the catalyst,      is the feed concentration 

(ppm) of component “x” and       is the concentration (ppm) of the component “x” 

at time “t.”        
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         is the amount of component “x” stored on the catalyst and      is the 

weight of the monolith catalyst including the cordierite support. 

5.2.4. Lean and rich cycling experiments 

Lean rich cycling experiments with H2 as the reductant were carried out over the 

temperature range of 150 – 250 ˚C in the presence of varying concentrations of CO2 

(0ppm, 500ppm and 3%). Mass flow controllers were used to control the lean and 

rich phase concentrations. For the cycling experiments, the lean phase comprised a 

feed containing 500 ppm NO and 4% O2 in Ar (60 s), while the rich pulse contained 

1.5 % H2 in Ar (10 s) with 0%, 3% and 500 ppm of CO2. The cycle-averaged results 

were obtained over at least 9 cycles after the system has reached a transient steady 

state. To reach a transient steady state, it took approximately 10–60 cycles 
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depending on the conditions but minimally 60 cycles were run at each experimental 

condition. The total NOx stored (mol) per lean step was calculated by  

                     
   

 
                                             (5.23) 

where s denotes storage,    is the storage time (s),    
  (mol/s) is the feed rate of NO 

and      (mol/s) is the sum of the effluent molar flow rates of NO and NO2. The 

cycle-averaged NOx conversion is calculated by  
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where      is the total cycle time (s). The corresponding product selectivities to NH3 

and N2O for the entire cycle are defined as follows: 
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where     
         (mol/s) are the effluent molar flow rates of NH3 and N2O 

respectively. Since the concentration of N2 was not measured the product selectivity 

to N2 is defined as 

              
          

                                                (5.27) 

5.2.5. Storage and cycling experiments with temperature ramp 

 Storage with temperature ramp 

In order to analyze the impact of temperature on the stability of the surface 

species formed during the storage process, storage was carried out with a 
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simultaneous temperature ramp. The three different feed systems studied under 

these conditions were the following; 500 ppm of NO + 500 ppm of CO2 + 4% of 

O2 in Ar, 500 ppm of NO + 4% of O2 in Ar, and 500 ppm of CO2 + 4% of O2 in Ar. 

At the time when the feed was added to the catalyst, the reactor temperature 

was ramped from 150 to 350 ˚C at the rate of 5 ˚C/min. 

 Lean-rich cyclic reduction with temperature ramp 

In order to continuously analyze the impact of temperature on the NOx 

conversion efficiency and the product selectivity trends of the catalyst, periodic 

lean-rich reduction of NOx by H2 was carried out both in the presence and 

absence of CO2 with a simultaneous ramp in temperature from 150 to 270 ˚C at 

the rate of 5 ˚C/min. For these cycling experiments, the lean phase comprised a 

feed containing 500 ppm NO and 4% O2 in Ar (60 s), while the rich pulse 

contained 1.5 % H2 in Ar (10 s) with 0 ppm and 500 ppm of CO2 added over the 

entire lean-rich cycle.  

5.3. Results and discussion      

5.3.1. Cyclic reduction of NOx by H2 in the absence and presence of CO2 

The baseline catalyst performance was examined by conducting NO/O2 + H2 

cycling studies in the absence of CO2 over a range of feed temperatures. Cycle-

averaged conversion and selectivity data in the absence of CO2 will be compared to 

those obtained in the presence of CO2 (500ppm, 3%). The lean phase comprised a 

mixture of 500 ppm NO and 4% O2 with balance Ar for 60 sec. The rich phase 
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contained 1.5% H2 (in Ar) with the reaction temperature varied from 150 to 250 ˚C 

in 50 ˚C increments.  

Fig. 5.1 compares the temperature dependence of the cycle-averaged conversion 

of NOx during the cyclic reduction of NOx by H2 for three different feed 

concentrations of CO2 (0ppm, 500ppm and 3%). It can be seen that when there is no 

CO2 present in the feed, almost 90 % reduction of NOx was observed at all the 

temperatures and only a slight enhancement with temperature was observed at 250 

˚C, when compared to 150 and 200 ˚C. However, when the same experiment was 

repeated with 500ppm of CO2 added to the feed over the entire lean rich cycle time, 

a decrease in the NOx conversion was observed at all the three temperatures 

studied, although the extent of the detrimental effect of CO2 on NOx conversion 

varied with temperature.   

 
 
Figure 5.1 Comparison of the conversion of reactant NOx during the reduction of NOx by H2 

in the absence and presence of CO2 (500ppm, 3%) at 150, 200 and 250 ˚C 
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As can be seen from the figure, on the addition of CO2 to the feed the NOx 

conversion observed at 200 ˚C was particularly lower than that observed at 150 and 

also 250 ˚C. On increasing the feed concentration of CO2 from 500ppm to 3%, the 

NOx conversions drop further at all the three temperatures. The relative drop in the 

conversion of NOx at 200 ˚C was further magnified when compared to the other two 

temperatures studied.  

5.3.2. Adsorption studies of NOx+CO2, NOx and CO2  

In order to investigate on the observed local minimum in NOx conversion in the 

presence of CO2, storage experiments were carried out to study the effect of CO2 on 

the NOx storage mechanism at various temperatures. The impact of temperature on 

the storage capacity of the catalyst with respect to both NOx and CO2 was studied 

when both NOx and CO2 were co-fed to the catalyst. A feed containing 500ppm of NO 

and 4% O2 in balance Ar was admitted to the catalyst (pretreated with NO+O2 

followed by H2 at 350 ˚C to remove any pre-adsorbed carbonates and 

nitrites/nitrates) at the 0th second with the catalyst temperature at 150 ˚C. The 

temperature was then ramped at a steady rate of 5 ˚C/min from 150 to 350 ˚C at the 

time of NO addition (i.e. at 0th second). A minute after the addition of NO+O2, 

500ppm of CO2 was added to the feed mixture to study the relative adsorption of 

NOx as nitrite/nitrate and CO2 as carbonate species, both as a function of catalyst 

temperature.   

Fig. 5.2 shows the amount of NOx and CO2 stored by the catalyst in the form of 

nitrites/nitrates and carbonates respectively, as a function of time with a 
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simultaneous ramp in temperature from 150 to 350 ˚C at the ramp rate of 5 ˚C/min 

during the adsorption of NO (500ppm) + CO2 (500ppm) + O2 (4%) in balance Ar. It 

can be seen from the figure that the amount of NOx and CO2 stored on the catalyst 

surface increases with time and reaches a saturation value of ~ 97 micromoles for 

NOx and ~ 30 micromoles for CO2 in the temperature window of 150-185 ˚C. With 

further increase in temperature from 185 to 230 ˚C, decrease in the amount of NOx 

stored by the catalyst was observed. In contrast, in this temperature window, the 

amount of carbonates present on the catalyst was comparatively stable as can be 

seen from a plateau in the CO2 curve. 

 
 
Figure 5.2 Storage of NOx in the presence of CO2 with the temperature being ramped from 

150 – 350 ˚C (Temp ramp @ 5 ˚C/min); Feed: NO (500ppm) + O2 (4%) from 0-60 sec and 
with NO (500ppm) + O2 (4%) + CO2 (500ppm) from 60 to 2500 sec 
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These data suggest that in the temperature range of 185 to 230 ˚C, the NOx 

stored on the catalyst surface was somewhat less stable and that a portion of the 

already stored NOx as desorbed from the sample as seen by a drop in the integral 

amount of stored NOx on the catalyst. There was no corresponding increase in the 

amount of CO2 stored by the catalyst.  

On further increasing the temperature from 230 to 350 ˚C, the amount of NOx 

stored by the catalyst gradually increases. Also, the amount of carbonates present 

on the catalyst gradually decreased in this temperature range. As the temperature 

increases, the relative stability of carbonates decrease as seen by the decrease in the 

amount of CO2 stored on the catalyst. The difference in the NOx and CO2 storage 

trends with temperature suggests a possible change in the mechanism of NOx 

storage with temperature and the corresponding impact of CO2 on NOx storage also 

differs with temperature. Further insight into the storage mechanism and the 

possible role of CO2 disruption of NOx storage can be obtained by studying the effect 

of temperature on the individual storage of NOx and CO2. 

Impact of temperature on the storage of NOx 

Fig. 5.3 shows the integral amount of NOx stored as a function of time during the 

uptake of NOx during exposure of the catalyst to 500ppm of NO + 4% O2 with a 

simultaneous ramp in the temperature from 150 – 350 ˚C at a rate of 5 ˚C/min. It 

can be seen from the data that upon the exposure of NO+O2 to the catalyst, the 

amount of NOx stored by the catalyst increases with time, reaching a saturation at 

~170 ˚C. There was no prominent increase in the amount of NOx stored by the 
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catalyst in the window of 170 to 210 ˚C. However, upon increasing the temperature 

above 210 ˚C, a monotonic increase in the NOx storage occured as seen by a 

continuous rise in the amount of NOx stored by the catalyst with temperature.  

 
 

Figure 5.3 Integral amount of NOx stored on the catalyst during the temperature ramp from 
150 to 350 °C (ramped at 5 °C/min). Feed: NO (500ppm) + O2 (4%) 

These data suggest the following. In the lower temperature window of 150 to 

210 ˚C, in the absence of NO2 in the feed (i.e. NO + O2 only), the storage of NOx 

predominantly occurs on Ba sites close to PGM sites (Pt/Rh in this case). This occurs 

via the “nitrite pathway,” i.e., the spillover of dissociated O atoms from the PGM to 

the neighboring Ba sites. In this temperature range (150 – 200 ˚C), the catalyst is not 

active towards NO oxidation to NO2 reaction, were this to be the case would result in 

sufficient amount of NO2 that further plays a major role in NOx storage as it can 

store on the Ba sites away from precious metals as well. Once Ba sites close to the 
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PGM atoms are saturated, no further increase in the amount of NOx occurs in the 

range of 170 to 200 ˚C. But as the temperature was increased above 200 ˚C, the 

catalyst becomes active towards the NO oxidation reaction giving NO2, which can 

adsorb on the Ba sites away from the PGM sites. However, as the temperature 

increases the diffusion limitations are minimized leading to an enhancement in the 

movement of surface species like O* and adsorbed NOx, resulting in an increase in 

the total amount of NOx stored by the catalyst until the Ba sites were saturated. 

Impact of temperature on the storage of CO2 

Fig. 5.4 shows the integral amount of CO2 stored by the catalyst in the form of 

carbonates, as a function of time during the uptake of 500ppm of CO2 + 4% O2 by the 

catalyst with a simultaneous ramp in the temperature from 150 – 350 ˚C at the rate 

of 5 ˚C/min. It can be seen from the data that on the addition of CO2+O2 to the 

catalyst, there was a rapid uptake of CO2 by the catalyst for a few minutes and the 

catalyst reaches saturation at ~180 ˚C. On further increasing the temperature above 

180 ˚C a slow increase in the amount of CO2 stored by the catalyst was observed up 

to 230 ˚C, after which the stability of carbonates was observed to decrease, as seen 

by a drop in the amount of CO2 stored by the catalyst in this temperature range. It 

can be concluded that carbonates are particularly stable at lower temperatures (< 

230 ˚C), increasing the temperature above 230 ˚C leads to a drop in the net amount 

of CO2 stored by the catalyst. 
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Figure 5.4 Integral amount of CO2 stored on the catalyst during the temperature ramp from 
150 to 350 °C (ramped at 5 °C/min). Feed: CO2 (500ppm) + O2 (4%)  

5.3.3. Cyclic reduction of NOx by H2 with a temperature ramp  

The impact of temperature on the cyclic reduction of NOx by H2 was studied both 

in the absence and presence of CO2 during the typical lean-rich cycling operation. 

Cycle-averaged conversion and selectivity values over each independent cycle in the 

absence of CO2 will be compared to those obtained in the presence of CO2 (500ppm) 

as a function of the cycle averaged temperature. The lean phase comprised a 

mixture of 500 ppm NO and 4% O2 with balance Ar for 60 sec. The rich phase 

contained 1.5% H2 (in Ar) with the temperature being ramped from 150 to 270 ˚C at 

the rate of 5 ˚C/min.  
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Figure 5.5 Cycle averaged results of a) NOx conversion and b) Product selectivity to N2O, 
NH3 and N2 as a function of cycle averaged temperature during the reduction of NOx 
(500ppm of NO+4% of O2; 60 sec) by H2 (1.5%; 10 sec) with and without CO2 (500ppm) 
with a temperature ramp from 150 to 270 ˚C 

Fig. 5.5a compares the instantaneous cycle-averaged NOx conversion as a 

function of the cycle-averaged temperature during the reduction of NOx by H2 both 
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in the presence and absence of 500ppm of CO2 with a simultaneous ramp in 

temperature at the rate of 5 ˚C/min from 150 to 270 ˚C. Fig 5.5b compares the 

corresponding cycle-averaged product selectivities to N2O, NH3 and N2 (by mass 

balance) over each individual cycle as a function of the cycle-averaged temperature. 

It can be seen from Fig. 5.5a, in the absence of CO2, NOx conversion increases with 

temperature and eventually reaches ~ 98 %. However, when 500ppm of CO2 was 

added to the feed, the NOx conversion decreases in the 165 to 230 ˚C temperature 

range and a minimum in NOx conversion occurs at ~ 230 ˚C. Further increase in 

temperature above 230 ˚C results in an increase in NOx conversion. This result is 

represents a gradual change in the conversion of NOx with temperature and 

suggests that the actual drop in NOx conversion at 200 ˚C as presented in Fig 5.1, 

was a part of this downhill trend of NOx conversion in the presence of CO2. And this 

minimum at ~ 230 ˚C is a result of the similar drop in the amount of NOx stored by 

the catalyst during the lean phase. The mechanism will be discussed in detail below.  

A schematic of the mechanism of NOx storage and the impact of CO2 on NOx 

storage in the range of 150 to 190 ˚C is presented in Fig. 5.6.  In this temperature 

window, NOx is stored in the form of nitrites and nitrates on the Ba sites close to the 

PGM sites through the spillover of dissociated O atoms from the PGM sites i.e. the 

“nitrite pathway”. The catalyst is not active for NO oxidation to NO2 in this 

temperature range. Moreover, the storage of NOx is limited by the stored NOx 

diffusion limitations. As a result the Ba sites that are not in the close proximity of 

PGM sites serve only as spectator sites and do not contribute to the storage of NOx. 

However, when CO2 is present in the feed, carbonates can form on the Ba sites 
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located close to PGM, thereby competing with NOx to form nitrites/nitrates. 

Carbonates can also form on the Ba sites located far from the PGM sites, but the 

carbonates so formed do not pose any competition to NOx storage as these sites are 

not involved in the NOx storage to begin with at these low temperatures.  

 
 

Figure 5.6 Mechanism of NOx storage in the absence and presence of CO2 at low 
temperatures (< 200 ˚C) 

Thus, the drop in conversion observed on the addition of CO2 to the feed in the 

temperature window of 150 – 190 ˚C is a result of the competition offered by 

carbonates to nitrites/nitrates on the Ba sites vicinal to PGM sites. And the 

carbonates formed on the Ba sites located far from the PGM sites act as spectator 

species and do not pose any competition to NOx storage. 
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Figure 5.7 Mechanism of NOx storage in the absence and presence of CO2 at intermediate 
temperatures (200 to 230˚C) 

At higher temperature the situation changes. The reader is referred to the 

schematic presented in Fig. 5.7. Specifically in the temperature range of 200 to 240 

˚C, the catalyst was active towards the NO oxidation reaction, which results in the 

production of some NO2. Moreover, the O2 dissociation kinetics improves with 

temperature and the diffusion limitations of NOx species on the surface reduce. As a 

result, storage of NOx may occur on the Ba sites located further from the PGM sites 

in addition to the Ba sites that are in close proximity to PGM. Upon the addition of 

CO2 to the feed as before, carbonates can form on the Ba sites that are away from 

PGM sites in addition to the Ba sites that are in close proximity to PGM. Thus, there 

is a competition between CO2 and NOx for storage on two types of Ba sites. As was 
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shown in Fig 5.3, the carbonates formed on the catalyst surface are stable in this 

temperature range thereby making the NOx storage more difficult. Thus, the 

number of Ba sites available for NOx storage decreases in this temperature range 

leading to the observed drop in subsequent NOx conversion during the typical lean 

rich cycling operation of the catalyst.  

The storage and evolution trends of NOx and NO2 respectively, observed during 

the cyclic reduction of NOx by H2 in the presence of CO2 can be explained by the 

proposed competitive storage mechanism. Fig 5.8a compares the amount of NOx 

stored during the lean phase of each individual cycle as a function of the cycle 

averaged temperature during the periodic reduction of NOx by H2 both in the 

presence and absence of CO2 with a simultaneous ramp in temperature from 150 to 

270 ˚C (Note: 500ppm of CO2 was added over the entire lean rich cycle time). The 

lean phase comprised 500ppm of NO and 4% O2 in balance Ar for 60 sec followed by 

a 10 sec rich phase with 1.5% H2 in balance Ar. Fig 5.8b compares the amount of 

NO2 evolved during the lean phase for the two systems described above. It can be 

seen from Fig 5.8a, the amount of NOx stored by the catalyst decreases with 

temperature up to ~ 230 ˚C but increases with temperature form that point.   

The data in Fig. 5.8b suggest that in the absence of CO2 in the feed, there is a 

complete uptake of NO2 by the catalyst as no appreciable amount of NO2 was 

measured during the lean phase. However, upon the addition of CO2 to the feed 

mixture, the amount of NO2 increases with temperature and exhibits a maximum at 

~ 230 ˚C. This evolution trend corresponds to the minimum in the amount of NOx 



133 
 

stored and the subsequent conversion of NOx. This trend in NO2 evolution fits well 

with the proposed mechanism of NOx storage and the effect of CO2. The NO2 once 

formed can successfully adsorb on the Ba sites located far from the PGM sites in 

particular through disproportion mechanism or through the oxidation of nitrite 

species. 

 

 
 

Figure 5.8a) NOx stored and b) NO2 evolved over the lean phase over each individual cycle 
during the reduction of NOx (500ppm of NO+4% of O2; 60 sec) by H2 (1.5%; 10 sec) with 
and without CO2 (500ppm) as a function of cycle averaged temperature 
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It was suggested in the literature [118] that for storage on the Ba sites close to 

PGM, both O2 and NO2 are equally capable of supplying the O atom needed for 

storage. The evolution of NO2 during the lean phase upon the addition of CO2 to the 

feed suggests that the Ba site availability for storage is limited due to the 

competition offered by CO2 to form stable carbonates, particularly this may be true 

on the Ba sites away from PGM and therefore NO2 was observed leaving the catalyst 

rather than being adsorbed by the catalyst. 

The proposed mechanism also explains the observed drop in the amount of NOx 

stored by the catalyst but without a corresponding increase in the amount of stored 

carbonates (Fig. 5.1). The amount of carbonates formed on the catalyst reaches 

saturation by ~ 170 ˚C but on increasing the temperature further to 230 ˚C the 

carbonates are quantitatively the same as at 170 ˚C. In contrast,  the effective Ba 

sites available for NOx storage decrease due to the formation of these carbonates. As 

the temperature increases, the stability of the stored NOx species in close proximity 

to the PGM sites decreases due to the shorter diffusional distance and increased 

desorption rate. As a result storage on the Ba sites further removed from the PGM 

sites plays a more important role in the overall storage capacity of the catalyst. 

Thus, the net amount of NOx stored by the catalyst decreases with increasing 

temperature in this regime due to the formation of stable carbonates particularly on 

the Ba sites far from the PGM sites. 

Finally, further increasing the temperature above 230 ˚C, the stability of surface 

carbonates decreases as seen by a drop in the net amount of CO2 stored by the 
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catalyst in Fig. 5.3. This frees up the Ba sites far from PGM sites for NOx storage and 

the NOx storage capacity of the catalyst again increases with temperature. 

5.4. Conclusion 

This study focuses on the storage of NOx at low temperatures and the impact of 

CO2 on the storage mechanism. The following are the main conclusions of this study: 

1) The storage of NOx at low temperatures (<200 ˚C) occurs predominantly 

on the Ba sites that are in close proximity to the PGM sites through the 

“nitrite pathway” involving spillover of O atoms. The dissociation of O2 on 

the precious metals plays a key role in the storage process. In the presence 

of CO2, carbonates form on the Ba sites in close proximity and further 

removed from PGM sites. The proximal carbonates pose a competition to 

nitrite/nitrate formation. This leads to a drop in the total amount of NOx 

stored by the catalyst.  

2) In the intermediate temperature range of 190 to 230 ˚C, the catalytic 

oxidation of NO increases producing NO2 which can desorb and store on 

the Ba sites further away from precious metal sites. In addition, increased 

diffusivity of stored NOx results in reduced stored NOx diffusion 

limitations. This leads to a better utilization of proximal and non-proximal 

Ba sites. In the presence of CO2, stable carbonates form on both these Ba 

sites and reduce the uptake of NOx. 

3) As the temperature increases above 230 ˚C, the stability of the carbonates 

drops and also the oxidation activity of the catalyst increases. The 
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diffusion limitations are further reduced leading to an increase in the total 

amount of NOx stored by the catalyst. 

In summary, the local minimum in the conversion of NOx observed during the cyclic 

reduction of NOx by H2 in the presence of CO2 in the feed is a result of the 

detrimental effect of CO2 on the storage capacity of the catalyst with respect to NOx, 

which is more pronounced in the temperature window of 180 to 230 ˚C. 
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CHAPTER 6 Spatial and Temporal Studies of NOx 

Reduction by C3H6 in Lean NOx Traps 

6.1. Introduction 

The future prospects for lean burn engines are promising due to their high fuel 

economy, durability and low carbon dioxide emissions. However, diesel engines 

emit NOx, which because of their attendant health affects are subject to increasingly 

stringent emission standards worldwide such as US 2010 and EURO VI. 

Furthermore, conventional three-way catalysts used for reducing the emissions 

from stoichiometric engines are inefficient in reducing NOx due to the lean nature of 

the diesel exhaust. Therefore, the NOx emission regulations have led to the 

development of many new exhaust after-treatment NOx reduction technologies over 

the past few decades of which, selective catalytic reduction (SCR) and lean NOx 

traps (LNT) are particularly effective.  

Lean NOx traps typically consist of precious metals (Pt, Rh etc.) and a storage 

component (alkali or alkaline earth metal oxide) supported on a high surface area 

metal oxide support. It is typically operated in lean-rich cycles where the air-fuel 

ratio is altered between lean (oxygen rich) and rich (fuel rich) conditions. During 

the lean phase NO is oxidized on the precious metals and is stored in the form of 

nitrites/nitrates on the storage component. The stored NOx species are 

subsequently released and reduced to N2 during the rich phase operation of the 

catalyst.  



138 
 

Since the 1990’s, extensive research has been done over the LNT systems and 

appreciable progress has been made in understanding the complex two-stage 

mechanism of NOx storage and reduction. A number of studies provided 

fundamental insights into the relevant reactions, mechanisms and kinetics ([32] and 

the references therein). The majority of these studies considered the reactions and 

mechanisms in a zero-dimensional context inside a typical monolith catalyst 

channel. Over the part few years, models and experimental studies have been 

proposed that consider the integral effects of sequential reactions under relevant 

cycling conditions [38-40, 122-125], pointing out the importance of understanding 

the evolution of spatiotemporal effects along the monolith channels. Typically, the 

composition of reactor effluents was analyzed at different space velocities to obtain 

data about composition versus residence time. This has been traditionally been 

attained by changing the total flow rate of the reaction mixture for a fixed catalyst 

volume. Alternatively, catalyst volume can be varied while keeping the total flow 

rate constant [125]. However, the development of a new measurement technique 

called spatially resolved capillary-inlet mass spectrometry (SpaciMS) provides an 

easier and simplified means for these measurements. 

Researchers at Oak Ridge National Laboratory (ORNL) have developed the 

SpaciMS technique to study the dynamic chemistry of LNT systems [126]. It consists 

of fused-silica capillary tubes inserted axially into monolith channels, the gas 

samples from the capillary tubes are analyzed with a mass spectrometer and hence 

the name “SpaciMS.”  The technique is believed to be minimally invasive both in 

terms of sampling rate (~ 10 μL/min) and probe size (~ 185 μm)[123]. Choi and 
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coworkers [123, 124] applied SpaciMS to study the cyclic reduction of NOx by CO 

over a Pt/K/Al2O3 catalyst and resolved multiple transient reactions and exotherms. 

They also studied the impact of sulfur on the spatiotemporal distribution of 

reactions and temperature inside a commercial monolithic LNT [127-129]. They 

explained the global performance of the catalyst under various reaction conditions 

based on changes in the axial distributions of three reaction zones: a sulfated zone, 

an NOx storage reduction (NSR) zone, and an Oxygen storage capacity (OSC) zone. 

Sulfation occurs in a plug-like zone starting at the leading edge and migrates 

downstream and displaces NSR and OSC zone further downstream.  

Partridge et al. [130] investigated the intra-channel formation and utilization of 

NH3 during the cyclic reduction of NOx by H2 on a Pt/Ba/Al2O3 LNT and showed that 

NH3 is produced at the same time as N2 product, but consumed as rapidly as the H2 

reductant along the catalyst downstream. They suggested that stored NOx was 

significantly redistributed along the monolith axis during the rich phase by release 

and subsequent downstream re-adsorption [131] and as sulfur poisoning increases, 

the NH3 slip at the catalyst exit also increases due to its formation closer to the 

catalyst outlet and decreased exposure to downstream oxidation by surface oxygen. 

Epling and coworkers [132] used IR-thermography and SpaciMS simultaneously 

to monitor dynamic gas species concentration and temperature wave propagation 

over a Pt/Al2O3 monolith catalyst during C3H6 oxidation and observed a back-to-

front propylene oxidation light-off. They also showed that after thermal degradation 

the ignition front moved toward the inlet significantly more slowly relative to the 
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non-thermally degraded sample. They also extended their study to include the effect 

of sulfation on C3H6 oxidation and showed that with each sulfation step, light-off 

temperatures (temperature at which 50% conversion of C3H6 was observed) 

increased and the time for back-to-front ignition changed pattern during 

temperature programmed oxidation [133]. Liu et al. [134] obtained spatial and 

temporal resolutions of temperature during the periodic oxidation-reduction of a 

model Pt/CeO2/Al2O3 monolith catalyst under cyclic feed of Oxygen and CO/H2 

mixtures through infrared thermal imaging and gas phase composition 

measurements.  

In this chapter, we study the transient lean storage and reduction of NOx by C3H6 

on a typical Pt-Rh/BaO/Al2O3 monolith catalyst using SpaciMS. The transient 

operation simulates typical NSR operation involving the fast lean–rich cycling 

conditions in which the storage lasts for about a minute and the regeneration for 

only a few seconds. The effects of temperature and feed composition of reductant 

C3H6 are studied through a detailed spatio temporal investigation of the transient 

NOx and reductant conversion and product distribution trends. The transient 

experiments show convincing evidence of an isocyanate route involving the 

support/storage phase (Al2O3/BaO).  The effects of various operating conditions like 

catalyst temperature and feed composition on the yield of NH3 provide further 

insight about the catalyst regeneration capability with C3H6 as the reductant. In 

addition, the spatial and temporal profiles of temperature distribution and reactant 

conversions during the lean-rich cycling are also presented. The SpaciMS used in 

this study was designed by Hiden and has the capability to measure both the gas 
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species compositions and temperatures in various monolith channels. The 

distribution of temperature across the monolith and the gradients in gas species 

concentrations in a channel during reaction were clearly resolved, providing a 

clearer understanding of reaction evolution along the monolith catalyst.A brief 

review of literature studies on steady state and cyclic reduction of NOx by C3H6 on 

precious group metal based catalysts is presented below. 

6.1.1. NOx reduction by C3H6 on precious group metals 

Three mechanisms based on the involvement of different intermediate species 

have been proposed for the reduction of NOx by C3H6 on precious group metals. The 

intermediate species that could possible form are [135]:  

(i) cyanide or isocyanate (–CN or –NCO) surface species, 

(ii) organo-nitro and related species (e.g., -NO2, -ONO), 

(iii) NO decomposition and subsequent oxygen removal by the hydrocarbon, 

(iv) hydrocarbon subspecies. 

Although it is possible that more than one of these mechanisms could act 

simultaneously. Each of these mechanisms is discussed in detail below. 

Cyanide / Isocyanate intermdiates 

Bamwenda et al. [136, 137] have reported an FTIR study of NO+C3H6 reaction on 

Rh and other PGM, and found evidence for adsorbed –CN and –NCO. They propose 

the following scheme: 

NCO* + NO  N2 + CO2,                                                 (6.1) 
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NCO* + NO  N2O + CO.                                                (6.2)  

On the other hand, Captain and Amiridis [138, 139] investigated the same reaction 

on Pt supported on SiO2 and Al2O3 catalysts and suggested -CN and –NCO as the 

potential intermediates on Pt/SiO2 and Pt/Al2O3 respectively. They also proposed 

that in the presence of water –NCO is rapidly hydrolysed to ammonia, which then 

reacts with NO to give the observed products. 

Organo-nitro and related intermediate species 

It has been suggested in the literature that activation of hydrocarbons on PGM 

could lead to the formation of CxHyOz species through partial oxidation, either with 

molecular oxygen or NO2 [137, 140, 141]. Alternatively, it has also been proposed 

that this activation occurs via some specific partially oxidized intermediates such as 

nitro and nitrite species [142], or by nitro-nitrosooxy addition to propene to give β-

nitropropylnitrate [143]. The subsequent reaction of these intermediates with NO 

or NO2 leads to the formation of N2 and N2O 

NO decomposition and subsequent oxygen reduction by hydrocarbons 

This simple mechanism involves dissociation of NO to give N* and O* with 

subsequent desorption of N2 and N2O and removal of O* by a hydrocarbon (e.g., 

C3H6). The steps involved are presented below [144]: 

S1:   NO + *  NO*,  

S2:   NO* + *  N* + O*,  
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S3:   N* + N*  N2,  

S4:   NO* + N*  N2O,  

S5:   O2 + 2 *  2 O*,  

S6:   CxHy + *  CxHy*, 

S7:   CxHy* + (2x+ 0.5y) O*  x CO2 + 0.5y H2O. 

Hydrocarbon sub-species intermediates  

In this mechanism [17], the reductant (e.g., C3H6) is first adsorbed on the 

precious metal site and then breaks down to various types of reactive hydrocarbon 

sub-species [5]. The reactions involved are given below: 

S8:   C3H6 + *  C3H6*, 

S9:   C3H6* + 2 *  3 CH2*,  

S10: CH2* + 3 NO*  4 * + CO2 + H2O + 1.5 N2. 

Although different hydrocarbon sub-species can form from propylene 

decompositions, CH2* was the only one considered in this example for the sake of 

brevity. The intermediate CH2* group reacts with the adsorbed NOX species to form 

the reduction reaction products. 
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6.2. Experimental 

6.2.1. Catalyst 

Monolith catalysts provided by BASF (Iselin, New Jersey) were used in this 

study. Larger cylindrical core (D = 3.8 cm and L = 7.6 cm) was cut using a dry 

diamond saw to a smaller, nearly cylindrical shape (88 channels; D = 1.35 cm, L = 

3.0 cm). The washcoat contained 1.13% PGM (Pt, Rh), 24.5% BaO, and remainder γ-

alumina with an overall mass loading of 4.6 g/in3 of monolith. The washcoat was 

supported on a cordierite structure (~ 62 channels/cm2). The sample was wrapped 

in Fiberfrax® ceramic paper that had been pretreated and mounted on the sample 

holder of Hiden-SpaciMS with a capillary (220 μm, O.D) and a thermocouple 

introduced into a monolith channel from the exit of the monolith catalyst. Fig. 6.1 

shows the front and side views of the SpaciMS sample holder with the monolith 

catalyst. The figure also shows a capillary and a thermocouple protruding out from 

the face of the monolith sample. A quartz tube reactor was then fastened onto the 

SpaciMS sample holder. The ceramic paper prevents any gas bypass around the 

catalyst during the experiments. The catalyst was not exposed to temperatures 

exceeding ca. 550 ˚C to avoid sintering of catalytic components. 

6.2.2. Flow reactor setup 

The experimental set-up used in this study is similar to the one used in previous 

studies [46] except for the additional installation and use of the SpaciMS. The 

system comprised of four major components: a feed system, a reactor system, an 
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Figure 6.1 a) Front view and b) Side view of the sample holder of the SpaciMS with the 
monolith catalyst mounted  

analytical system, and a data acquisition system. A bank of gas cylinders (Praxair) 

and mass flow controllers (MKS Inc.) were utilized to simulate the feed gas 

mixtures. The reactor system consisted of a quartz tube flow reactor mounted on to 
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the sampling end of the SpaciMS and was positioned inside a ThermocraftTM tube 

furnace.  

All the gas lines were heated and maintained at 140 ˚C to prevent water 

condensation and to minimize adsorption of NH3. The total gas flow rate was 3 

L/min, corresponding to a gas hourly space velocity of 42,000 hr−1. The outlet NO, 

NO2, N2O, NH3, H2O, CO and CO2 concentrations were monitored by a FTIR 

spectrometer (Thermo Scientific, 6700 Nicolet). The SpaciMS (Hiden, HPR20) was 

employed to generate spatial and temporal profiles of temperature and the 

concentration of NOx and C3H6 inside the monolith catalyst. Analog signals from the 

pressure gauge and mass flow controllers were sent to a National Instruments 

module to digitize the signals. These data were recorded on a PC using Labview® 

Software while the FT-IR and the SpaciMS composition/temperature data was 

collected on another PC using OMNIC and MASSOFT professional software, 

respectively. In order to synchronize the outputs from FTIR, SpaciMS analyzers and 

the Labview Software, tracer studies were carried out to determine the time delays 

and a lag of 6 and 13 seconds for FTIR and SpaciMS respectively was accounted for. 

An overall N material balance enabled an estimate of the N2 selectivity during the 

lean-rich cycling experiments. 

6.2.3. SpaciMS 

The Hiden SpaciMS has the capability to insert eight capillaries and eight 

thermocouples into different channels in the monolith sample; an eight-way micro 

switching valve is employed to switch between the different capillary flows such 
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that one of these flows is directed to the mass spectrometer to analyze the gas 

composition while the flow samples from other capillaries are sent to vent. In this 

study one capillary, thermocouple pair was positioned inside the monolith channels 

while a second pair was employed to measure the effluent composition and 

temperature. The capillary and thermocouple inserted into the monolith channel 

was moved with the help of a linear motion drive module along the length of the 

catalyst in increments of 0.25 cm (the increment value can range from 0.1 to 2 cm) 

starting from the face of the catalyst. At each position along the length, the 

concentration/temperature data was collected for 5 min (the time of sampling at 

each position can also be varied) before moving the capillary and thermocouple pair 

to the next position. Prior to the experiment, the mass spectrometer was calibrated 

for both NOx and C3H6. The capillary (220μm, OD) was positioned 2mm ahead from 

the face of the catalyst to monitor the feed composition and Kr was used as the 

tracer gas. The sampling rate of the capillary was ~5sccm which accounts for 14% 

of the flow through each channel (Total flowrate: 3000sccm; Number of channels: 

88). 

6.2.4. Lean rich cycling experiments 

Lean rich cycling experiments with C3H6 as the reductant were carried out over 

the feed temperature range of 250 – 400 ˚C (the temperature of the input feed gas). 

Mass flow controllers were used to control the lean and rich phase concentrations. 

After the calibration of the SpaciMS, the catalyst was pretreated with 4% O2 in 

balance Ar for ½ hr followed by 2% H2 in balance Ar for ½ hr at 350 ˚C. The 
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pretreatment was followed by cooling the reactor to room temperature while 

purging the catalyst with inert Ar. The furnace was set to the desired feed 

temperature and the catalyst was then exposed to lean rich cycles after reaching the 

set temperature. The lean phase comprised a feed containing 500 ppm NO and 4% 

O2 in Ar (60 s), while the rich pulse contained varying concentrations of C3H6 (0.5 to 

2 %, v/v) in Ar (10 s). The cycle-averaged results at each position along the length of 

the catalyst were obtained over four cycles after the system has reached a transient 

steady state. To reach a transient steady state, it took approximately 10–60 cycles 

depending on the conditions but minimally 60 cycles were run at each experimental 

condition. The point cycle-averaged NOx and C3H6 conversions were calculated by 

the following set of equations: 

    
 

     
    

    
                

    
     

       
                                                    (6.1) 

     
 

       
    

    
                 

      
     

       
                                                    (6.3) 

where s denotes storage,    
  (mol/s) is the feed rate of NO,      (mol/s) is the sum 

of the point molar flow rates of NO and NO2,      

 (mol/s) is the feed rate of C3H6, 

     
 (mol/s) is the point molar flow rate of C3H6 and      is the total cycle time (s). 

The corresponding product selectivities to NH3 and N2O for the entire cycle are 

defined as follows: 
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                                                    (6.5) 

where     
          (mol/s) are the point molar flow rates of NH3 and N2O 

respectively. Since the concentration of N2 was not measured the product selectivity 

to N2 is defined as 

              
          

                                       (6.6) 

6.3. Results and discussion 

6.3.1. FTIR studies of the reactor effluent 

The catalyst performance was examined by conducting NO/O2 + C3H6 cycling 

studies over a wide range of feed temperatures and C3H6 feed concentrations. Cycle-

averaged conversion and selectivity data of the effluent as measured by the FTIR 

will be reviewed first followed by a closer examination of spatial and temporal 

transient data.  The lean phase comprised a mixture of 500 ppm NO and 4% O2 with 

balance Ar for 60 sec. The rich phase contained C3H6 (in Ar) with C3H6 feed 

concentration varied from 0.5% (5000 ppm) to 2.0% (20000 ppm) in 0.5% 

increments. Fig. 6.2 shows the feed C3H6 concentration dependence of the cycle-

averaged NOx conversion and product selectivity to N2O, NH3 and N2 for four 

different feed temperatures: a) 250 ˚C, b) 300 ˚C, c) 350 ˚C, and d) 400 ˚C. The NOx 

conversion increased slightly with feed C3H6 concentration at 250 and 300 ˚C (Fig. 

6.2a,b) and was nearly 100% for all C3H6 feed concentration at higher temperatures. 

Al-Harbi et al. [145] carried out TPR experiments on a Pt/BaO/Al2O3 monolithic 

catalyst and showed that the reduction of NO by C3H6 can start at 217 ˚C as C3H6 
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binds strongly to catalyst at temperatures < 200 ˚C and poisons the catalyst surface. 

They suggested that propylene could induce nitrate decomposition and reduction at 

∼200 ˚C and as the reaction temperature exceeds 200 ˚C, the hydrocarbons become 

directly active over the NSR catalyst, but are kinetically limited. However, for T > 

300 ˚C, the regeneration phase reaction rates with propylene increase and is capable 

of completely regenerating the catalyst as given by ~100% conversion at 350 and 

400 ˚C.  

 

Figure 6.2 Cycle averaged effluent product selectivities to N2O, NH3 and N2 as a function of 
the feed concentration of reductant C3H6 during the cyclic reduction of NOx by C3H6 at a) 
250 °C, b) 300 °C, c) 350 °C, and d) 400 °C feed temperatures 
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The product selectivity to N2 increased with feed concentration of C3H6 at 250 ˚C, 

and a simultaneous drop in N2O selectivity was observed (Fig. 6.2a). At this 

temperature, the increase in the feed concentration of C3H6 could result in an 

increase in the local concentration of reductant scavenging for O atoms leaving 

behind N atoms, which combine to form N2. Therefore, the selectivity to N2 increases 

with feed reductant concentration at the expense of N2O. It should be noted that 

negligible selectivity to NH3 was observed at this temperature. However, as the 

temperature increased the N2O selectivity eventually dropped to zero and NH3 

selectivity gradually increased for all the feed concentrations of C3H6 at the expense 

of N2 (Fig. 6.2). A maximum in NH3 selectivity was observed at 350 ˚C, for all the feed 

C3H6 concentrations. It could be possible that NH3 was formed at all the 

temperatures and feed C3H6 concentrations used in this study and it further actively 

reduces NOx stored downstream of the catalyst. The NH3 formation mechanism will 

be discussed in detail later. 

It is further interesting to look at the temporal evolution profiles of various gas 

species. Fig. 6.3 compares the temporal evolution profiles of all the reactants and 

products over two consecutive lean-rich cycles during the cyclic reduction of NOx by 

C3H6 at 250 ˚C (feed temperature) for two different feed concentrations of C3H6 i.e., 

1.0% and 2.0%. It should be noted in the Fig. 6.3 that data was presented for two 

consecutive lean-rich cycles and the total cycle time was 70 sec where, the first 60 

sec in each cycle correspond to lean phase and the last 10 sec represent rich phase. 

It can be seen from Fig. 6.3a that a small peak in NO concentration appeared 

immediately when the feed was switched from rich to lean phase and a second peak 



152 
 

was observed during the 10 sec rich phase. The peak observed during the rich phase 

was a result of slow reduction kinetics by C3H6 when compared to the NOx release 

rate and therefore, some NO slips through the catalyst without being reduced. 

However, the peak observed during the first few seconds of the lean phase was a 

result of incomplete regeneration of NOx during the rich phase and will be discussed 

in detail later. 

It can be seen from Fig. 6.3b and Fig 6.3c that effluent N2O and CO2 evolution 

profiles have two similar peaks, one during the rich phase and the second during the 

first few of lean phase. An identical trend was observed in N2O and CO2 evolution 

profiles during the cyclic reduction of NOx by CO under otherwise similar reaction 

conditions and on the same catalyst (Fig. 4.3a). The peak during the rich phase was a 

result of the reduction chemistry of NOx by C3H6 (eq. 6.12 - 6.15). However, the 

second peak observed during the first few seconds of the lean phase implies the 

involvement of surface species present on catalyst surface at the end of rich phase. 

During the cyclic reduction of NOx by CO similar kind of involvement of 

intermediate surface species was observed which were identified as 

cyanate/isocyanates species. However, when employing C3H6 as the reductant, 

many other surface species like CxHyOz and hydrocarbon sub-species in addition to 

cyanite/isocyanates species could form on the catalyst surface as described earlier. 

These surface species could react with O2 and NO during the first few seconds of the 

lean phase to give N2, N2O. A minute amount of CO was also observed during the rich 

phase possibly due to partial oxidation reaction of C3H6 (Fig. 6.3c). 
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Figure 6.3 Comparison of the evolution of a) NO and NO2, b) N2O and NH3 and c) CO and CO2 

as a function of time during the reduction of NOx by C3H6 for two different feed C3H6 
concentrations of 1.0% and 2.0% at 250 °C 
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The cyclic reduction of NOx by C3H6 experiment for various feed concentrations 

of C3H6 was repeated at 300 ˚C. Fig. 6.4 compares the temporal evolution data of all 

the reactants and products as a function of time over two consecutive lean-rich 

cycles for two different feed concentrations of C3H6 i.e., 1.0% and 2.0%. The 

temporal evolution trends of NO and NO2 at 300 ˚C (Fig. 6.4a) were found to be 

similar to those observed at 250 ˚C except that the shoulder in NO concentration 

observed during the first few seconds of lean phase decreases in magnitude on 

increasing the temperature. Also, the NOx trapping capacity of the catalyst was 

observed to increase with temperature which can be attributed to an enhancement 

in activation of hydrocarbons on the catalyst surface resulting in deeper catalyst 

regeneration and subsequent NOx storage. However, the product evolution profiles 

at 300 ˚C were quite different when compared to 250 ˚C (Fig. 6.3b and 6.4b). At 300 

˚C, N2O seemed to be the least selective product and the net amount of NH3 

produced increased with feed concentration of C3H6. Moreover, two distinct peaks in 

NH3 concentration were observed, one during the rich phase and the second during 

the first few seconds of the lean phase. In fact, the magnitude of the peak during the 

first few seconds of lean phase was larger than that observed during the rich phase. 

In order to better understand the mechanism leading to NH3 formation we need to 

take a look at different pathways possible under the reaction conditions of this 

study. 

Two pathways to NH3 production are possible during the cyclic reduction of NOx 

by C3H6 on a precious metal based catalyst i.e., isocyanates intermediate pathway 

and steam reforming of the hydrocarbons.  
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Figure 6.4 Comparison of the evolution of a) NO and NO2, b) N2O and NH3 and c) CO and CO2 

as a function of time during the reduction of NOx by C3H6 for two different feed C3H6 
concentrations of 1.0% and 2.0% at 300 °C 
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Isocyanate intermediate pathway 

Many surface studies in the past have reported that isocyanates species form on 

the catalyst during the reduction of NOx by C3H6 on precious metal based catalyst. It 

was suggested that isocyanates form on the precious metals and spillover to the 

neighboring storage/support components on a typical LNT catalyst [135]. These 

isocyanates hydrolyze in the presence of water to form NH3, which further plays an 

active role in reducing stored NOx on the catalyst downstream and produce N2O and 

N2 as discussed in detail in Chapter 4. The reduction reactions involving isocyanates 

are presented below [135, 146]: 

2 NCO* + 3 H2O  2 NH3 + 2 CO2 + O*,                                    (6.7) 

NCO* + NO + ½ O2  N2O + CO2,                                        (6.8) 

NCO* + NO  N2 + CO2.                                               (6.9) 

where * denotes adsorbed state on the catalyst site. Moreover, reactions of NCO* 

with NO and O2 producing N2 are precious metal catalyzed pathways, while the 

reaction of NCO* with H2O producing NH3 is not and can occur on the support and 

storage components as well [146]. 

Steam reforming of hydrocarbons 

In this mechanism, hydrocarbons undergo steam reforming and produce H2 

which then reduces stored NOx to NH3 in addition to N2 and N2O. The reactions 

involved are presented below: 
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C3H6 + 6 H2O  3 CO2 + 9 H2,                                                               (6.10) 

NO + 5/2 H2  NH3 + H2O.                                            (6.11) 

However, previous studies have shown that steam reforming of C3H6 begins at 

approximately 375 ˚C over Pt based catalysts under reaction conditions similar to 

those used in this study [145]. Furthermore, even at 375 and 450 ˚C, the amounts of 

H2 produced were quite small which suggest that steam reforming may not be 

playing a critical role in NSR regeneration below 450 ˚C. Moreover, H2O was not fed 

to the catalyst in this study and the only source of water for steam reforming would 

be that being generated during the reaction of C3H6 with other species, which 

further limits the extent of steam reforming reaction. Therefore, it seems unlikely 

that H2 produced by steam reforming of C3H6 could be playing a dominant role in 

NH3 formation mechanism under the reaction conditions of this study. Also, the 

hydrolysis of surface isocyanates species better explain the dual peak trend 

observed in the temporal concentration profile of NH3 (Fig. 6.4b).  

It should also be noted that when C3H6 is used as a reductant, CO2 formation 

should be accompanied by H2O as can be seen from the stoichiometry of NOx 

reduction by C3H6 reactions given below: 

     3 Ba(NO2)2 + C3H6  3 N2 + 3 CO2 + 3 H2O+ 3 BaO,               (6.12) 

 9 Ba(NO3)2 + 5 C3H6  9 N2 + 15 CO2 + 15 H2O + 9 BaO,                 (6.13) 

9/2 Ba(NO2)2 + C3H6   9/2 N2O + 3 CO2 + 3 H2O+ 9/2 BaO,             (6.14) 

5/2 Ba(NO3)2 + C3H6  5/2 N2O + 3 CO2 + 3 H2O + 5/2 BaO.     (6.15) 
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In addition the complete or partial oxidation of C3H6 should produce H2O as well 

according to the stoichiometry of the following reactions: 

C3H6 + 9/2 O2  3 CO2 + 3 H2O,                                         (6.16) 

C3H6 + 3 O2  3 CO + 3 H2O.                                            (6.17) 

So, for each mole of CO2 or CO formed during the cyclic reduction of NOx by C3H6 

one mole of water should be produced. Having stated that it should be noted that 

more than 50 % of CO2 produced was actually observed during the first few seconds 

of the lean phase, which implies a corresponding simultaneous peak in the amount 

of water produced as well. Therefore, in line with CO2 evolution trend considerable 

amount of water was produced during the first few seconds of the lean phase. It 

should be noted that H2O was not fed in the reaction mixture and H2O generated in 

situ inside the catalyst was the only source for the hydrolysis of isocyanates.  

During the rich phase operation of the catalyst, the catalyst was not completely 

regenerated due to slow kinetics of C3H6 activation as a result considerable amount 

of isocyanates species accumulate on the catalyst surface in addition to adsorbed 

C3H6 and other surface species towards the end of the rich phase. Also, the amount 

of water available during the rich phase was limited for it to completely hydrolyze 

the isocyanates during the rich phase itself. These isocyanates still present on the 

catalyst surface at the end of the rich phase can react with NO and O2 on the switch 

to the lean phase. In addition, the isocyanates can also be hydrolyzed by H2O 

evolving during the first few seconds of the lean phase from the oxidation reaction 

of surface C3H6 resulting in a second peak in NH3 concentration profile. Therefore, a  
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Figure 6.5 Comparison of the evolution of a) NO and NO2, b) N2O and NH3 and c) CO and CO2 

as a function of time during the reduction of NOx by C3H6 for two different feed C3H6 
concentrations of 1.0% and 2.0% at 350 °C 
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dual peak in NH3 concentration was observed due to the accumulation of 

isocyanates on the catalyst surface. 

An increase in NH3 selectivity was observed with temperature (Fig. 6.2). The 

cyclic reduction of NOx by C3H6 for various feed concentrations of C3H6 was 

repeated at 350 ˚C. Fig 6.5 compares the temporal evolution profiles of reactants 

and products over two consecutive lean rich cycles for two different feed 

concentrations of C3H6 i.e., 1.0% and 2.0%. When compared to 300 ˚C, increasing the 

temperature to 350 ˚C led to an enhancement in NOx storage and reduction as C3H6 

regeneration kinetics improves with temperature. Previous studies [146, 147] have 

reported through in situ DRIFTS measurements that higher concentrations of 

surface NCO species are formed at 350 ˚C when compared to 300 and 250 ˚C.  

Therefore, as the isocyanates surface concentration increases the amount of NH3 

produced by subsequent hydrolysis of isocyanates species increases as well 

resulting in an increase in NH3 selectivity. We will now look at the spatial effects of 

NOx storage and reduction during transient operation of Lean NOx Traps. 

6.3.2. SpaciMS studies 

Spatial and temporal profiles of NOx concentration and temperature were 

obtained along the length of the monolith catalyst during the reduction of NOx by 

C3H6 for various rich phase concentrations of C3H6 over the feed temperature range 

of 250 to 400 ˚C in 50 ˚C increments. The lean phase comprised 500ppm of NO and 

4% O2 in balance Ar for 60 sec and the rich phase contained 0.5 to 2% C3H6 in 

balance Ar for 10 sec. The spatial profiles were collected at 0.25 cm length 
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increments starting from 0 to 2 cm, where 0 represents the front face of the 

monolith where the feed enters.  

 

 
 
Figure 6.6 Evolution of NO as a function of time at various z positions (cm) along the 

catalyst length during the cyclic reduction of NOx by C3H6 for various rich phase 
concentrations of C3H6 at 250 ˚C: a) 0.5%, b) 1.0%, c) 1.5% and d) 2.0% of C3H6 
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Fig. 6.6 shows the temporal profiles of NO concentration over a typical lean rich 

cycle time at various z positions along the catalyst length during cyclic reduction of 

NO by C3H6 at 250 ˚C for a) 0.5%, b) 1.0%, c) 1.5%, and d) 2.0% of C3H6 fed during 

the rich phase. Fig. 6.7 shows the corresponding temperature profiles as a function 

of time over a typical lean rich cycle. The first 60 sec of the x-axis corresponds to the 

lean phase (i.e. from 70 to 130 sec) and the last 10 sec represents the successive rich 

phase.  

Effect of z position on storage and reduction 

A gradual drop in the temporal concentration profiles of NO along the catalyst 

length was observed as the reactant NO flows through the catalyst. It can be seen 

from Fig. 6.6a that NOx storage increases gradually along the length of the catalyst; 

most of the NOx storage occurs on the front half of the catalyst (~ 1.5cm) with only a 

small amount of storage occurring on the downstream portion of the catalyst. Note 

that the CNO vs. t curve at z = z1 represents the feed NO to the next 0.25 cm section. 

Therefore the decrease in CNO represents the increment in storage in that section. 

The NO data show that, the concentration of NO gradually increases with time 

during the lean phase in the first 0.25 cm fraction of the catalyst. A peak in NO 

concentration emerges during the first few seconds of the lean phase. The 

magnitude of this peak gradually increases with catalyst length till ~ 1cm and then 

slightly decrease with further increase in monolith length. Moreover, for lengths 

greater than 0.5 cm, a second peak in NO concentration was observed during the 

rich phase as well which also increases with the length of the catalyst. A similar 
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trend in temporal evolution profiles of NO was observed for varied concentrations 

of reductant C3H6 at the same reaction temperature (Fig. 6.6 b-d).  

Storage during the lean phase depends on the extent of regeneration that took 

place during the preceding rich phase. A maximum of ~ 75 % in NOx conversion was 

observed at 250 ˚C for the reaction conditions considered here. This suggests an 

incomplete regeneration of catalyst during the previous rich phase. That is, NOx was 

not completely removed from the catalyst surface by the end of the rich phase, 

particularly NOx species adsorbed on the catalyst further from the inlet.  

In addition, C3H6 adsorbs and accumulates on the regenerated catalyst surface 

(first few mm of the catalyst length which was deeply regenerated during the rich 

phase) towards the end of the rich phase. During the rich to lean phase switch, C3H6 

oxidation by O2 added during the lean phase occurs in the front portion of the 

catalyst leading to a local temperature peak i.e., a hot spot (Fig. 6.7). This results in 

the release of NOx that was already residing on the catalyst. The released NOx re-

adsorbs on to the catalyst as it passes downstream. This is evident by a drop in the 

peak magnitude along the catalyst. Depending on the reaction conditions, some 

amount of NOx might slip through the catalyst during the first few seconds of the 

lean phase. Therefore, stored NOx redistribution in the downstream of the catalyst 

occurs during the rich to lean phase switch depending on the efficiency of the 

reductant in regenerating the catalyst. 

The second peak in NO concentration observed during the lean to rich phase 

switch is the so-called “NOx puff.” It is a result of slower reduction kinetics 
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compared to the kinetics of stored NOx release, as a result not all the NOx released 

was reduced leading to a peak in NOx concentration during the rich phase. The NO 

puff was detected over almost the entire length of the catalyst and it increases with 

the length of the monolith. 

Effect of reductant C3H6 concentration on local temperature peaks (hot spots) 

The temporal profiles of temperature over the length of the catalyst observed 

during the cyclic reduction of NOx by C3H6 at 250 ˚C, for various rich feed 

concentrations of C3H6 are presented in Fig. 6.7 a) 0.5%, b) 1.0%, c) 1.5%, and d) 

2.0%.  The data show two temperature peaks over the entire lean-rich cycle time at 

any position along the catalyst length; these are: i) a peak occurs immediately upon 

the switch from the rich to lean phase i.e., during the first few seconds of the lean 

phase and ii) a peak during the rich phase. The net rise in temperature (ΔT) 

observed during the first few seconds of the lean phase increases with length and 

reaches a maximum and then levels off further downstream of the catalyst.  

The sudden rise in temperature observed during the first few seconds of the lean 

phase is a result of the exothermic oxidation reaction of C3H6 adsorbed by the 

catalyst during the preceding rich phase. On increasing the rich phase reductant 

C3H6 concentration from 0.5 to 2.0%, the net temperature rise increased from 50 ˚C 

to 100 ˚C and the location of the maximum in temperature rise shifted upstream 

from 1cm to 0.5 cm from the face of the catalyst. On increasing the reductant 

concentration during the rich phase, the net amount of C3H6 adsorbed by the 

catalyst surface by the end of the rich phase increases. This leads to an increase in 
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the extent of exothermic oxidation leading to higher temperature gradients on 

switching to the lean phase. 

 

 
 
Figure 6.7 Temporal profiles of temperature during the cyclic reduction of NOx by C3H6 at 

250 ˚C at different axial positions along the catalyst length for various rich phase 
concentrations of C3H6: a) 0.5%, b) 1.0%, c) 1.5% and d) 2.0% of C3H6 
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Effect of reductant C3H6 concentration on NO evolution profiles 

 
 
Figure 6.8 Comparison of evolution trends of NO as a function of time during the cyclic 

reduction of NOx by C3H6 for various rich phase concentrations of C3H6 (0.5 to 2%) at a 
feed temperature of 250 ˚C at various z positions: a) 0.25 cm, b) 0.5 cm, c) 0.75 cm and 
d) 1.5 cm  
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Fig. 6.8 compares the evolution profiles of NO during the cyclic reduction of NOx 

by C3H6 for various feed concentrations of C3H6 at different z positions along the 

length of the catalyst: a) 0.25 cm, b) 0.5 cm, c) 0.75 cm, and d) 1.5 cm from the face 

of the catalyst (re-cast of data from Fig 6.6, with comparison of NO profiles for 

different feed C3H6 concentrations at various lengths along the monolith length). 

The data suggests that as the reductant concentration increases the amount of NOx 

stored during the lean phase increases over the entire length of the catalyst.  Also 

with increase in feed C3H6 concentration the peak in NO concentration observed 

during the first few seconds of the lean phase shifts upstream, as seen by a small 

peak for 2% C3H6 even at 0.25 cm (Fig. 6.8a). This could be a result of maximum in 

the temperature peak (ΔT) shifting upstream due to the reasons explained above 

(ref Fig. 6.7d) which subsequently leads to an upstream shift of the NOx release 

front. 

Effect of reaction temperature on NOx evolution profiles 

The experiment corresponding to the data reported in Fig. 6.6 was repeated at 

300 ˚C to study the effect of feed temperature on the temporal evolution profiles of 

NOx. Fig. 6.9 shows the temporal evolution profiles of NO during the reduction of 

NOx by C3H6 at various z positions along the catalyst length for various rich phase 

concentrations of C3H6: a) 0.5 %, b) 1.0 %, c) 1.5 %, and d) 2.0 % of C3H6. At 300 ˚C, 

the storage and reduction kinetics of NOx is fast as evidenced by most of the NOx 

storage occurring in first half of the catalyst (~ 80%) for all the feed C3H6 

concentrations studied. Also, the peak in NO concentration observed at 250 ˚C upon 
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Figure 6.9 Evolution of NO as a function of time at various axial positions (cm) along the 

catalyst length during the cyclic reduction of NOx by C3H6 for various rich phase 
concentrations of C3H6 at 300 ˚C: a) 0.5%, b) 1.0%, c) 1.5% and d) 2.0% of C3H6 
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no significant peak in NO concentration was observed upon the switch from rich to 

lean phase. However, the peak in NO concentration during the switch from lean to 

rich phase still exists apparently due to the slower reduction kinetics when 

compared to the release rate of stored NOx. 

 

 
 
Figure 6.10 Temperature profiles as a function of time during the cyclic reduction of NOx by 

C3H6 at 300 ˚C at different axial positions along the catalyst length for various rich phase 
concentrations of C3H6: a) 0.5%, b) 1.0%, c) 1.5% and d) 2.0% of C3H6 

300 

320 

340 

360 

380 

400 

420 

440 

70 140 

T
e

m
p

e
ra

tu
re

 (
C

) 

Time (sec) 

0.25 0.5 0.75 
1 1.5 2 

0.5 % C3H6 

300 

320 

340 

360 

380 

400 

420 

440 

70 140 

T
e

m
p

e
ra

tu
re

 (
C

) 

Time (sec) 

0.25 0.5 0.75 
1 1.5 2 

1.0 % C3H6 

300 

320 

340 

360 

380 

400 

420 

440 

70 140 

T
e

m
p

e
ra

tu
re

 (
C

) 

Time (sec) 

0.25 0.5 0.75 

1 1.5 2 

1.5 % C3H6 

300 

320 

340 

360 

380 

400 

420 

440 

70 140 

T
e

m
p

e
ra

tu
re

 (
C

) 

Time (sec) 

0.25 0.5 0.75 

1 1.5 2 

2.0 % C3H6 



170 
 

Fig. 6.10 compares the temporal profiles of temperature during the cyclic 

reduction of NOx by C3H6 at 300 ˚C at various z positions along the catalyst length 

over a typical lean rich cycle time for different feed C3H6 concentrations during the 

rich phase: a) 0.5 %, b) 1.0 %, c) 1.5 %, and d) 2.0 % of C3H6. The temperature 

trends were found to be similar to those observed at 250 ˚C, however the maximum 

in the temperature gradient occurred at 0.25 cm from the face of the catalyst for all 

the feed C3H6 concentrations and it gradually dissipated along the length of the 

monolith. Thus the increase in feed temperature from 250 to 300 ˚C increased the 

reduction kinetics resulting in a higher NOx conversion at all the positions along the 

catalyst length. In addition, the net volume of the catalyst used for the storage and 

reduction shifts upstream due to the enhancement in storage and reduction and the 

NOx slip observed during the first few seconds of the lean phase almost disappears.  

Fig. 6.11 compares the effect of the reductant concentration on the temperature 

gradients at different z positions along the length of the catalyst during the cyclic 

reduction of NO by C3H6 at 300 ˚C. It can be seen that the net rise in temperature 

during the lean phase at each z position increases with the feed concentration of the 

reductant. A similar trend was observed at 250 ˚C, the reason could be the same 

explanation given at 250 ˚C i.e., with increase in reductant concentration, the 

amount of C3H6 present on the catalyst surface at the end of the rich phase increases 

which then reacts with O2 on switching to the lean phase and results in a larger 

temperature exotherm.  
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Figure 6.11 Comparison of temperature gradients as a function of time during the cyclic 

reduction of NOx by C3H6 at 300 ˚C for various feed concentrations of C3H6 from 0.5 to 
2.0 % at different z positions along the catalyst length: a) 0.25, b) 0.50, c) 0.75 and d) 
1.50cm  

Comparison of spatial and temporal NOx profiles at different temperatures 

Fig 6.12 compares the temporal evolution trends of NO over a typical lean-rich 

cycle time during the cyclic reduction of NO by 0.5 % C3H6 at different temperatures 

ranging from 250 to 400 ˚C at various positions along the length of the catalyst: a) 
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amount of NOx stored increased at all the z positions and the enhancement in NOx 

storage was much more prominent for temperatures above 300 ˚C. Moreover, the 

net volume of the catalyst needed for NOx storage and reduction decreased with 

temperature as nearly 80% storage was observed with in the first 0.75 cm of the 

catalyst length for T > 300 ˚C. 

 
 
Figure 6.12 Comparison of evolution trends of NO as a function of time during the cyclic 

reduction of NOx by 0.5 % C3H6 at different reaction temperatures from 250 to 400 ˚C at 
various z positions: a) 0.25 cm, b) 0.5 cm, c) 0.75 cm and d) 1.5 cm 
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Figure 6.13 Comparison of NO conversion as a function of x position during the cyclic 

reduction of NOx by C3H6 at different reaction temperatures from 250 to 400 ˚C for 
various feed concentrations of C3H6: a) 0.5%, b) 1.0%, c) 1.5% and d) 2.0% of C3H6 

Finally, Fig. 6.13 compares the cycle averaged NOx conversion at different 

temperatures ranging from 250 to 400 ˚C as a function of catalyst length during the 

cyclic reduction of NOx by C3H6 for various rich phase concentrations of C3H6: a) 0.5 

%, b) 1.0 %, c) 1.5 %, and d) 2.0 % C3H6. Enhancement in NOx conversion over 

entire length of the catalyst was observed with increase in temperature for all the 
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feed C3H6 concentrations studied mainly due to the boost in reduction kinetics with 

temperature. It can be seen from Fig 6.13a that the length of the catalyst needed for 

~ 50% NOx conversion decreases from 1.25cm to 0.25cm as the feed temperature 

was increases from 250 to 400 ˚C respectively. Therefore, it can be concluded that as 

the temperature increases, the net volume of the catalyst over which active NOx 

storage and reduction occurs decreases. Furthermore, at T < 350 ˚C increase in feed 

reductant concentration has a similar effect on the utilization of catalyst and for T > 

300 ˚C, increasing the feed concentration of C3H6 has negligible effect on NOx 

conversion as the reductant is pretty active in reducing NOx and 0.5% C3H6 is 

sufficient to completely regenerate the catalyst giving ~ 100 % NOx conversion. 

6.4. Conclusions 

During NOx storage and reduction by C3H6 on Pt-Rh/BaO/Al2O3, NH3 may be 

generated by two major routes, the hydrocarbon steam reforming route, in which 

NH3 is generated by the catalytic reduction of NOx by H2 produced from C3H6 steam 

reforming reaction; the isocyanate hydrolysis route, in which NH3 is generated by 

the hydrolysis of surface isocyanates that are formed by the catalytic reaction of NO 

and C3H6. We carried out a systematic study of the cyclic lean storage and reduction 

using C3H6 as the reductant to elucidate NOx conversion and integral selectivity 

trends with particular focus on the NH3 formation mechanism. Through this study, a 

new insight has been gained about the role of intermediate isocyanate species 

during the cyclic reduction of NOx by CO. Under the transient aerobic conditions 
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created by the lean-rich cycling, the generation, storage, supply, and reaction of 

isocyanates emerges as an important route guiding the NOx reduction.   

The transient reactor experiments support a mechanism in which isocyanates (-

NCO) are formed during the reaction of NO and C3H6 on the precious metals (PGM) 

and spill over to the neighboring Ba and Al sites. In addition, CO produced by partial 

oxidation of C3H6 could also react with NOx to form isocyanates although very little 

CO was observed at 250 C. The isocyanates so formed further reduce stored NOx to 

N2 and N2O depending on the surface concentration of isocyanates and 

nitrates/nitrites through precious metal catalyzed reactions. In addition, they are 

also hydrolyzed to NH3 by water produced during the C3H6 conversion. 

When water is not fed to the reaction mixture, the catalyst is not completely 

regenerated during the rich phase and the catalyst surface still has surface 

isocyanates at the end of the rich phase. Moreover, spectator isocyanates may 

migrate from the PGM-support interface, which may poison the NOx storage 

capacity of the catalyst. The active isocyanates close to PGM-support interface react 

with NO and/or O2 upon the switch to the lean phase and form N2, N2O and CO2. In 

addition, water is also formed during the first few seconds of the lean phase by the 

oxidation reactions of C3H6. As a result NH3 is also detected during the lean phase 

from the hydrolysis of isocyanates species. Therefore, NOx is reduced both during 

the rich phase and also during the first few seconds of the successive lean phase. 

Higher surface concentration of isocyanates favors NH3 and N2 formation over N2O. 

Spatial and temporal profiles of NO concentration and temperature gradients are 

also obtained during the cyclic reduction of NOx by C3H6 on a typical Pt-
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Rh/Ba/Al2O3 catalyst for various feed concentrations of C3H6 and reaction 

temperatures. These data suggest the following: 

 Stored NOx redistribution occurs during the first few seconds of the lean 

phase leading to a NOx slip depending on the reaction conditions, 

particularly when catalyst regeneration is incomplete.  

 A temperature exotherm occurs close to the face of the catalyst during the 

initial stages of the lean phase due to the oxidation of propylene adsorbed by 

the catalyst during the preceding rich phase. The location of the exotherm is 

sensitive to feed temperature and the concentration of the reductant and it 

moves towards the face of the catalyst with an increase in the reductant feed 

concentration. 

 A small exotherm also occurs during the switch from the lean to rich phase 

during the reduction mechanism of stored NOx. 

 The magnitude of the temperature exotherm observed during the initial 

stages of the lean phase increases with the reductant concentration. It also 

increases with the feed temperature. 

 The NOx puff observed during the first few seconds of the lean phase was a 

result of the temperature exotherm coupled with the incomplete 

regeneration of the catalyst. 

 Increase in temperature enhances the NOx storage and reduction kinetics 

over the entire length of the catalyst especially at T > 300 ˚C. 

 At T < 350 C, an increase in reductant feed concentration leads to a decrease 

in the net volume of the catalyst used in the storage/reduction process.  
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CHAPTER 7 Density Functional Theory Studies 

7.1. Introduction 

Density functional theory (DFT) is one of the most widely used methods for ab 

initio calculations of the structure of atoms, molecules, crystals, surfaces, and their 

interactions [148]. Numerous advantages such as its direct applicability to chemical 

reaction calculations including the prediction of geometries and energetics of 

transition states (in contrast to force field approaches), inclusion of electron 

correlation and relatively low computational resource consumption (e.g., compared 

to Hartree-Fock (HF) and MP2 methods, respectively) turn it to a very powerful tool. 

The theory is exact, but for practical applications the following approximations are 

typically made: 

1) Born-Oppenheimer approximation: Atomic nuclei are much heavier than the 

electrons and the electron response to changes in their surroundings is more rapid 

than that of nuclei. Thus, in evaluating the energy of a set of atoms, the electron 

density is optimized first to get the ground-state energy while holding the nuclei 

fixed, and then the nuclei are relaxed according to the electronic forces. 

2) Kohn-Hohenberg’s theorem: The ground-state energy from Schrödinger’s 

equation (Hψ=Eψ) is a unique functional of the electron density, i.e., E=E[n(r)], 

where: n(r)=2Σψi *(r) ψi(r); E, n, r, and ψ represent ground-state energy, electron 

density, position vector, and electron wave function, respectively. 

3) Kohn-Sham equations: The original Schrödinger equation is a many-body 

problem; i.e. it involves the interactions between all the electrons of the system, 
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which makes the solution complicated. Kohn and Sham simplified the problem by 

expressing it in terms of separate equations, each of which is assigned to one 

individual electron, 

                                    [
  

  
   +V (r)+V H(r)+ V XC(r)] Ψi(r) = ЄiΨi(r),                                    (7.1) 

where the terms within the brackets account for the electron kinetic energy, 

electron-nuclei, electron-electron (Hartree), and exchange-correlation potential, 

respectively.  

Using the Kohn-Sham approach, a code may be developed in an iterative manner 

to get to the ground-state energy; one can define an initial, trial electron density, 

n(r), solve the Kohn-Sham equations with this initial guess to find the single-particle 

wave functions, Ψi(r), calculate the electron density, compare the latter with the 

initial guess, and continue this loop until convergence is reached. However, in 

contrast to the first three terms in eq. (7.1), the exact functional form of the 

exchange-correlation term is unknown. Attempts were made to fill this gap with 

simple approaches such as the Local Density Approximation (LDA) and extended to 

more sophisticated, complex functionals including the Generalized Gradient 

Approximation (GGA), Meta-GGA, and Hyper-GGA methods. The type of functional to 

select is an underlying step of any DFT calculation. It depends to a great extent on 

the physical conditions of the problem and the functional’s computational 

expensiveness.  

In this work the adsorption of several atomic (O, N, and C), molecular (N2, CO, NO 

and CO2) species, molecular fragment (NCO) and the co-adsorption of N+N, CO+O, 
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N+O on the (111) facet of platinum were studied using self-consistent periodic 

density functional theory. The effect of the excess coverage of CO on the Pt(111) 

surface is also investigated with 2/3rd monolayer (saturation) coverage of CO. From 

these calculations, the best binding sites, binding energies, and activation energies 

of the species are determined. 

7.2. Computational details 

7.2.1. General Methodology 

The density functional theory (DFT) calculations (adsorption energies, activation 

energy barriers and vibrational frequencies) reported here have been calculated 

using the Vienna Ab- initio Simulation Package (VASP) in combination with the 

Atomic Simulation Environment (ASE) [149, 150]. The revised Perdew – Burke – 

Ernzerhoff - generalized gradient approximation (RPBE - GGA) was used as 

exchange-correlation functional [151, 152] and the Brillouin zone was sampled with 

a 6x6x1 Monkhorst Pack k-point set [153]. The interactions between core and 

valence electrons were represented by the projected augmented wave (PAW) 

method [154] and the cut-off energy of 400 eV for plane wave was selected for this 

study. With the exception of gas phase molecules, a Fermi temperature of kBT = 0.1 

eV was used for all calculations and the resulting energies were extrapolated to zero 

electronic temperature [155]. For gas phase species kBT = 0.01 eV was chosen. 

The conjugated gradient algorithm with a force convergence criterion of 0.05 

eV/Å was used for ionic relaxations of equilibrium geometries. The Pt(111) facet 

was modeled as a four layer slab with a (3x3) surface unit cell, corresponding to a 
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surface coverage of 1/9 ML for clean Pt surface calculations and with 2/3 ML 

coverage of CO molecules in addition to the adsorbed atom/molecule for the CO 

covered Pt surface. The top two layers were allowed to relax, while the bottom two 

layers were kept fixed in their bulk truncated positions and repeated slabs are 

separated by 14.0 ˚A vacuum perpendicular to the Pt(111) surface. The theoretically 

obtained bulk lattice constant of 3.998 ˚A is in good agreement with the 

experimental value of 3.912 ˚A [156].  

A dipole correction was applied to compensate the effect of adsorbing molecules 

only on one side of each surface. Binding energies (EBE) are calculated with respect 

to the clean surface and the gas phase molecules (NO, N2, CO, CO2) as given by 

 BE = Eslab+adsorbate − (Eslab + Emolecule),                                   (7.2)  

where Eslab+adsorbate is the total energy of the surface with adsorbates, Eslab is the 

energy of Pt(111) and Emolecule is the gas phase reference energy of the respective gas 

phase molecule. A negative value of the EBE means favorable adsorption with respect 

to the chosen gas-phase reference species.  

7.2.2. Activation Energies and Transition States 

The climbing image nudged elastic band (cNEB) method, the most widely used 

method for finding transition states (TS) on complex potential energy surfaces 

(PES), was implemented to determine the TS of reaction pathways. A total of five or 

six interpolated images were used to sample the reaction pathway and the images 

were fully relaxed until the force criterion of 0.1 eV/Å was reached. The cNEB is an 

extension of the NEB method and forces the image with the highest energy to move 
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up along the PES to the top of the minimum energy pathway (MEP). Once a 

calculation is converged, the energy difference of the image corresponding to the TS 

within the PES and the initial state (IS) gives the activation energy barrier (Ea) of the 

reaction pathway. For the determination of the MEP between an initial state (IS) and 

final state (FS) the geometries of the IS and FS must be provided as input to the NEB 

algorithm.  

The execution of the NEB algorithm requires evaluations of total energies and 

the corresponding first derivatives of the energy with respect to the coordinate of 

each image (force). Furthermore, NEB calculations can be highly parallelized, 

because the evaluation of the total energy of each intermediate image can be 

performed independently and requires little communication between computing 

nodes. In order to locate the TS, the energy and gradient need to be evaluated for 

each image. Then for each image, the coordinates of two adjacent images are 

required to estimate the local tangent along the reaction path in order to project 

forces onto the perpendicular component of the gradient and combine with the 

parallel component of the spring force according to 

Fi = FiP + FiS,                                                      (7.3) 

where FiP is the force perpendicular to the path and the FiS is the parallel component 

of spring forces, respectively. Vibrational analysis on all TS structures was 

performed to verify the existence of a single imaginary mode (saddle point), 

corresponding to the reaction coordinate along the reaction path. 
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7.3. Results and discussion 

It is generally accepted that the oxidation and reduction reactions of NO during 

the typical lean rich cycling operation of a precious metal based lean NOx trap 

occurs on the precious metal atoms. The calculations reported in this study are 

those corresponding to the reduction of NO by CO on a Pt(111) surface producing N2 

and CO2. The reduction of NO by CO is widely considered to follow a Langmuir 

Hinshelwood model, where both NO and CO adsorb on the catalyst surface and react 

to form N2 and CO2 as given by the following set of equations: 

Pt + NO  Pt-NO,                                                      (7.4) 

Pt + CO  Pt-CO,                                                      (7.5) 

Pt + Pt-NO  Pt-N + Pt-O,                                             (7.6) 

Pt-CO + Pt-O  Pt + Pt-CO2,                                              (7.7) 

Pt-N + Pt-N  Pt + Pt-N2,                                                 (7.8) 

Pt- CO2  Pt + CO2,                                                     (7.9) 

Pt- N2  Pt + N2.                                                    (7.10) 

The binding energies of all the atomic and molecular fragments involved in this 

reaction scheme are calculated on a clean Pt(111) surface with a 1/9th ML coverage 

of adsorbates. And then the activation energies and transition states (TS) associated 

with the three reactions (7.6 – 7.8) are calculated. The impact of excess CO coverage 
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(2/3 ML, saturation) of the Pt(111) surface on the respective binding energies and 

activation energies are presented as well. 

7.3.1. Adsorption on Pt(111) clean surface 

Table 7.1 Binding energies and most stable adsorption sites on Pt(111) 

 

Adsorbate Preferred site  Binding Energy (eV) 

N fcc -7.79 

C fcc -8.32 

O fcc -5.92 

NO fcc -1.88 

CO fcc -1.68 

CO top (experimentally) -1.60 

N2 top -0.16 

N2O top 0.03 

CO2 fcc -0.17 

 

The binding energies of various atomic and molecular fragments involved in the 

reduction of NO by CO (eq, 7.4 – 7.8) are calculated on a clean Pt(111) surface and 
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reported in Table 7.1. The fcc site appears repeatedly as the strongest adsorption 

site, except for N2 and N2O, both binding to the surface through a N atom and prefer 

on-top adsorption. CO is the only stable gas-phase species that exhibits strong 

binding to Pt(111) and thereby indicating a possible CO poisoning scenario. The 

other molecular adsorbates (N2, N2O, CO2) interact only weakly or do not adsorb at 

all. 

7.3.2. Reaction on Pt(111) clean surface 

The activation energy barriers and transition states are calculated for the three 

reactions represented in eq. (7.6) to (7.8). Fig. 7.1 shows the corresponding 

geometries of the initial state (IS), transition state (TS) and final state (FS) of the 

three reactions. The NO and CO molecules adsorb from the gas phase on to the 

catalyst surface following a Langmuir-Hinshelwood mechanism. Table 7.2 presents 

the energy changes on the catalyst surface associated with each elementary step 

presented in eq. 7.4 to 7.10. It is widely believed that NO dissociation is the rate-

determining step during the reduction of NO by CO on a precious metal based 

catalyst surface and the neb calculations resulted in an activation energy barrier of 

2.08 eV for this reaction. Once the NO bond breaks, the resulting N ad atom can 

combine with another N atom to form a N2 molecule (7.8). The activation barrier for 

this N2 bond formation was calculated to be 2.61 eV. And the O atom that is left 

behind reacts with adsorbed CO molecule to form a CO2 molecule, the activation 

barrier being 1.28 eV. Finally, the N2 and CO2 molecules desorb from the catalyst 

surface and the catalyst returns to its initial state.  
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Table 7.2 List of elementary steps in the main reaction pathway during the reduction of NO 
by CO on a clean Pt(111) to N2 and CO2 

 

no Reaction Total 
Energy 

Relative 
Energy 

Energy 
Changes 

Activation 
Energy 

1 Pt + CO(g) + NO(g) -227.30 0.00   

2 Pt + CO* + NO(g) -228.98 -1.68 -1.68  

3 Pt + CO* + NO* -231.03 -3.73 -2.05  

 TS (NO -> N + O) -228.77 -1.48  2.08 

4 Pt + CO* + N* + O* -231.11 -3.81 -2.34  

 TS (N + N -> N2) -229.80 -1.20  2.61 

5 Pt + CO* +1/2 N2* + O* -231.52 -4.22 -3.02  

6 Pt + CO* + O* + 1/2 N2(g) -231.43 -4.13 0.09  

 TS (CO + O -> CO2) -230.14 -2.85  1.28 

7 Pt + CO2* + 1/2 N2(g) -231.83 -4.54 -1.69  

8 Pt + CO2(g) + 1/2 N2(g) -231.66 -4.37 0.17  
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     Initial State (IS)                   Transition State (TS)                    Final State (FS) 

                   

a) NO* + *  N* + O* 
 

                  

b) CO* + O*  CO2* + * 
 

                  

c) N* + N*  N2* + * 

 
Figure 7.1 Images of initial state, transition state and final state of the three reactions 

involved during the reduction of NO by CO on Pt(111) surface 
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7.3.3. Adsorption on Pt(111) surface saturated with CO molecules (2/3 ML)  

CO poisoning of Pt catalysts is a well-known problem at low- temperatures and 

can be explained by DFT calculations in terms of its very strong binding energy. A 

number of ab initio and DFT studies have already been performed for CO on Pt(111) 

[157-159], however, the oxidation by NO is less probed. We make an attempt to 

study this reaction with the special focus on the poisoning effect of CO on the 

dissociation of NO, which is considered to be the rate-determining step during the 

reduction of NO and CO on Pt. In order to study this effect with DFT, a high CO 

coverage of 2/3 ML was considered for the CO poisoning calculations, which can be 

conveniently accommodated in the (3 x3) unit cell that we have chosen for all the 

calculations in our study. This unit cell provides enough room for the co-adsorption 

of other species even with 6 CO molecules already present on the surface. After 

trying a variety of adsorbing sites combinations for accommodating six CO 

molecules in a unit cell, the most stable configuration was found to be the one with 

adjacent CO molecules sitting on the bridge and three fold (fcc/hcp) sites 

respectively as shown in Fig. 7.2. 

The binding energies of the atomic and molecular fragments involved in the 

reduction of NO by CO (7.4 – 7.10) are calculated for a Pt(111) surface saturated 

with adsorbed CO molecules giving a  2/3 ML coverage. Table 7.3 presents the 

binding energies and the most stable adsorption site for each adsorbate. The fcc site 

appears as the strongest adsorption site for N and O atoms on the CO saturated Pt 

surface. 
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Figure 7.2 Most stable configuration for 2/3 ML coverage of CO on Pt(111) 

Also, the results suggest that the adsorption of N atom on the CO saturated Pt 

surface led to the displacement of Pt atoms, particularly the Pt atom with two CO 

molecules occupying the bridge sites on either side of it was lifted slightly from the 

plane (Fig. 7.3). The other molecular adsorbates (N2, CO2) interact only weakly or do 

not adsorb at all. Both CO and CO2 binding energies are calculated based on a 5/9th 

ML of CO covered Pt(111) surface.  
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Figure 7.3 a) Top view, and b) Side view of N adsorbed on a CO (2/3 ML) covered Pt(111) 
surface 
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Table 7.3 Binding energies and most stable adsorption sites on 2/3rd ML CO covered 
Pt(111) 

 

Adsorbate Preferred site Binding Energy (eV) 

CO bridge -0.24 

CO2 v-bridge 1.78 

N fcc -5.64 

NO top -0.94 

N2  top -0.15 

O fcc -4.77 

 

7.3.4. Reaction on CO saturated (2/3 ML) Pt(111) surface 

The kinetics of all elementary steps (7.4)-(7.10) for the CO saturated Pt(111) 

surface were evaluated on the basis of activation energy barriers calculated with the 

climbing image Nudged Elastic Band (cNEB) method using a minimum of 5 

intermediate images to sample the reaction pathway. Table 7.4 presents the energy 

changes associated with each elementary step involved in the NO reduction by CO 

reaction (7.4 -7.10) under the conditions when the surface metal atoms are 

occupied by CO molecules with a 2/3 ML coverage.  
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      Initial State (IS)                    Transition State (TS)                     Final State (FS) 

               

a) NO* + *  N* + O* 
 

              

b) CO* + O*  CO2* + * 
 

              

c) N* + N*  N2* + * 
 
 

Figure 7.4 Images of initial state, transition state and final state of the three reactions 
involved during the reduction of NO by CO on CO covered (2/3 ML) Pt(111) surface 
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Table 7.4 List of elementary steps in the main reaction pathway during the reduction of NO 
by CO on CO covered (2/3 ML) Pt(111) to N2 and CO2 

 

no. Reaction Total 
Energy 

Relative 
Energy 

Energy 
changes 

Ea 

1* Pt(5/9)CO + CO(g) + NO(g) -310.04 0.00 

  2* Pt(2/3)CO + NO(g) -310.28 -0.24 -0.24 

 3* Pt(2/3)CO + NO* -311.22 -1.18 -0.94 

 

 

TS (NO -> N + O) 

 

1.32 

 

2.50 

4* Pt(2/3)CO + N* + O* -309.12 0.92 -0.39 

 

 

TS (N + N -> N2) 

 

2.92 

 

2.00 

5* Pt(2/3)CO + O* + 1/2 N2* -311.65 -1.61 -4.53 

 6* Pt(2/3)CO + O* + 1/2 N2(g) -311.58 -1.54 0.07 

 

 

TS (CO + O -> CO2) -311.31 -1.27 

 

0.27 

7* Pt(5/9)CO + CO2* + 1/2 N2(g) -312.62 -2.58 -1.31 

 8* Pt(5/9)CO + CO2(g) + 1/2 N2(g) -314.41 -4.37 -1.78 

 
 

Fig. 7.5 compares the energy changes associated with each elementary step 

during the reduction of NO by CO on a Pt(111) surface both on the clean surface and 

for CO saturated surface (2/3 ML). The 2/3 ML coverage of the metal atoms on the  
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Figure 7.5 Potential energy surface of NO reduction by CO on Pt (111) surface. The solid red 

lines represent the preferred pathway for the Pt(111) covered by 2/3 ML of CO 
molecules, dotted lined represent the pathway on a clean Pt(111) surface 

Pt(111) surface by CO molecules led to an increase in the activation energy for NO 

dissociation reaction from 2.08 eV on the clean surface to 2.5 eV. Therefore, more 

energy is needed to break the NO bond in the presence of CO molecules as it leads to 

further increase in the surface coverage of the Pt(111) surface.  However, once the 

NO bond is broken the activation energy for N2 formation from two surface N atoms 

is lower in the presence of CO molecules (2.00 eV compared to 2.61 eV on clean 

Pt(111) surface). Also, the activation energy for CO2 bond formation in the presence 

of CO molecules decreased by ~ 1 eV when compared to the clean Pt(111) surface. 

Therefore, it can be concluded that excess coverage of the Pt(111) surface by CO 

molecules due to their strong binding to the precious metal atoms leads to an 
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increase in the activation energy for adsorbing additional molecules and also for the 

dissociation reactions (NO dissociation in this case). However, the activation 

energies for forming new molecules decreases as it would result in driving the 

molecules off the catalyst surface giving more free sites on the catalyst surface. 

7.4. Conclusions 

In this study the binding energies and activation energies associated with all the 

elementary steps involved in the reduction of NO by CO on Pt(111) are calculated 

using DFT simulations. The impact of excess CO coverage of surface metal atoms on 

this mechanism is also investigated.  

On the clean surface, 2 N -> N2 has the highest activation energy barrier and 

could be rate-limiting. However, experimentally it is well known that NO 

dissociation is rate-limiting, but that seems to be the case only for the CO covered 

surface, which is also a more realistic model. It seems that the nature of the rate-

limiting step can be affected by CO coverage and DFT models that do not accurately 

account for high coverage may even get the qualitative comparison between 

reaction barriers wrong and therefore it is absolutely necessary and very valuable 

to conduct this study at high CO coverages.  

The presence of CO on the surface has a negative impact on the NO dissociation 

reaction, the rate-determining step by increasing the activation energy by ~0.5 eV 

when compared to the clean surface. However, the activation energies of N+N->N2 

and CO+O->CO2 reactions are comparatively less for the CO covered Pt(111) surface. 
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But since NO dissociation reaction is the rate-determining step in the NO reduction 

mechanism, the overall conversion of NO reduces in the presence of excess CO also 

referred to as CO “poisoning” of the catalyst surface in agreement with the 

experimental observations. Furthermore, lowering the CO coverage will only help 

NO conversion up to the point where the rate-determining step switches, i.e. while 

the NO dissociation barrier reduces when the coverage decreases, the N2 

recombination barrier increases. Therefore, an optimal coverage would get both 

barriers approximately even so that neither one of the two steps is the single rate-

controlling step.  
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CHAPTER 8 Conclusions and Recommendations for Future 

Work 

8.1. Conclusions 

In this thesis, the NOx storage/reduction mechanism on an automotive catalyst 

was investigated using experimental methods. Lean-rich cycling experiments were 

performed in typical precious group metal based Lean NOx Trap monolithic 

catalysts (Pt/Ba/γAl2O3 and Pt-Rh/Ba/γAl2O3). Emphasis was laid on understanding 

the catalyst behavior, role of intermediate species and multiple storage sites, impact 

of CO2 and H2O, and influence of different reducing agents (CO, H2, and C3H6) on NOx 

storage and reduction.  

Steady state reduction of NO by CO 

A systematic study of the steady state reduction of NO on Pt/BaO/Al2O3 

monolith catalyst for different combinations of reductants (CO, CO/H2O, CO/H2) has 

been carried out to elucidate the integral selectivity trends and differential kinetics 

with particular focus on NH3 formation. This reaction system has the complicating 

feature that two main routes, the water gas shift route and the isocyanate route 

could generate NH3. Differential kinetics experiments reveal the existence of CO 

inhibition for the CO+NO, CO+H2O, and CO+NO+H2O systems. The inhibition was 

more significant when H2O was not present.  This suggests an enhancing role of 

hydrogen formed by water gas shift chemistry. The CO conversion in the inhibition 

regime under wet conditions exceeded that obtained from both the NO+CO and CO + 
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H2O systems due to the conversion of CO by NO reduction in addition to WGS 

reaction. The integral rate and product distribution trends reveal that the WGS 

route, in which H2 generated by the reaction of CO and H2O then reacts with NO, 

explains the steady-state trends of the NO+CO+H2O system. Contribution by the 

hydrolysis of isocyanate intermediate appears to be secondary under the steady 

state conditions of this study. Furthermore, highly selective (~ 90 %) formation of 

NH3 is achieved during the reduction of NO by H2 in the presence of excess CO 

irrespective of the H2/NO ratio, further supporting the WGS route. 

Cyclic reduction of NOx by CO on Pt-Rh/Ba/Al2O3 

During NOx storage and reduction on Pt-Rh/BaO/Al2O3, two major routes as 

stated before may generate NH3. A systematic study of the cyclic lean NOx storage 

and reduction by CO in the presence and absence of excess water was carried out to 

elucidate the NOx and CO conversion and integral selectivity trends with particular 

focus on the NH3 formation mechanism. Through this study, a new insight has been 

gained about the role of intermediate isocyanate species during the cyclic reduction 

of NOx by CO. Under the transient aerobic conditions created by the lean-rich 

cycling, the generation, storage, supply, and reaction of isocyanates emerges as an 

important route guiding the NOx reduction.   

The transient reactor experiments support a mechanism in which isocyanates (-

NCO) are formed during the reaction of NO and CO on the precious metal (PGM) and 

spill over to the neighboring Ba and Al sites.  The isocyanates so formed further 

reduce the other stored NOx to N2 and N2O depending on the surface concentration 
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of isocyanates and nitrates/nitrites through precious metal catalyzed reactions. In 

the absence of water the catalyst is not completely regenerated during the rich 

phase and the catalyst surface still has surface isocyanates at the end of the rich 

phase. Moreover, spectator isocyanates may migrate from the PGM-support 

interface, which may poison the NOx storage capacity of the catalyst. The active 

isocyanates close to PGM-support interface react with NO and/or O2 upon the 

switch to the lean phase and form N2, N2O and CO2. As a result, NOx is reduced both 

during the rich phase and also during the first few seconds of the successive lean 

phase. Higher surface concentration of isocyanates favors N2 formation over N2O. 

On the addition of water to the NO-CO transient reduction system, isocyanates 

are readily hydrolyzed to NH3 and CO2 during the rich phase and the NH3 further 

reduce the stored NOx. Water also eliminates the buildup of spectator isocyanates 

on the catalyst surface and leads to the more efficient utilization of the reductant CO 

while preserving the storage capacity of the catalyst. As a result the catalyst is 

deeply regenerated during the rich phase giving an enhancement in NOx conversion 

with no net product evolution observed during the subsequent lean phase. 

Spatio temporal studies of cyclic reduction of NOx by C3H6 on Pt-Rh/Ba/Al2O3 

During NOx storage and reduction by C3H6 on Pt-Rh/BaO/Al2O3, NH3 may be 

generated by two major routes, the hydrocarbon steam reforming route, in which 

NH3 is generated by the catalytic reduction of NOx by H2 produced from C3H6 steam 

reforming reaction; the isocyanate hydrolysis route, in which NH3 is generated by 

the hydrolysis of surface isocyanates that are formed by the catalytic reaction of NO 
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and C3H6. We carried out a systematic study of the cyclic lean storage and reduction 

using C3H6 as the reductant to elucidate NOx conversion and integral selectivity 

trends with particular focus on the NH3 formation mechanism. Through this study, a 

new insight has been gained about the role of intermediate isocyanate species 

during the cyclic reduction of NOx by CO. Under the transient aerobic conditions 

created by the lean-rich cycling, the generation, storage, supply, and reaction of 

isocyanates emerges as an important route guiding the NOx reduction.   

The transient reactor experiments support a mechanism in which isocyanates (-

NCO) are formed during the reaction of NO and C3H6 on the precious metals (PGM) 

and spill over to the neighboring Ba and Al sites. In addition, CO produced by partial 

oxidation of C3H6 could also react with NOx to form isocyanates although very little 

CO was observed at 250 C. The isocyanates so formed further reduce stored NOx to 

N2 and N2O depending on the surface concentration of isocyanates and 

nitrates/nitrites through precious metal catalyzed reactions. In addition, they are 

also hydrolyzed to NH3 by water produced during the C3H6 conversion. The catalyst 

is not completely regenerated during the rich phase and the catalyst surface still has 

surface isocyanates at the end of the rich phase, which then react with NO and/or O2 

upon the switch to the lean phase and form N2, N2O and CO2. In addition, water is 

also formed during the first few seconds of the lean phase by oxidation reactions of 

C3H6. As a result NH3 is also detected during the lean phase from the hydrolysis of 

isocyanates species. Therefore, NOx is reduced both during the rich phase and also 

during the first few seconds of the successive lean phase. Higher surface 

concentration of isocyanates favors NH3 and N2 formation over N2O. 
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Spatial and temporal profiles of NO concentration and temperature gradients are 

also obtained during the cyclic reduction of NOx by C3H6 on a typical Pt-

Rh/Ba/Al2O3 catalyst for various feed concentrations of C3H6 and reaction 

temperatures. These data suggest the following: 

 Stored NOx redistribution occurs during the first few seconds of the lean 

phase leading to a NOx slip depending on the reaction conditions, 

particularly when catalyst regeneration is incomplete.  

 A temperature exotherm occurs close to the face of the catalyst during the 

initial stages of the lean phase due to the oxidation of propylene adsorbed by 

the catalyst during the preceding rich phase. The location of the exotherm is 

sensitive to feed temperature and the concentration of the reductant and it 

moves towards the face of the catalyst with an increase in the reductant feed 

concentration. 

 A small exotherm also occurs during the switch from the lean to rich phase 

during the reduction mechanism of stored NOx. 

 The magnitude of the temperature exotherm observed during the initial 

stages of the lean phase increases with the reductant concentration. It also 

increases with the feed temperature. 

 The NOx puff observed during the first few seconds of the lean phase was a 

result of the temperature exotherm coupled with the incomplete 

regeneration of the catalyst. 

 Increase in temperature enhances the NOx storage and reduction kinetics 

over the entire length of the catalyst especially at T > 300 ˚C. 
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 At T < 350 C, an increase in reductant feed concentration leads to a decrease 

in the net volume of the catalyst used in the storage/reduction process. 

Effect of CO2 on NOx storage at low temperatures 

The storage of NOx at low temperatures (<200 ˚C) occurs predominantly on the 

Ba sites that are in close proximity to the PGM sites through the “nitrite pathway” 

involving spillover of O atoms. The dissociation of O2 on the precious metals plays a 

key role in the storage process. In the presence of CO2, carbonates form on the Ba 

sites in close proximity and further removed from PGM sites. The proximal 

carbonates pose a competition to nitrite/nitrate formation. This leads to a drop in 

the total amount of NOx stored by the catalyst. In the intermediate temperature 

range of 190 to 230 ˚C, the catalytic oxidation of NO increases producing NO2 which 

can desorb and store on the Ba sites further away from precious metal sites. In 

addition, increased diffusivity of stored NOx results in reduced stored NOx diffusion 

limitations. This leads to a better utilization of proximal and non-proximal Ba sites. 

In the presence of CO2, stable carbonates form on both these Ba sites and reduce the 

uptake of NOx. As the temperature increases above 230 ˚C, the stability of the 

carbonates drops and also the oxidation activity of the catalyst increases. The 

diffusion limitations are further reduced leading to an increase in the total amount 

of NOx stored by the catalyst. Therefore, the local minimum in the conversion of 

NOx observed during the cyclic reduction of NOx by H2 in the presence of CO2 in the 

feed is a result of the detrimental effect of CO2 on the storage capacity of the catalyst 



202 
 

with respect to NOx, which is more pronounced in the temperature window of 180 

to 230 ˚C. 

DFT studies of NO reduction by CO reaction on Pt(111) 

Binding energies (EB) and activation energies (Ea) associated with all the 

elementary steps involved in the reduction of NO by CO on Pt(111) are calculated 

using DFT simulations. The impact of excess CO coverage of surface metal atoms on 

this mechanism is also investigated. On the clean surface, 2 N -> N2 has the highest 

activation energy barrier and could be rate-limiting. However, experimentally it is 

well known that NO dissociation is rate-limiting, but that seems to be the case only 

for the CO covered surface, which is also a more realistic model. It seems that the 

nature of the rate-limiting step can be affected by CO coverage and DFT models that 

do not accurately account for high coverage may even get the qualitative 

comparison between reaction barriers wrong and therefore it is absolutely 

necessary and very valuable to conduct this study at high CO coverages.  

The presence of CO on the surface has a negative impact on the NO dissociation 

reaction, the rate-determining step by increasing the activation energy by ~0.5 eV 

when compared to the clean surface. However, the activation energies of N+N->N2 

and CO+O->CO2 reactions are comparatively less for the CO covered Pt(111) surface. 

But since NO dissociation reaction is the rate-determining step in the NO reduction 

mechanism, the overall conversion of NO reduces in the presence of excess CO also 

referred to as CO “poisoning” of the catalyst surface in agreement with the 

experimental observations. Furthermore, lowering the CO coverage will only help 
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NO conversion up to the point where the rate-determining step switches, i.e. while 

the NO dissociation barrier reduces when the coverage decreases, the N2 

recombination barrier increases. Therefore, an optimal coverage would get both 

barriers approximately even so that neither one of the two steps is the single rate-

controlling step. 

8.2. Suggestions for future research 

Despite the fact that the NOx storage/reduction technology has been known for 

some years and is already in use, the system is quite complex and there is still a lack 

of detailed knowledge about how the system works for various feed compositions 

and reaction conditions. However, for improving the catalyst activity and to meet 

stricter emission standards in the future, this knowledge is important and here are a 

few suggestions that could contribute to gain a better understanding of this complex 

process. 

The properties of the catalysts studied in this work are uniform along the length 

of the monolith. It is suggested that the catalyst properties, such as the precious 

metal dispersion, precious metal loading, and the storage component (BaO) loading 

be varied in the axial direction. Varying the precious metal loading and dispersion 

along the monolith length can effect where light off occurs. In addition, the effect of 

various combinations of different storage and precious group metal components 

needs a detailed investigation since commercial catalysts are actually a combination 

of a variety of storage and PGM components. A better understanding of the effect of 

catalyst properties on NOx storage/reduction and product distributions for different 
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reducing systems will enable the manipulation of catalysts properties to maximize 

NOx conversion and NH3 production for LNT/SCR combined systems. 

Emphasis should be laid on developing and understanding spatio-temporal 

profiles of temperatures for various reducing systems as it could have a significant 

impact on the local and global performance of the catalyst monolith. SpaciMS 

studies involving LNT-SCR dual brick and dual layer catalytic systems should be 

carried out for various combinations of reductant systems, feed compositions and 

reaction conditions. It would be very interesting to look at the reactant species 

utilization, intermediates/products evolution and temperature profiles of the dual 

brick systems. The SpaciMS ability to measure both temperature and species 

composition at any axial position would be highly beneficial in understanding the 

complex mechanisms of NOx reduction in LNT-SCR hybrid systems. 

The majority of experiments presented here were conducted without CO2 and 

H2O and with individual reductant systems. Since diesel and lean burn exhausts 

contain approximately 2-12% H2O and 2-10% CO2 and a mixture of the reductants 

like CO (2-6%), HC (0.3-0.9%) and H2 (1-2%) [160-162], it is necessary to test the 

performance of NOx traps in the presence of H2O, CO2 and a mixture of reductants 

(CO. H2 and HC) in addition to SO2. Finally, a model with global reaction rates is 

needed to completely describe the trends observed in the Lean NOx Traps. 
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